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Abstract 

The water quality issues facing aquatic systems have made managers and stakeholders seek help from 

computational and empirical models. A 3-D hydrodynamic and biogeochemical model was applied to 

storm-water ponds in the City of Edmonton to examine the reasons behind excessive algae growth and 

eutrophication. In the hydrodynamic simulation (ELCOM), the atmospheric instability corrections led to 

more heat loss (up to ~33%) and resulted in more accurate simulation of the temperature profiles (root mean 

square error (RMSE) <3.03 ℃). The calibration involved tuning albedo and light attenuation coefficients, 

which was optimized by applying a sensitivity analysis tool that showed the model was more sensitive to 

albedo. Thereafter, the biogeochemical model (CAEDYM) was coupled with ELCOM and the water quality 

processes in the ponds were also investigated. The results demonstrated that the model predicted nutrient 

(nitrogen and phosphorus) components and dissolved oxygen (DO) variability with acceptable accuracy 

(0.016 mg/L < RMSE <2.85 mg/L), but underestimated the chlorophyll-a (RMSE <64.3 μg/L). However, 

the model predicted phytoplankton community contribution to the total chlorophyll-a with marginal error 

(<40% for different groups).  

An empirical DO model, based on the measurements of hypolimnetic DO (to estimate DO depletion; 

dDO/dt) and the temperature profiles (to estimate hypolimnion thickness; H) in three lakes (Lake Erie, Lake 

Simcoe and Eagle Lake) was proposed. The model was developed by neglecting the vertical and horizontal 

fluxes in the DO budget during summer and considering only sediment oxygen demand (SOD) and 

hypolimnion oxygen demand (HOD) as the main parameters driving dDO/dt. HOD and SOD were 

empirically estimated by fitting to the observed dDO/dt and H. Thereafter, using computed H, estimated 

SOD and HOD and an initial DO, the hypolimnetic DO were simulated in the selected lakes (RMSE <2.67 

mg/L). One of the main assumptions of the empirical prediction of DO, negligible vertical DO flux, was 

then examined by computing the flux of DO through the thermocline in Eagle Lake from microstructure 

casts. It is shown that the amount of vertical flux toward hypolimnion is 2 to 4 orders of magnitude lower 

than the other terms of the DO budget (HOD and SOD).  
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Chapter 1 

Introduction 

1.1 Background and motivation 

Excessive nutrient loads associated with the increasing trend of agricultural and industrial wastewater and 

runoff have become a serious issue in aquatic systems among managers and stakeholders. Eutrophication, 

caused by nutrient over enrichment, can cause serious damage such as: low dissolved oxygen (DO) 

concentration and algal blooms. The worldwide distribution of oxygen depletion and hypoxia (DO< 5 

mg/L) is associated with major population centers and watersheds that deliver large quantities of nutrients 

(e.g., Diaz and Rosenberg, 2008). Various empirical and computational methods have been used to address 

causes of eutrophication, hypoxia and in general water quality issues in water bodies. The exponential 

increases in citations of computational and mathematical biogeochemical aquatic ecosystem models in the 

scientific peer-reviewed literature (Trolle et al., 2012) shows the rapid growth of applications of these 

models with increasing need for more quantitative understanding of water quality in water bodies (Rigler 

and Peters, 1995). The applicability of these aquatic ecosystem models spans across a wide range of time 

scales (i.e., hindcasting, short term forecasting and simulation, prediction for future climate) and spatial 

scales (1-D, e.g., DYRESM-CAEDYM, PROTECH; 2-D, e.g., CE-QUAL-W2; 3-D, e.g., ELCOM-

CAEDYM, DELFT3D). Applications of these models can help different authorities and decision makers to 

define the major water quality issues and apply appropriate strategies for remediation (Schmolke et al., 

2010). An alternative to computational methods are empirical models based on observations of water 

quality indicators (e.g., Walker, 1979; Uchmanski and Szeligiewicz, 1989; Chapra and Canale, 1991; Molot 

et al., 1992; Cloern and Grenz, 1995; Hatzikos et al., 2008; de la Mare et al., 2012). Instead of modelling 

explicitly the underlying processes that govern changes in water quality, empirical models estimate the 

relationships between the observed water quality measurements. Overall, empirical water quality models 
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can calculate parameters from a large set of data for different water bodies despite their inherent 

disadvantage of simplifications (Uchmanski and Szeligiewicz, 1989). Thus, empirical models are highly 

applicable, requiring at most seconds to compute and because they are directly derived from the 

observations, they are readily accepted by managers as sufficiently realistic for the purpose of exploring 

management strategies (de la Mare et al., 2012). In this thesis, both of these methods (empirical and 

computational) are considered to address the water quality issues (especially eutrophication and hypoxia) 

in different water bodies. 

There are several natural water bodies in Canada that suffer from hypoxia and/or anoxia (DO< 1 

mg/L) such as: Lake Erie (Conroy et al., 2011), Lake Simcoe (Nürnberg et al., 2013) and inland lakes on 

the Precambrian Shield (Molot et al., 1992). There have been several management plans to address the lack 

of DO in the summer thermal stratified period of different lakes, for example billions of dollars have been 

spent on controlling nutrient loads aimed at improving water quality in Lake Erie (IJC, 1978). Through the 

1980s and early 1990s these measures eliminated eutrophication, but since the mid-1990s, cyanobacteria 

(blue-green algae) blooms increased and extensive hypoxia and benthic algae returned (Scavia et al., 2014). 

Sediment core analysis (Delorme, 1982) concluded that periodic anoxia has occurred for hundreds of years 

in Lake Erie, suggesting that in some systems, hypoxia is a natural process. An investigation by Matzinger 

et al. (2010) showed that, due to the biogeochemical history of the sediments involved in the consumption 

of DO (i.e., Sediment Oxygen Demand (SOD)), there can be a lag of several decades between decrease in 

nutrient loading and observations of improvement in water quality. Coupled physical and biogeochemical 

research (e.g., Charlton, 1980; Boegman, 2006; Rao et al., 2008; Bouffard et al., 2013) addressed this issue 

by considering hypolimnion thickness (H) as the main term that controls the relative contributions of net 

respiration and photosynthesis (i.e., hypolimnetic oxygen demand, HOD) and SOD on hypolimnetic oxygen 

depletion.  

Hypoxia has been reported to be sustained by insufficient mixing in the water column (Boehrer and 

Schultze, 2008). Summer stratification inhibits the vertical mixing and the thermocline acts as a barrier and 

prevents the vertical fluxes of DO from epilimnion to the hypolimnion (Edwards et al., 2005; Rao et al. 
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2008; Bouffard et al., 2013). During this period, the two main parameters responsible for hypolimnetic DO 

depletion (dDO/dt) are SOD and HOD which can cause severe DO depletion and hypoxia/anoxia if they 

exceed the sources of DO (respiration and vertical and horizontal fluxes of DO). Although horizontal DO 

flux can act as a local sink of DO, spatially it cannot significantly influence the volumetric amount of DO 

in the hypolimnion. The vertical diffusive flux of DO through thermocline has been reported to be negligible 

in different lakes during summer (e.g., Edwards et al., 2005; Bouffard et al., 2013; Chowdhury et al., 2015) 

and the contribution of horizontal advective flux to the hypolimnetic DO budget has been reported to be 

very small (e.g. Edwards et al., 2005; Bouffard et al., 2013). Also, vertical and horizontal DO flux 

estimation needs detailed observed data to calculate different components (e.g., measurement of vertical 

turbulent diffusivity and a horizontal array of current meters and oxygen sensors; e.g., Rao et al., 2008, 

Bouffard et al., 2013, Nakhaei et al., 2016). Overall, the hypolimnetic DO budget has been used to 

determine the importance of hydrodynamic processes involved in DO depletion (i.e., Edwards et al., 2005; 

Rao et al., 2008; Bouffard et al., 2013). Hence, an empirical prediction of DO based on a simplified 

formulation of the hypolimnetic DO budget can benefit the decision making regarding many issues (e.g., 

fisheries and aquatic ecosystems; agricultural and industrial uses). Previous empirical DO predictions have 

reported the task to be difficult and inaccurate (e.g., Hatzikos et al., 2008) and there are only a few empirical 

methods to define the hypolimnetic DO and/or estimate the onset of hypoxia (e.g., Chapra and Canale, 

1991; Molot et al., 1992). Thus, an empirical approach to predict the hypolimnetic DO is needed.  

This research, by neglecting the aforementioned vertical and horizontal fluxes of DO, proposes an 

empirical simplified model based on the estimation of sinks of DO (SOD and HOD; by correlation of H 

and dDO/dt) to compute the hypolimnetic DO during stratification. To do so, three different lakes, Lake 

Erie, Lake Simcoe and Eagle Lake (Central Frontenac Township, eastern Ontario), in terms of size, 

circulation pattern, trophic state and human activity, have been chosen. The empirical DO simulations are 

then compared to the field observations to verify the model and based on the field data the main assumption 

(neglecting sources of DO) was investigated. 
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Constructed water bodies (e.g., ponds) suffer from similar anthropogenic effects as natural lakes, and 

despite the differences, they should not be treated as distinctly different systems (Canfield and Bachmann, 

1981). Storm-water ponds are designed not only to attenuate the inflow hydrograph but also to improve 

water quality by removing pollutants via processes such as sedimentation, flocculation, and metabolism by 

microorganisms and aquatic plants (AEP, 1999). It has been reported that storm water pollution can damage 

biological life in receiving waters (Wren and Bishop, 1996). There is a toxic threat to the ecosystem of 

water bodies if no treatment and remediation strategies, concerning storm-water, are undertaken (Hall and 

Anderson, 1988). Overall, these issues regarding storm-water ponds resulted from large nutrient loads, and 

can lead to high concentrations of phosphorus and nitrogen, resulting in eutrophication and algal blooms 

(Commings et al., 2000). On the other hand, the aesthetic appeal and potential recreational uses of storm-

water ponds in urban areas depends to a large extent on water quality and evident consequences of low 

water quality (odours, presence of unsightly scum, insects) may result in complaints from nearby residents. 

Olding et al. (2000) investigated the phytoplankton community in several urban ponds (Ontario) and 

reported it is mainly affected by the trophic status, owing to factors such as human intervention, age of the 

ponds, flushing rates and morphometry. Thus, comprehensive hydrodynamic, biogeochemical and water 

quality modeling needs to be considered, to determine the causes of eutrophication and algae growth in 

such disturbed ecosystems. Different 2-D models (e.g., MIKE 21; Vega et al., 2003; German et al., 2003) 

have been applied to ponds and there is a need for 3-D models due to the vertical thermal/chemical 

stratification (German et al., 2003).  

The City of Edmonton has constructed a total of 113 wet storm-water ponds since 1977 (City of 

Edmonton, 2012). During summer, the recreational use of these storm-water ponds depends to a large extent 

on water quality; however, excessive algae growth and aquatic plants resulted in several complaints from 

nearby residents regarding water quality of storm-water ponds and the fact that they are not aesthetically 

pleasing. These issues caused the municipality to try a variety of remediation methods (e.g., aquatic 

herbicides, dyes, lime/alum, aerators) but results were poor and the ones that were effective are either not 

economically efficient (e.g., aerators) or not environmentally friendly (e.g., aquatic herbicides). This 
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explains the necessity of determining the important biogeochemical parameters which drive these ponds to 

excessive algae growth and vegetation to help the decision makers move toward selecting the appropriate 

remediation strategies. Thus, an extensive hydrodynamic and water quality modeling tool (ELCOM-

CAEDYM) was chosen to investigate the relationships between externa nutrient loads and pond water 

quality. ELCOM-CAEDYM is a coupled 3-D hydrodynamic and biogeochemical model (Hodges and 

Dallimore, 2012; Hipsey et al., 2012) that has been proven to be capable of modeling different aspects of 

water quality, DO, nutrients and phytoplankton growth and community structure (e.g., Hipsey et al., 2004; 

Leon et al., 2005; Chung et al., 2009; Huang et al., 2010; Paturi et al., 2012; Lee et al., 2013; Xing et al., 

2014).  

In this thesis, both bigger water resources (natural lakes) and smaller manmade water bodies (ponds) 

have been considered and different issues of water quality were investigated by applying empirical and 

computational models. The main objectives of this thesis are: 

1. To simulate the water quality of constructed water bodies (i.e. wet storm-water ponds) and 

the issues that they are facing, by simulating the hydrodynamic and biogeochemical 

processes involved in Edmonton storm-water ponds with a 3-D modeling tool and to give 

insights about model calibration for such vegetated systems. 

2. To evaluate the importance of physical characteristics (i.e. H) in controlling the hypolimnetic 

DO budget and hypoxia regarding main sinks of DO (SOD and HOD).  

3. To generate an empirical simplified modeling tool to predict the hypolimnetic DO during 

stratified period in lakes. 

1.2 Layout of the thesis 

In Chapter 2, the hydrodynamic model (ELCOM) calibration and validation along with a global sensitivity 

analysis have been applied to three selected storm-water ponds in the City of Edmonton and the important 

parameters regarding modeling of such small vegetated systems have been proposed. Using the same 

hydrodynamic calibration from Chapter 2, in Chapter 3 the water quality model (CAEDYM) has been 
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coupled with ELCOM to investigate the dynamics of nutrients (phosphorus and nitrogen), DO and 

phytoplankton community in two storm-water ponds in the City of Edmonton. The main focus in Chapter 

4 was the oxygen depletion in three different lakes (Lake Erie, Lake Simcoe, Eagle Lake) during the 

stratification period. By neglecting the horizontal and vertical fluxes of DO, only the sink terms of the 

hypolimnetic DO budget (SOD and HOD) were considered and the importance of H in controlling the DO 

depletion (dDO/dt) was investigated. By using the measured temperature profiles (to estimate H) and the 

measured hypolimnetic DO (to estimate dDO/dt) in the mentioned three lakes, SOD and HOD were 

estimated from the correlation of H and dDO/dt. Based on the resulting estimation of SOD and HOD, 

modeled DO for different stations in the mentioned lakes have been generated and the empirical model 

results were compared to the observations. In Chapter 5, one of the assumptions in Chapter 4 (neglecting 

vertical diffusive fluxes of DO) was examined by calculating the flux of DO throughout thermocline (Fth) 

in three different stations in Eagle Lake. Temperature microstructure profiles were used along with high 

frequency DO profiles to compute eddy diffusivity and Fth (by applying Fick’s law). A summary and 

conclusions follows in Chapter 6. 
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Chapter 2 

Hydrodynamic modeling of Edmonton storm-water ponds 

2.1 Introduction 

Water quality management has become a serious issue due to nutrients in agricultural, municipal and 

industrial wastewater and runoff, which is discharged into water bodies. Greening of the water column, 

from algae and rooted vegetation, is a visible response to nutrient enrichment (i.e., eutrophication), as is an 

associated decrease in the dissolved oxygen (DO) of bottom water (i.e., hypoxia; e.g., Diaz and Rosenberg, 

2008). Lakes and ponds particularly suffer from these anthropogenic effects because of their small size. 

Storm-water ponds have been used to control runoff from urbanization by detaining peak runoff and 

releasing it with time at a decreased rate. Storm-water ponds also improve water quality by pollutant 

removal through sedimentation, adsorption and biological uptake, which are dependent on the pond 

residence time (Hvitved-Jacobsen and Yousef, 1988). Eutrophication, associated with road run-off and 

sewage, occurs in storm-water ponds (Comings et al., 2000), with algal blooms being the main reason for 

poor water quality (e.g., Wakelin et al., 2003; Lewitus et al., 2008; Liu et al., 2009; Siegel et al., 2011). 

The present study investigates three of the 113 storm-water ponds within the City of Edmonton. 

Typically, ‘old’ ponds (>20 years) are single basins that are ~2.5 m deep and 2 to 5 ha in area (City of 

Edmonton, 2012). Conversely, ‘new’ ponds (<20 years) are long, narrow and shallower, with multiple 

interconnected basins, to create a larger number of desirable waterfront lots. The newer ponds mimic natural 

wetlands, by encouraging the growth of water tolerant plants (Kipp, 2006), leading to poor (eutrophic) 

water quality. The city has tried a variety of methods to improve water quality, including: aerators and 

mechanical mixers, application of lime/alum (Babin et al., 1989), aquatic herbicides (e.g., Reward), barley 

straw, the use of dyes (e.g., Aquashade) and most recently applying a lanthanum (La) modified bentonite 

clay known as Phoslock (Haghseresht et al., 2009; Liu et al., 2009). The aerators, herbicides and dyes 

produced discernible improvements in pond water quality, including reduced algae growth (pers. comm. 

Mark Loewen). However, installation and operation of aerators and mixers is expensive and their 
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effectiveness in shallow storm-water ponds remains questionable. Thus, a comprehensive hydrodynamic 

and water quality modeling project has been undertaken to determine the causes of eutrophication in the 

newer versus the older ponds and define applicable remediation pond design strategies to ensure desirable 

water quality. This chapter focusses on application and validation of the hydrodynamic model. 

Computer models have been applied to model both the hydrodynamics of storm-water ponds, small 

reservoirs and wastewater stabilization ponds for water quality management. For example, MIKE 21, which 

is a two-dimensional (2-D) commercial software program, has been applied to a waste stabilization pond 

by Vega et al. (2003). They reported that the model was able to predict, reasonably well, the hydrodynamics 

and the advection-dispersion phenomena in the pond, provided that the model was carefully calibrated and 

validated. However, in a similar investigation, German et al. (2003) applied MIKE 21 to an idealized 

rectangular pond and they reported that a 3-D model was needed to account for vertical thermal and 

chemical stratification, which is known to occur in storm-water ponds in northern climates (Olding, 2000; 

Marsalek, 2003). 

Vertical stratification will depend on several model parameters (albedo, light extinction, atmospheric 

stability), which are expected to be notably different in ponds, relative to the routine model applications to 

lakes as found in the existing literature. The reflection coefficient (albedo) of short wave radiation varies 

from lake to pond and depends on the sun angle, water colour and surface wave state (Hodges and 

Dallimore, 2012). The albedo of wetland-like surfaces is higher than that of lakes during summer (Penttilä 

and Laurila, 2015) and it has been reported that the albedo becomes much higher when the pond is partially 

covered by emergent plants or ice (Hayashi and van der Kamp, 2007). Therefore, albedo needs to be 

calibrated for a pond application. The turbid water and suspended algae in ponds can inhibit light 

penetration through the water column (Brown, 1984). This can be addressed by adjusting the light extinction 

coefficient. The last important aspect of hydrodynamic modeling of ponds is the atmospheric stability, 

which will influence the surface heat budget and momentum transfer (Imberger and Patterson, 1990). For 

example, persistent atmospheric instability resulted in a 13 to 18% increase of annual heat loss from Lake 

Tanganyika (Verburg and Antenucci, 2010) and in Slave Lake, during unstable atmospheric conditions, the 
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combined latent and sensible heat fluxes were 9 times larger in comparison with stable conditions (Rouse 

et al., 2003). Atmospheric instability can be stronger over small lakes and ponds, relative to large lakes and 

oceans, due to greater heating or cooling of the surrounding land surface, relative to the water surface, and 

generally lower wind speeds (Katsaros, 1998). Derecki (1981) used the air and surface water temperature 

difference (Tw-Ta) as a stability index and found a difference of 3.5 to 10.5 ℃ to be unstable and >10.5 ℃ 

to be very unstable.  

The objective of the present study is to apply, calibrate and validate the hydrodynamic component of 

a coupled hydrodynamic-biogeochemical model to three storm-water ponds within the City of Edmonton. 

In particular, the effects of albedo, light extinction and atmospheric stability on simulating the thermal 

structure of ‘new’ and ‘old’ ponds were investigated. In future work, the model will be extended to 

investigate the root causes of persistent eutrophication in the ponds.  

2.2 Methodology 

2.2.1 Study sites and field measurements 

The ponds investigated in this study were selected, in consultation with the City of Edmonton, according 

to two important criteria. The first was to select ponds that were representative of the ~100 storm-water 

ponds in terms of age, shape, depth, surface area, inlet location and drainage basin characteristics. The 

second was to select ponds with variable algal growth conditions (i.e., trophic state). Ideally the study ponds 

would have water quality that varies from poor to excellent (i.e., from oligotrophic to eutrophic). Based on 

these criteria, the following ponds were chosen (Table 2.1): 1) Mactaggart 2 (MT2), 2) Silverberry 4 (SB4), 

3) Terwillegar Towne 2 (TT2). Each of these ponds have different mean depths, areas and volumes and 

have been ranked by City of Edmonton based on their water quality (pers. comm. Jeff Kemp). 
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Table 2.1 Selected Edmonton storm-water ponds, their characteristics and water quality ranking out of 

~100 total ponds. 

Pond Maximum 

Depth (m) 

Mean 

Depth (m) 

Area 

(m2) 

Volume 

(m3) 

Drainage basin 

area (m2) 
Ranking 

SB4 2.2 0.44 18199 8073 929000 2nd worst 

MT2 2.7 0.76 10345 5300 678000 39th worst 

TT2 3.5 1.78 21821 43000 914000 55th worst 

 

 

  

Figure 2.1 Location and the bathymetry of the three study ponds. Left to right: MacTaggart 2 (MT2); 

Terwillegar Towne 2 (TT2); Silverberry 4 (SB4). Sampling stations denoted with capital letters. Arrows 

show inflows and outflows. The data collection has been done by Dr. Mark Loewen’s group in the 

University of Alberta and the author helped in the field on two occasions in 2014 and 2015. 

 

Figure 2.1 shows the location of the selected ponds (longitude/latitude), their bathymetry, 

measurement stations and inlets and outlets. HOBO Tidbits and CTD/TD divers (with pressure and 

temperature sensors) and RBR duos (with temperature and DO sensors) with sampling periods of 10, 7 and 

10 minutes, respectively, (for more details see Appendix A) have been deployed in the ponds during 2014 

and 2015 to measure the water column temperature. The locations of these measurements are shown in 
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Figure 2.1 and Appendix A contains the details of the field data. Meteorological data that are needed for 

modeling the ponds was acquired by meteorological stations deployed at each of the ponds (HOBO U30 

located on a 7.3-m pole that sampled every 10 minutes). Solar radiation, wind speed and direction, air 

temperature, relative humidity, atmospheric pressure and precipitation have been measured by HOBO U30 

and the cloud cover was calculated following Reed (1977). 

2.2.2 Model Description 

The 3-D Estuary and Lake Computer Model (ELCOM v. 3.0; Hodges, 2000) which has been shown to 

accurately simulate the dynamics of stratified water bodies (e.g., Laval et al., 2003) of varying scale from 

large natural systems, such as Lake Ontario (e.g., Huang et al., 2010; Paturi et al., 2012) and Lake Erie 

(e.g., Leon et al., 2005) to smaller reservoirs (e.g., Hipsey et al., 2004; Chung et al., 2009; Lee et al., 2013; 

Xing et al., 2014). Although ELCOM has been applied to a small stabilization pond (Gratziou et al., 2016), 

to our knowledge it has not been applied to a constructed vegetated pond like a storm-water pond or a 

wetland, as in the present application. The ELCOM model is presently distributed under the name AEM3D 

by Hydronumerics (www.hydronumerics.com.au).  

ELCOM solves the unsteady 3-D Reynolds-averaged Navier-Stokes equations (RANS), 

conservation of mass and scalar (heat and salinity) transport equations for incompressible flow using the 

hydrostatic assumption for pressure. Vertical mixing is modeled on a layer by layer basis through each 

water column by comparing the available mixing energy to the potential energy increase required for mixing 

(Hodges and Dallimore, 2013). A fixed, Z-coordinate finite difference mesh and Euler–Lagrangian 

approach are used for momentum advection. 

The surface exchanges include heating due to short wave radiation penetration into the lake and the 

fluxes at the surface due to evaporation, sensible heat and long wave radiation. Incident short wave and 

long wave radiation can be measured directly. However, incident long wave radiation is typically calculated 

from cloud cover, air temperature and relative humidity, as in this application. 
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ELCOM uses the following equations to calculate the sensible and latent heat fluxes at each time 

step: 

𝑄 = 𝐶 𝜌 𝐶 𝑈 (𝑇 − 𝑇 )         (2.1) 

𝑄 =
.

𝐶 𝜌 𝐿 𝑈 (𝑒 − 𝑒 (𝑇 ))       (2.2) 

Where 𝑄  and 𝑄  (W m ) and 𝐶  = 𝐶  = 1.3×10  are the sensible and latent heat fluxes and heat 

transfer coefficients, respectively, 𝑃 is the atmospheric pressure (Pa), 𝜌  is the air density (kg m ), 𝐶  is 

the specific heat of air at constant pressure (= 1003 Jkg K ), 𝑈  is the 10-m wind speed (ms ), 𝐿  =

2.453×10  Jkg , is the latent heat of vaporization of water 𝑒  is the air vapour pressure of the air in (Pa), 

𝑒  is the saturation vapour pressure in (Pa) and 𝑇  and 𝑇  are both in Kelvin as the air and surface water 

surface temperature (K), respectively. ELCOM uses constant values for latent heat transfer coefficient (𝐶 ) 

and sensible heat transfer coefficient (𝐶 ) in the stable atmospheric conditions, but the model also considers 

the possibility of atmospheric instability. This has the effect of altering the exchange coefficients and thus 

the heat fluxes. As the atmospheric instability increases, the transfer coefficients and the heat fluxes also 

increase. ELCOM follows the iterative procedure of Hicks (1975) by calculating the Monin and Obukov 

length to compute the transfer coefficients. This method has been described in detail in Imberger and 

Patterson (1989). Hereafter, the usage of the unstable atmospheric heat flux model is referred to as applying 

‘stability corrections’. 

2.2.3 Model setup, initial and boundary conditions 

The model bathymetry file was prepared from survey data collected in 2014 (by real time kinematic (RTK) 

GPS along with a standard depth sounder). For the two smaller ponds (SB4 and MT2) and the bigger pond 

(TT2), respectively, 2 by 2 m and 4 by 4 m grids were prepared (Table 2.2). A fine vertical grid of 5-10 cm, 

for all of the ponds, was chosen to resolve vertical gradients in the shallow systems. The gridding, along 

with the model time step, satisfy the Courant–Friedrichs–Lewy condition (Table 2.2). The time periods for 

model calibration and validation have been chosen based on the availability of data for model initialization 

(Table 2.2, Appendix A). 
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For boundary forcing at the air-water interface, the required meteorological data were obtained from 

the onsite meteorological station. Figure 2.2 shows a sample of the meteorological data from the station 

near TT2 in 2014. 

 

Table 2.2 The model run details for each storm-water pond. For each pond 2014 and 2015 were 

calibration and validation years, respectively. 

Pond Year 
Start 

date 
End date 

Horizontal 

grid (m) 

Time 

step 

(s) 

Datum 

from sea 

level (m) 

Initial Water 

elevation from 

datum (m) 

MT2 
2014 May 22 August 22 2 × 2 30 680.85 -1.483 

2015 May 5 August 8 2 × 2 30 680.85 -1.497 

SB4 
2014 June 4 July 24 2 × 2 15 708 -1.411 

2015 May 1 July 29 2 × 2 30 708 -1.631 

TT2 
2014 May 17 July 24 4 × 4 30 682.5 -1.107 

2015 May 10 July 19 4 × 4 30 682.5 -1.096 

 

 

Measurements of water levels in the ponds and the outlet structures combined with mass balance 

calculations were used to estimate inflow/outflow time series (personal. comm. M. Mehdizadeh, U. 

Alberta). The 2014 and 2015 data were used for calibration and validation, respectively, with the model 

being initialized based on available data (Table 2.2; Appendix A). Inflow boundary condition temperatures 

were taken from temperature loggers deployed within the pond at each inlet location (Figure 2.1). This was 

required because all the inlets/outlets were submerged (except the SB4 SE inlet) and there was no access to 

the inlet pipe structures. Temperature profiles from each station were spatially interpolated to initialize the 

temperature field, while initial velocities were set to zero.  

2.2.4 Model calibration, validation and sensitivity analysis  

Due to the highly vegetated water column (especially MT2 and SB4) and high turbidity (especially TT2) 

of the ponds, the main parameters that needed calibration, relative to the default parameters appropriate for 
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lakes, were the albedo and light extinction coefficient. Different scenarios, with different values of albedo 

(0.1-0.35) and light extinction coefficient (1 m-1-6 m-1) (Table 2.3) were considered. The range for albedo 

was selected by considering the fact that two of these ponds are similar to wetlands (MT2 and SB4). The 

default value for albedo in the model is 0.08 (appropriate for oceans and lakes), whereas the albedo for 

wetlands varies from 0.15 (June) to 0.6 (May) (Rouse, 2000), due to the solar angle. Considering that the 

model is June-August and there is shading from surrounding trees and other vegetation, a range from 0.1 

to 0.35 was selected. The default light extinction coefficient for photosynthetically active radiation (PAR) 

in ELCOM ranges from 0.4 to 1.0. Brown (1984) reported a relationship between Secchi disc measurements 

and light attenuation coefficient (m-1), which depended on the critical light level at the Secchi depth (𝐿𝑖𝑔ℎ𝑡 

𝑒𝑥𝑡= -ln(l/l0)/(Secchi depth)) where l/l0 is the percentage of penetrated light at the Secchi depth). Secchi 

disc measurements were frequent (approximately every two weeks) in all three ponds and varied from 0.2 

m to 2.5 m (Appendix B). By assuming light penetration from 15% to 30% (Brown, 1984) a range for the 

light extinction coefficient from 1.0 m-1 to 6.0 m-1 (Table 2.3) was selected. 

 

Figure 2.2 Meteorological data from U30 measuring station at TT2 in 2014 a) air temperature b) solar 

radiation c) wind speed, red box shows the modeling period for TT2 in 2014. X axis represents day of the 

year (DOY). 
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To investigate the impact of atmospheric instability on the heat budget, the sensitivity runs for albedo 

and light extinction (Table 2.3) were done with both stable and unstable atmospheric heat flux conditions. 

To assess model performance, the root-mean-square-error (RMSE) of modelled vs. observed water 

temperature was calculated for the different model runs. Hydrodynamic models can be validated using the 

currents or temperature; however, attempts to measure currents with a Nortek HR ADCP were unsuccessful, 

as the currents were below the instrument threshold. Water temperature has been shown to be a sufficient 

parameter to characterize hydrodynamics in density stratified waterbodies (Hodges et al., 2000) and 

describes the physical dynamics of storm-water ponds (Olding, 2000; German et al., 2003; Marsalek, 2003).  

For each run (Table 2.3), a profile of RMSE resulted from calculating the RMSE between the 

simulated and observed water temperature at each logger location and depth (Figure 2.4). The mean RMSE 

for each pond was then computed by averaging the RMSE between all loggers in a pond (Table 2.3). From 

the calibration results, linearly interpolated RMSE plots relative to albedo and light extinction coefficient 

were generated to determine the optimum calibration values. The interpolated RMSE of temperature (by 

tuning two parameters, albedo and light extinction coefficient) resulting from the selected runs can define 

the sensitivity of the model and the necessity of further calibration. This can be done by defining a threshold 

(e.g., percentile of the area). In this study, different percentiles (of the interpolated area) have been selected 

to show the model sensitivity and to determine further calibration steps.  

After defining the sensitivity of the model with and without the stability corrections, the changes in 

the modeled sensible and latent heat losses along with the surface water temperature with and without the 

stability corrections were also compared to determine the influence of atmospheric stability on the heat 

budget.  

2.3 Results 

2.3.1 Calibration and validation 
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Comparison of averaged RMSE with and without the stability corrections (Table 2.3) shows that use of the 

stability corrections resulted in a lower RMSE in all of the scenarios. The lowest RMSE for SB4 and TT2 

were run 11 with an albedo of 0.3 and light extinction of 3 m-1 (RMSE=2.51℃ for SB4 and RMSE=1.05 

℃ for TT2). However, for MT2 the lowest RMSE resulted from run 16 with 0.35 and 6 for albedo and light 

extinction, respectively (RMSE=3.03 ℃). The calculated RMSE for the best runs were from 0.71 ℃ to 

3.23 ℃ at different depths. The stability corrections resulted in lower RMSE (~2 ℃) in all runs. The albedo 

and light extinction coefficient from the optimum runs (11 for SB4 and TT2, 16 for MT2) were used with 

and without stability corrections to validate the model with 2015 data. The calculated average RMSE from 

the validation agrees well with the calibration RMSE (Figure 2.4). However, there is a slight increase in the 

RMSE in comparison with the calibration (0.85 ℃ for SB4 RMSE, 0.30 ℃ for MT2 RMSE and 1.07 ℃ 

for TT2 RMSE). In general, the calculated temperature RMSE was within the range of 1.2-3.2 ℃ (2.5 ℃ 

average) for SB4, 1.5-2.9 ℃ (3.0 ℃ average) for MT2 and 0.71-1.3 ℃ (1.1 ℃ average) for TT2. However, 

for the validation period with the same calibrated parameters the calculated RMSE was within the range of 

1.1-3.3 ℃ (2.0 ℃ average) for SB4, 1.1-3.5 ℃ (1.9 ℃ average) for MT2 and 1.2-4.6 ℃ (2.1 ℃ average) 

for TT2.  

Figure 2.4 shows the average temperature RMSE with depth for the best calibration runs in each 

pond (run 16 in MT2 and 11 in SB4 and TT2). In general, the RMSE increases with depth. The RMSE at 

TT2 is smaller than the other two ponds in both years, which is believed to result from TT2 being 

constructed more like a deeper lake, as opposed to a shallow vegetated wetland (Table 2.1) in comparison 

to MT2 and SB4. Most importantly, for all of the loggers (except two out of thirty-five), the RMSE is below 

3 ℃ (Figure 2.4f).  

It is believed that because of extremely dense vegetation (Figure 2.3) in parts of SB4 (NE and shallow 

SSE and ESE) and MT2 (NW), the loggers located near the bed may be in shaded low-circulations regions 

with consistently cooler observed temperatures, relative to the model results (Figure 2.4). Dense vegetation 

has been known to influence moored loggers (e.g., Heupel et al., 2008; Kerr et al., 1998). These vegetated 

loggers (showed as squares in Figure 2.4) show anomalously high RMSE for both calibration and validation 
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periods. Note that the results are consistent at multiple stations and with multiple loggers, which were 

calibrated pre-and post-deployment. Some of the loggers were located at stations NE in SB4 and NW in 

MT2, close to submerged inlets. The same locations (NE SB4 and NW MT2) had the same issue in both 

2014 and 2015. This was not observed in TT2, which was less vegetated and deeper. These vegetated 

loggers have been eliminated from further sensitivity analysis.  

 

Table 2.3 Averaged RMSE of temperature (℃) from 16 model run runs for each pond in the calibration 

period (2014) with and without stability corrections. Dashed cells show the best runs. 

 
 

Stability 

corrections 

Stability 

corrections 

Stability 

corrections 

run 
Light Ext 

(m-1) 
Albedo ON OFF ON OFF ON OFF 

1 1 0.1 2.84 3.83 5.08 7.10 2.59 4.63 

2 1 0.2 2.60 3.14 4.22 5.82 1.84 3.48 

3 1 0.3 2.53 2.69 3.41 4.54 1.28 2.35 

4 1 0.35 2.58 2.61 3.20 4.06 1.21 1.83 

5 1.5 0.1 2.85 3.85 5.00 7.00 2.43 4.47 

6 1.5 0.2 2.58 3.16 4.14 5.71 1.69 3.34 

7 1.5 0.3 2.52 2.67 3.35 4.44 1.14 2.21 

8 1.5 0.35 2.56 2.61 3.16 3.99 1.10 1.71 

9 3 0.1 2.52 2.67 3.35 4.44 1.14 2.21 

10 3 0.2 2.56 3.18 4.01 5.53 1.51 3.07 

11 3 0.3 2.51 2.67 3.41 4.46 1.05 2.00 

12 3 0.35 2.59 2.58 3.09 3.86 1.08 1.53 

13 6 0.1 2.80 3.86 4.71 6.63 2.05 3.97 

14 6 0.2 2.56 2.61 3.16 3.99 1.10 1.71 

15 6 0.3 2.54 2.72 3.33 4.34 1.05 1.87 

16 6 0.35 2.63 2.61 3.03 3.77 1.16 1.43 
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Overall, the increase in RMSE (Table 2.3 and Figure 2.4), without the stability corrections, indicates 

that these corrections increase the capability of the model in simulating the hydrodynamics of the storm-

water ponds (Figure 2.4). This increase is consistently ~1 ℃ through the water column in 2014 for TT2 but 

in 2015, although this increase is evident in the deeper parts, at shallower depths there is a slight decrease 

(~1 ℃) in RMSE without the stability corrections. There is a ~1 ℃ decrease in the averaged RMSE for 

MT2, in both years, applying the stability corrections and in all of the loggers, even the vegetated ones, 

there is an increase in the RMSE when applying the constant heat coefficients. This increase is up to 1 and 

1.45 ℃ in 2014 and 2015, respectively (Figure 2.4a and 2.4b). The same as the other two ponds, the average 

RMSE is decreased with stability corrections 0.2 ℃ for 2014 and 0.3 ℃ for 2015 for SB4 but it is not as 

significant as the other two (Figure 2.4c and 2.4d).  

 

 

Figure 2.3 Pictures from the ponds taken in July 2014, a and b) MT2, c and d) SB4. Red arrow shows a 

football for scale. 
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At most of the depths, a decrease in RMSE resulting from stability corrections is evident, which is 

up to 0.9 and 1.2 ℃ in 2014 and 2015, respectively. However, in SB4, for both years at Station NW and at 

NNW and SEW in 2014, the stability corrections resulted in a slight increase (~1 ℃) in the RMSE (Figure 

2.4c and 2.4d). The same thing is evident in 2015 for TT2 (NE, NW and center), where the stability 

corrections resulted in a marginally higher average RMSE (~1 ℃). For some loggers, the RMSE is lower 

without the stability corrections. The reason for the decrease in RMSE for some loggers in SB4 and TT2 is 

that there is an underestimation in the modeled water temperature when applying the stability corrections 

and there is an overestimation without them (e.g., Figure 2.5). It is evident that there is a consistent 

difference in the modeled temperatures, but both captured the diurnal fluctuations and the seasonal trends 

of the observations. In this case, more accurate results in the first ~35 days of the modeling (without the 

corrections) resulted in a decrease of roughly 0.7 ℃ in RMSE (Figure 2.5). 

 

Figure 2.4 RMSE resulted from the best calibration parameters (run 11 for SB4, run 16 for MT2 and run 

11 for TT2) for all three ponds through the water column and the change of RMSE with and without stability 

corrections in both 2014 (calibration) and 2015 (validation). The vegetated loggers are shown as squares 

and the rest as circles. 
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Figure 2.5 observation and modeled temperature (run 11) with two heat budget runs for North-West (NW) 

of SB4 in the 1.61 depth from the datum.  

 

Comparison of the best calibration runs (11 for SB4 and TT2 and 16 for MT2, Table 2.3) to observed 

temperature data (Figure 2.6), showed that the model simulated the observed mixed layer depth and the 

seasonal stratification for both years. For example, the model predicted the seasonal stratification in MT2 

from DOY (day of year) 170 until 240 of 2014 and from DOY 170 to 220 in 2015 (<3 ℃ difference; Figure 

2.6a and 2.5b), in SB4 from DOY 170 to 205 in 2014 and 2015 (<2 ℃ difference; Figure 2.6c and 2.6d) 

and in TT2 from DOY 170 to 205 in 2014 and in 2015 (<1 ℃ difference; Figure 2.6e and 2.6f). However, 

the modelled thermocline depth in MT2 is ~ 1 m deeper in both 2014 and 2015 (e.g., DOY 220-230 in 2014 

and DOY 190-200 in 2015) than the observation and intersects the bottom. This is clearly because of more 

light penetration and the associated heat distribution throughout the water column in the model, although 

run 16 had the largest calibrated light extinction coefficient (6.0 m-1) or maximum attenuation of light. 

Unlike MT2, in TT2 the modeled thermocline depth agrees well with the observations in both years. For 

instance, the model simulated a ~2.5 m depth thermocline on DOY 190 in 2014, which compared well to 

the observed depth of ~2.2m and on DOY 180 in 2015 the model predicted a ~2.2 m depth thermocline 

consistent with the observed thermocline ~2.0m (Figure 2.6e and 2.5f). For SB4 the modeled mixed layer 

also agrees well with the observations, with a simulated and modelled ~2.8m depth on DOY 185-190 in 
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2014; however, in 2015 DOY 180 the observed thermocline is at ~2.8 m, but has reached the bottom at 

~3.1 m in the model (Figure 2.6c and 2.6d).   

 

 

Figure 2.6 Observed and modeled temperature (best run based on Table 2.3) profile comparisons for one 

location in each pond, the top plot in each section is observation and bottom is model. a) SW MT2 2014 b) 

SW MT2 2015 c) NW SB4 2014 d) NW SB4 2015 e) NW TT2 2014 f) NW TT2 2015.  
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2.3.2 Sensitivity analysis 

By linear interpolation of the RMSE, from the 16 calibration runs for each pond, contours are generated to 

aid in understanding the model sensitivity. Figure 2.7 shows these contours with and without the stability 

corrections. The variations in RMSE (up to 2 ℃) clearly show that the most important parameter, in terms 

of the sensitivity of the modeled temperature, is the atmospheric stability correction. The sensitivity of the 

model, to a specific parameter, can be defined by the gradient of RMSE. A larger gradient of RMSE shows 

higher sensitivity, which can also be defined as the proximity of the percentiles to each other. Thus, the 

model was more sensitive to albedo than light extinction coefficient, for all the ponds, which is evident by 

the proximity of the percentile lines in the albedo-coordinate direction (Figure 2.7). The calculated gradient 

of RMSE to the gradient of albedo is up to 10 times larger (for SB4 with and without the stability corrections 

and for TT2 without the stability corrections) than the gradient of RMSE to the light extinction coefficient. 

Also, RMSE gradients in the albedo-coordinate direction are ~5 times and ~2 times bigger than the RMSE 

gradient to the light extinction gradient in MT2, with and without the stability corrections, respectively 

(Figure 2.7a and 2.7b). This demonstrates the importance of albedo over light extinction in modeling the 

temperature variability in these storm-water ponds.  

By defining a calibration goal (e.g., 95th percentile), if that percentile covers a limited area (as in a 

plot of albedo vs. light extinction coefficient, Figure 2.7c and 2.7e), the calibration has reached a ‘comfort 

zone’ and the accuracy of the model will likely not increase significantly through further tuning. For SB4, 

with stability corrections, the 95% percentile comfort zone occurs with an albedo of 0.2-0.3 albedo and 

light extinction coefficient of 3-6. A similar comfort zone is evident for TT2, with stability corrections, 

with a light extinction of 2.5 m-1 - 6 m-1 and albedo 0.3-0.32. At this point, if the RMSE is acceptable (a 

possibility even without reaching a comfort zone, e.g., SB4 in Figure 2.7d) the calibration is complete; but 

if not, then the parameters must be further tuned. A comfort zone is a region with closed contours as shown 

by the red lines in Figure 2.7c and 2.7e. Closed contours with decreasing values at the center indicate that 

a local or global minimum in RSME is located inside this zone. A comfort zone does not occur for MT2 

with the selected range of parameters (Figure 2.7a); however, by increasing the albedo outside the 
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theoretically acceptable range it is possible that a comfort zone exists at higher unrealistic albedo values. 

This suggests there is a fundamental process missing in the model framework, which in this case would 

likely be algorithms to include effects of rooted aquatic vegetation. Notably, the comfort zone does not 

occur in model results without the stability corrections and, based on the decreasing gradient of the RMSE 

by increasing the albedo, (which is theoretically incorrect) the results can improve with lower RMSE 

(Figure 2.7b, 2.7d and 2.7f).  

2.3.3 Atmospheric stability corrections 

Now the investigation is focused on how the atmospheric stability corrections improve the accuracy of 

simulations of water thermal structure by modifying the latent and sensible surface heat fluxes. Figure 2.8 

shows time series of the surface water temperature and the air temperature and the data shows that 

atmospheric instability (i.e., air temperature less than water temperature) occurs frequently. The difference 

is up to 12 ℃ (very unstable; Derecki, 1981) especially during the night when the air temperature drops 

rapidly. The air temperature is rarely more than the water temperature (an indicator of stability) and this 

occurs only for short periods in TT2 before DOY 150 in 2015 (Figure 2.8f). Applying the atmospheric 

stability corrections significantly decreased the RMSE (up to 2 ℃ in the average RMSE) of the simulated 

water temperatures, which is a clear indication of the importance of these corrections in modelling small 

waterbodies, such as wetlands and ponds (Table 2.3).  

The change in calculated latent and sensible heat fluxes along with the change in the surface 

temperature for the ponds are shown in Table 2.4. Comparing the sum of latent and sensible heat fluxes, 

for the best runs, with and without the corrections shows a significant increase of heat loss with the 

corrections. These increases were from 18 to 34% for sensible heat fluxes and from 12 to 32% for latent 

heat fluxes, resulting in up to 2 ℃ improvements in water temperature RMSE. 
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Figure 2.7 RMSE contour plots generated based on the calibration sensitivity analysis runs, different 

percentiles (95, 90, 80, 70 and 50) and comfort zones (for SB4 and TT2 with the stability corrections) which 

is a limited area that the RMSE will increase by distancing from it. The unit for RMSE is ℃. 

 

Figure 2.8 Comparison of surface water temperature from the nearest logger to the surface and the air 

temperature as an indicator of atmospheric instability a) MT2 (SW) 2014 b) MT2 (SW) 2015 c) SB4 (NW) 

2014 d) SB4 (NW) 2015 e) TT2 (SE) 2014 f) TT2 (SE) 2015. 
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The surface water temperature comparison also shows that the corrections decreased the surface 

temperature (0.7-1.5 ℃) in all three ponds, which leads to more accuracy (Table 2.3). Another important 

observation is that the increase in heat loss is larger in the smaller (SB4 and MT2) compared to the larger 

(TT2) pond. This is likely due to the effect of a bigger surface area reducing the impact of the surrounding 

land surface atmospheric instability (Table 2.4). Thus, there are more stable atmospheric conditions at TT2 

and as a result less heat loss.  

Timeseries of latent and sensible heat fluxes with and without atmospheric stability corrections are 

shown in Figure 2.9. Throughout the modeling period, the instability corrections increased the latent and 

sensible heat fluxes into all three ponds. At lower values of heat loss, the difference between the two runs 

is negligible (e.g., from DOY 160 to 170 of 2014 in MT2 the difference is less than 7 Wm-2) but as the heat 

loss increases the difference is significant and there is more heat loss with the stability corrections applied. 

This increase is up to 60 Wm-2 for latent heat loss and up to 30 Wm-2 for sensible heat loss. By considering 

the heat capacity of water, 90 Wm-2
 results in a 1.86 ℃ reduction in a 1-m water column over a day ((90W/m2 

1day)/(4182J/kgC×1000kg/m3×1m)), showing the changes in fluxes in Figure 2.9 drive the reduced 

temperatures in Table 2.4. 

2.4 Discussion 

A RMSE sensitivity analysis was used to investigate the accuracy of the hydrodynamic model to predict 

the temperature variability in small ponds. Most of the calculated RMSE values are within the calibrated 

range found to be acceptable in other published studies, where the model has been applied to medium and 

large lakes. For example, Lee et al. (2013) applied ELCOM to Geum reservoir and reported RMSE of 2.8 

℃ and Paturi et al. (2012) applied ELCOM to Lake Ontario with RMSE of 3 ℃. To achieve these results, 

unstable atmospheric heat flux routines and adjustment of albedo and light extinction coefficients were 

required, relative to the aforementioned works. The prediction of thermocline depth and the mixed layer 

thickness agreed well with observations, except for MT2 (Figure 2.6). These results were consistent with 
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previous applications of ELCOM and other models, which have maximum temperature errors through the 

thermocline (e.g., Rao et al., 2009; Huang et al., 2010; Paturi et al., 2012).  

 

Table 2.4 The change in latent heat flux (LHF) and sensible heat flux (SHF) and the average modeled 

surface temperature with and without the stability corrections in 2014 and 2015. 

Surface Temp 
reduction (°C) 

Increase in 
LHF (%) 

Increase in 
SHF (%) 

Location Year Pond 

1.16 28 33 NW 
2014 

MT2 

1.2 29 34 SW 
1.22 27 32 SE 
1.51 24 30 NW 

2015 1.49 24 31 SW 
1.5 23 30 SE 
0.7 32 33 SE 

2014 

SB4 

1 30 30 NE 
1 32 34 NW 

0.9 31 23 SE 
2015 1.5 30 25 NE 

1.6 30 26 NW 
1.52 12 18 NE 

2014 

TT2 

1.52 12 18 NW 
1.52 12 19 SE 
1.18 19 24 NE 

2015 1.13 23 27 NW 
1.17 23 26 SE 

 

 

The results show that stability corrections, calculated by the model following Imberger and Patterson 

(1989), not only reduced the RMSE by up to 2 ℃ between observed and modeled temperatures, but also 

resulted in an increase in the latent and sensible heat fluxes by changing the constants in the heat budget 

equations (2.1) and (2.2). Whereas, adjusting albedo and light extinction coefficients reduces the RMSE by 

up to 0.4 ℃ in SB4, 2 ℃ in MT2 and 1℃ in TT2 (Table 2.3). The sensitivity analysis runs were combined 

into a global tool to determine the amount of model sensitivity to each specific input. Unlike local (one-at-

a-time) methods (e.g., Sykes et al., 1985; Melching and Yoon, 1996; Misaghi and Hondzo, 2014), this 

approach considers the variability of multiple parameters (Mishra et al., 2009; Nakhaei and Etemad-

Shahidi, 2012). A closed ‘comfort zone’ implies that model accuracy will not increase through further 
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calibration. The gradient of RMSE in albedo and light extinction shows the sensitivity of the model to each 

parameter (Figure 2.7). The gradient of RMSE, in all cases, is larger along the albedo axis (up to 10 times), 

which indicates the importance of albedo in comparison with the light extinction coefficient. However, it 

is evident from the calculated RMSE that the albedo and light attenuation coefficient were less important 

in comparison to the stability corrections.  

 

 

Figure 2.9 comparison of sensible and latent heat fluxes with and without stability corrections a) South-

West MT2 2014 b) South-West MT2 2015 c) North-West SB4 2014 d) North -West SB4 2014 e) North-

East TT2 2014 f) North-East TT2 2015. 

 

The air-water temperature difference was up to 12 ℃ in all ponds in both years, which based on the 

Derecki (1981) index (Tw-Ta = 3.5 to 10.5 ℃ for unstable and Tw-Ta > 10.5 ℃ for very unstable), shows 

unstable/very unstable atmospheric conditions. The air and surface water temperature differences, resulting 

from heating and cooling of the landmass surrounding the small ponds is the key driver of atmospheric 

instability. As a result, these corrections resulted in lower RMSE and a better match with the observations. 

Our results are consistent with previous research on atmospheric instability in small lakes. For example, 
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Strub and Powell (1987) investigated the heat fluxes over a small alpine lake (Castle Lake, California) and 

reported that the daily storage of heat in the lake would be better predicted by considering non-constant and 

stability-dependent exchange coefficients. In the present study, the stability corrections in the heat budget 

resulted in a significant increase in latent and sensible heat losses of 12-32% and 18-34%, respectively. 

This agrees with previous reports indicating the large positive heat fluxes (i.e., greater exchange from the 

surface to the overlying atmosphere) in unstable conditions (Laird and Kristovich, 2002). The calculated 

increase in the heat losses is more than what was reported by Verburg and Antenucci (2010). They reported 

a 13% increase in latent and 18% increase in sensible heat losses in a large tropical lake (Lake Tanganyika) 

with stability corrections applied. This may be related to the significant difference of air and surface water 

temperature that was observed in this study during the night, which is less in tropical systems.  

2.5 Conclusions 

This study showed that application of ELCOM to small ponds using the same calibration coefficients as for 

medium/large oligotrophic water bodies may result in inaccurate model predictions. By applying 

atmospheric stability corrections, suitable for small ponds surrounded by landmass with a strong diurnal 

temperature variation, and considering wetland-like situation adjustments of albedo (0.3 to 0.35) and light 

extinction coefficient (3.0 m-1 to 6.0 m-1); especially in MT2 and SB4, logger-average RMSE was reduced 

to 1.05-3.46 ℃, which is consistent with previous model simulations of larger oligotrophic lakes.     

When modelling ponds located in temperate latitudes, the atmospheric instability indicators (i.e., an 

air-water temperature differences of ~10 ℃ and more) should be considered as an a priori indicator that 

atmospheric stability corrections should be applied, before commencing hydrodynamic modeling. This is 

contrary to the default practice of considering the atmospheric condition to be stable. The stability 

corrections increased the sensible and latent heat losses by up to 34% and 32%, respectively, and also 

significantly increased the accuracy of the temperature prediction (RMSE reduced more than 2 ℃).  

A novel global sensitivity analysis method was applied by combining the RMSE of different runs 

and identifying the “comfort zone”. This analysis showed that, in this study, the model is more sensitive to 
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albedo over the light extinction coefficient. Regardless of the efforts to tune the model parameters to be 

suitable for a vegetated pond, the model vs. logger data comparisons suggest there are insurmountable 

issues in simulating scalar variables (and likely currents) in densely vegetated areas. Future work on the 

development of vegetated flow models (e.g., DELFT-3D) is recommended. 
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Chapter 3                                                                                                       

Biogeochemical modeling of Edmonton storm-water ponds 

3.1 Introduction 

Water bodies suffer from algae blooms because of excessive nutrient loads causing eutrophication, where 

both suspended algae growth and rooted vegetation increase in response to nutrient enrichment (Diaz and 

Rosenberg, 2008). Both natural (e.g., lakes) and constructed (e.g., ponds) water bodies suffer from these 

anthropogenic effects requiring water quality management. Storm-water ponds are used to control runoff, 

mostly in urban areas, by detaining peak flow and releasing it at a decreased rate with time. Storm-water 

ponds are also used to improve water quality, reducing nutrient and pollutant levels from urban and 

suburban runoff. Removal of pollutants occurs from sedimentation, adsorption and biological uptake, which 

are dependent on the residence time in the pond (Hvitved-Jacobsen and Yousef, 1988; Mallin et al., 2002). 

However, large nutrient loads to ponds, associated with road run-off and sewage, can lead to high 

concentrations of phosphorus and nitrogen, resulting in eutrophication and algal blooms (Comings et al., 

2000), which are the main reason for poor water quality in storm-water ponds (e.g., Wakelin et al., 2003; 

Enviromak, 2005; Lewitus et al., 2008; Liu et al., 2008; Siegel et al., 2011; D’Aoust et al., 2017).  

The present study investigates the water quality of two of the 113 storm-water ponds within the City 

of Edmonton. This study extends prior hydrodynamic modeling of the ponds (Chapter 2) to include 

simulation of algae/nutrient/oxygen dynamics and test the effectiveness of nutrient control scenarios on 

eutrophication management. These ponds are investigated because of complaints from nearby residents 

about odours and the presence of unsightly scum, from eutrophication. A variety of methods have been 

considered by the City of Edmonton to improve water quality including: aerators and mechanical mixers, 

application of lime/alum (Babin et al., 1989), aquatic herbicides (e.g., Reward), barley straw, the use of 

dyes (e.g., Aquashade) and most recently applying a lanthanum (La) modified bentonite clay known as 

Phoslock (Haghseresht et al., 2009, Liu et al., 2009). The aerators, herbicides and dyes produced discernible 

improvements in pond water quality that is, reduced algae growth. However, installation and operation of 
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aerators and mixers is expensive and their effectiveness in shallow storm-water ponds is questionable. 

Application of aquatic herbicides can introduce environmental hazards (Calderbank, 1972) and Aquashade 

is no longer licensed for use in Canada. 

In the present study, CAEDYM, which is a three-dimensional (3-D) water quality model, that is 

coupled with ELCOM (Chapter 2), a 3-D hydrodynamic model, was used to simulate the biogeochemical 

processes in the ponds (Hipsey et al., 2012). The objectives are to determine a single set of calibration 

parameters for storm-water ponds, validate the models against observed water quality data and test the 

effectiveness of nutrient load reduction on managing eutrophication.  

3.1.1 Study sites and field measurements 

As mentioned above (Chapter 2), the ponds investigated in this study were selected, in consultation with 

the City of Edmonton, according to two important criteria: a) are representative of the ~100 storm-water 

ponds in Edmonton in terms of their physical characteristics, and b) have differing algal growth conditions 

(i.e., trophic state). Based on these criteria, the following ponds were chosen for hydrodynamic modeling: 

1) Mactaggart 2 (MT2), 2) Silverberry 4 (SB4), 3) Terwillegar Towne 2 (TT2). However, Phoslock was 

applied in 2013 to SB4; therefore, the water quality model could not be validated for this pond unlike the 

other two ponds (MT2 and TT2) (Table 3.1).  

 

Table 3.1 Selected Edmonton storm-water ponds and their characteristics. 

Pond 
Maximum 

Depth (m) 

Mean Depth 

(m) 

Area 

(m2) 

Volume 

(m3) 

Drainage basin 

area (m2) 
Ranking Trophic state 

MT2 2.7 0.76 10345 5300 67800 39th worst Mesotrophic 

TT2 3.5 1.78 21821 43000 91400 55th worst Eutrophic 

 



42 

 

 

Figure 3.1 Bathymetry of the two study ponds, showing inflows/outflows (and their contribution in the 

total inflow) and sample stations. Left to right: MacTaggart 2 (MT2); Terwillegar Towne 2 (TT2). The field 

data has been collected by our colleagues in the University of Alberta (Dr. Mark Loewen’s group). 

 

Figure 3.1 shows bathymetric maps of the two ponds, with the locations of inlets, outlets and 

measurement stations labelled. There were biweekly to monthly water quality sampling campaigns in 2014 

and 2015. Water quality samples included total phosphorus (TP), soluble reactive phosphate (PO4), total 

nitrogen (TN), nitrate and nitrite (NO2+NO3), ammonia (NH4), total dissolved phosphorus (TDP), total 

particulate phosphorus (TPP), total dissolved nitrogen (TDN), and chlorophyll-a (chla). In 2014, there were 

surface samples at the measuring stations (Figure 3.1) at 0.5-1.0 m depths and in 2015, the samples were 

both from the surface (0.5 m and/or 1.0 m deep) and the bottom waters (1.5 m and/or 2.0 m deep). Along 

with these measurements, taxonomic analysis of the phytoplankton community structure data has been 

conducted (biweekly to monthly mainly in 2015) and different groups of algae have been defined based on 

their percentage of chla in the water column. Details of the water samples used in this research can be found 

in Appendix B. All of the water quality samples have been provided by our collaborators at University of 
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Alberta. RBR duo loggers (with temperature and DO sensor, accuracy 0.4% of saturation for DO, DO 

sampling period 5 to 10 min) and YSI EXO2 chla loggers (0.01 μg/L resolution, sampling period 5 min) 

were deployed in 2015 in both ponds. The location and details of these loggers can be found in Appendix 

A. Meteorological data was acquired from meteorological stations (HOBO U30 located on a 7.3 m pole 

that sampled every 10 minutes) deployed at each of the ponds. Solar radiation, wind speed and direction, 

air temperature, relative humidity, atmospheric pressure and precipitation were measured by the stations 

and the cloud cover was calculated following Reed (1977). 

3.2 Methods 

3.2.1 Model Description 

The 3-D Estuary and Lake Computer Model was dynamically coupled with the Computational Aquatic 

Ecosystem Dynamics Model (CAEDYM) to simulate biogeochemical and chemical water quality variables 

(ELCOM-CAEDYM v. 2.0; Hodges, 2000). Overviews of ELCOM and CAEDYM are provided by Hodges 

and Dallimore (2012) and Hipsey et al., (2012), respectively. ELCOM-CAEDYM has been shown to 

accurately model the hydrodynamics and water quality processes of stratified water bodies (e.g., Laval et 

al., 2003) of different scale from the Laurentian Great Lakes (e.g., Huang et al., 2010; Paturi et al., 2012; 

Leon et al., 2005) to smaller reservoirs (e.g., Lee et al., 2013; Chung et al., 2009; Hipsey et al., 2004, Xing 

et al., 2014). ELCOM and CAEDYM are presently distributed under the name AEM3D by Hydronumerics 

(www.hydronumerics.com.au). 

ELCOM and the required input data have been described in detail in Chapter 2. CAEDYM is a 

general biogeochemical model that can simulate carbon (C), nitrogen (N), phosphorus (P), dissolved 

oxygen (DO) and silica (Si) cycles, along with inorganic suspended solids and seven phytoplankton classes. 

In the current study, phytoplankton are represented as five groups (cyanobacteria, chlorophyte/charophytes, 

euglenozoan/dinoflagellates, cryptophytes, diatom) to capture functional diversity. Diatoms originally were 

introduced as two groups in the model (early and late) but the sum of them was considered as one group in 

this study. Toxic cyanobacteria (blue-green algae) are common in eutrophic water bodies and it can affect 
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aquatic wildlife and even humans if they come in contact with the water during a blue-green algae bloom 

(Vasconcelos and Pereira, 2001). Thus, there have been various reports regarding modeling phytoplankton 

community with specific attention to cyanobacteria (e.g., Fadel et al., 2011; Elliott, 2012; Ostfeld et al., 

2014). In this study, charophytes and euglenozoan have been considered in the chlorophyte and 

dinoflagellates groups, respectively, due to their similarities (Lukes et al., 2009; Karol et al., 2001) and for 

simplification in CAEDYM calibration. There are four mandatory phosphorus state variables that should 

be given to the model: a) soluble reactive phosphorus (SRP or PO4), b) labile dissolved organic phosphorus 

(DOPL), c) labile particulate organic phosphorus (POPL), d) algal internal phosphorus (AIP). There are 

four mandatory variables for nitrogen in the model: a) nitrate+nitrite (NO3), b) ammonium (NH4), c) labile 

dissolved organic nitrogen (DONL), d) labile particulate organic nitrogen (PONL). There are other optional 

state variables for phosphorus and nitrogen in the model (e.g., particulate inorganic nitrogen and phosphorus 

(PIN and PIP)) (Hipsey et al., 2012). Some of the mandatory nutrients have been measured directly from 

the water samples (e.g., PO4, NO3, NH4), but the others must be estimated from the measured forms 

(Appendix B and Appendix C). In CAEDYM, there are two options to account for diagenetic processes of 

water and sediment. The first one is the static model, based on simple empirical formulations, and the 

second one is the dynamic model in which processes at the sediment-water interface are numerically 

resolved (more details in Hipsey et al., 2012). In the present study, the former static model has been 

implemented. Figure 3.2 shows a simplified schematic of the nitrogen and phosphorus dynamics within 

CAEDYM.  

3.2.2 CAEDYM model setup, initial and boundary conditions 

Details of the modeling periods and runs are given in Table 3.2. CAEDYM requires initial conditions, 

boundary conditions and validation data. Due to the inability to sample water quality within the inlet 

structures (limited access and H2S concerns) measurements of the inflow boundary condition water quality 

(nitrogen and phosphorus components, chla from the sampling measurements and DO from the loggers; 

Appendix A and B) was obtained in-situ from the sampling station closest to each inlet structure (Figure 
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3.1). Since all of the inlets are submerged, these were the deep measurements in 2015 and, due to lack of 

deep water samples, the surface samples were (0.5-1m deep) were assigned in 2014. The given temperature 

boundary conditions to the hydrodynamic model (ELCOM) have been described in detail in Chapter 2.  

 

 

Figure 3.2 Schematic of processes between different state variables of nutrients in CAEDYM: a) 

phosphorus, b) nitrogen (Hipsey et al., 2012). 

 

The initial condition water quality variables were specified as the laboratory results from first water 

quality samples gathered (after the ice cover had thawed) and were used to set the initial conditions of state 

variables. The model has been supplemented with temperature (details in Chapter 2) and DO (measured by 
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RBR duo loggers) as a profile in the water column at selected depths at each measuring station. The 

complexity of CAEDYM chemical and biogeochemical processes requires the use of a large number of 

model parameters (Hipsey et al., 2012) which can be classified into biological, chemical, sediment process, 

and fixed parameters. To calibrate the model, the calibration set of Lake Erie (Leon et al., 2011; their 

Appendix C) was considered and during an iterative and effort intensive process, the parameters were 

modified by considering another set of calibration for a smaller system (Lake Minnetonka) (Missaghi and 

Hondzo, 2010) and, by visual comparison, ended up with one set of calibrated parameters of the model for 

both ponds. Other than the mentioned parameters, the calibration process resulted in the best chla results 

(visual examination) by eliminating light inhibition and nutrient related migration of phytoplankton. 

 

Table 3.2 The model (ELCOM and CAEDYM) run details for each storm-water pond in 2014 and 2015. 

Pond Year Start End 
Horizontal 

grid (m) 

Time 

step (s) 

Datum 

from sea 

level (m) 

Initial water 

elevation from 

datum (m) 

TT2 

2014 
May 28 

(DOY 148) 

Sep 7 

(DOY 250) 
4 × 4 30 682.5 -1.081 

2015 
May 14 

(DOY 134) 

Aug 28 

(DOY 240) 
4 × 4 30 682.5 -1.109 

MT2 

2014 
May 28 

(DOY 148) 

Sep 1 

(DOY 244) 
2 × 2 6 680.85 -1.473 

2015 
May 13 

(DOY 133) 

Aug 28 

(DOY 240) 
2 × 2 10 680.85 -1.493 

 

3.2.3 Remediation strategies 

The reduction of phytoplankton biomass has been reported to be dependent on the magnitude of reduction 

in external phosphorus (Mardsen, 1989; Carpenter et al., 1998; Schindler, 2006). To investigate the 

effectiveness of nutrient reductions to control algae growth in Edmonton storm-water ponds, remediation 

scenarios need to be modeled. Previous studies investigated modeling phosphorus and nitrogen reduction 
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scenarios to control algae blooms and prevent hypoxia (e.g., Trolle et al., 2008; Zhang and Rao, 2012; 

Bocaniov et al., 2016). In this study, three scenarios of 25%, 50% and 75% reduction in the nutrient 

concentrations (PO4, DOPL, POPL, PIP, NH4, NO3, DONL, PONL, PIN) of the inflows were considered 

to investigate the impact on the simulated chla concentration. All scenarios used the same meteorology, 

inflow and outflow rates, and in-lake initial conditions. A trophic index (Carlson, 1977), based on the 

amount of chla, was used to define the trophic state of the ponds during each of the nutrient reduction 

scenarios (hypereutrophic chla > 56 μg/L; eutrophic 20 < chla < 56 μg/L; mesotrophic 2.6 < chla < 20 

μg/L; oligotrophic chla <2.6 μg/L). 

3.3 Results 

3.3.1 Model calibration  

The biological, chemical, sediment process, and fixed parameters, were calibrated as listed in Table 3.3, by 

comparing the modeled results to the measured data from TT2 and MT2 stations. The modeled nutrient 

components (PO4, TP, NO3, NH4 and TN), DO and chla, as an indicator of phytoplankton biomass, have 

been compared to the sampled water quality parameters and the EXO2 (chla) and DO loggers (Figure 3.3 

and Figure 3.4). To quantify the accuracy of the simulation, the root mean square errors (RMSE), relative 

to observed data have been calculated and are presented in Table 3.4.  

 

Table 3.3 List of selected parameters used in CAEDYM calibrations for MT2 and TT2, with their symbols, 

units, and assigned values. Algae parameters are the averaged for selected groups of algae. 

 
Symbols Units 

Assigned 

values Biological parameters 

Average ratio of C to chlorophyll a Ycc mg C/mg chla 140 

Constant settling velocity ws m/s 0.745×10-5 

Critical shear stress tcpy N/m2 0.0042 

Fraction of metabolic loss rate to dissolve organic 

matter (DOM) 

FML - 0.37 
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Fraction of respiration relative to total metabolic loss FRML - 0.425 

Half saturation constant for nitrogen uptake KN mg/L 0.025 

Half saturation constant for phosphorus KP mg/L 0.02 

Light half saturation constant for algal limitation IK μE/m2s 120 

Light saturation for maximum production  Ist μE/m2s 90 

Maximum internal nitrogen concentration  INmax mg N/mg chla 11.67 

Maximum internal P concentration  IPmax mg P/mg chla 5.27 

Maximum potential growth rate of phytoplankton  Pmax 1/day 1.46 

Maximum rate of nitrogen uptake  Unmax mg N/mg chla 

/day 

3.97 

Maximum rate of phosphorus uptake  UPmax mg P/mg chla 

/day 

1 

Minimum internal nitrogen concentration  INmin mg N/mg chla 7.83 

Minimum internal P concentration  IPmin mg P/mg chla 0.47 

Phytoplankton optimum temperature  Topt ℃ 21 

Phytoplankton maximum temperature  Tmax ℃ 28.5 

Phytoplankton mortality coefficient, krp  km - 0.1 

Respiration rate coefficient kr 1/day 0.11 

Standard growth temperature  Tsta ℃ 17.5 

Temperature multiplier for respiration, vR Tres - 1.06 

Temperature multiplier function for phytoplankton, vT Tb - 1.06 

 

Chemical parameters  

Aerobic/anaerobic factor for both sediment and water 

column  

fanB - 0.3 

Density of particulate organic matter (POM) particles POMDensity kg/m3 1005 

Diameter of POM particles  POMDiameter m 0.5×10-4 

Half saturation constant for nitrification  KOn mg O/l 0.5 

Half saturation constant for denitrification dependence 

on DO  

KN2 mg/L 0.4 

Half saturation constant for dependence of POM/DOM 

decomposition on DO  

KDOB mg/L 1.5 

Maximum mineralization of DONL to NH4  DON1max 1/day 0.003 
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Maximum mineralization of DOC labile to DIC  DOC1 max 1/day 0.011 

Maximum mineralization of DOPL to PO4  DOP1 max 1/day 0.01 

Maximum transfer of POCL to DOCL  POC1 max 1/day 0.07 

Maximum transfer of PONL to DONL  PON1 max 1/day 0.03 

Maximum transfer of POPL to DOPL  POP1 max 1/day 0.005 

Maximum denitrification rate under anoxia at 20  koN2 1/day 0.15 

Nitrification rate coefficient  koNH 1/day 0.5 

Photo-respiration phytoplankton DO loss  prc - 0.02 

Specific light attenuation due to the action of POC KePOC mg/L/m 0.02 

 

Sediment related parameters  

Controls sediment release of PO4 via O KOxS-PO4 mg/L 1.00 

Half saturation constant for DO sediment flux  KSOs mg O/L 0.70 

Half saturation constant for sediment NH4 release 

dependence on DO  

KDOS-NH4 mg/L 0.50 

Half saturation constant for sediment NO3 release 

dependence on DO  

KDOS-NO3 mg/L 0.03 

Half saturation for sediment DOC release dependence 

on DO  

KDOS-doc mg/L 0.005 

Maximum NH4 sediment flux  SmpNH4 g/m2/day 0.09 

Maximum release rate of DOC from sediment at 20  SmpdocL g/m2/day 0.005 

Maximum release rate of NO3 from Sediment at 20  SmpNO3 g/m2/day 0.03 

Sediment; Release rate of PO4  SmpPO4 g/m2/day 0.04 

Static sediment exchange rate  rSOs g/m2/day 1.30 

Temperature multiplier for sediment nutrient fluxes  (sed) - 1.05 

 

3.3.1.1 Phosphorus 

TT2 has shown to have a thermally stratified ⁓3m water column, due to ⁓10 ℃ difference in the surface 

and the bottom temperature, both in the model and observations (Chapter 2; Figure 2.6). This amount of 

temperature differences can significantly inhibit mixing in the water column (Boegman et al., 2008). 

Submerged inlets in TT2 and lack of sufficient mixing (due to small fetch and stratification) might be the 

reason for higher nutrient concentration (TP, TN, NH4, NO3, PO4) in the bottom than surface (e.g., DOY 
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160 to 230 of 2015 in TP, Figure 3.3). The modeled TP and PO4 are visually consistent with the observation 

at the NE Station (near the dominant inlet) in TT2 (Figure 3.3). However, for PO4, the bottom measurements 

agree better with the model (0.003<RMSE<0.013 mg/L for PO4), in comparison with the surface 

(0.005<RMSE<0.04 mg/L for PO4). The reduced gradient of simulated PO4 with time in 2014 is larger in 

the measurements than the model (e.g., at Station NE, Figure 3.3) and hence resulted in the largest PO4 

error in TT2 (RMSE=0.0424 mg/L). In general, the prediction of near surface PO4 is ~10 times better in 

2015, compared with 2014 (Table 3.4). Similarly, surface TP is up to ~2 times more accurate in both years, 

relative to the bottom (Table 3.4). In 2015, the increasing trend of TP (Figure 3.3) between DOY 160 to 

180 and DOY 200 to 220 are also predicted by the model. Unlike for PO4, the near surface TP RMSE shows 

the 2014 simulation to be more accurate than 2015 (0.0015 to 0.021 mg/L more accurate in different 

measuring stations).  

For MT2 the NW Station (near the inlet) modeled PO4 and TP are similar to at Station NE in TT2 

and are visually consistent with the measured data (Figure 3.4). The RMSE for the modeled surface PO4 at 

all three stations are around the same order (0.002 to 0.004 mg/L) for 2014 and 2015 (Table 3.4). The 

bottom PO4 agrees well with the measurements (Figure 3.4) and the model even could predict sudden 

increases in the PO4 concentration close to the bed (e.g., DOY 172 of 2015, Figure 3.4) (0.01<RMSE<0.017 

mg/L for bottom PO4). There are evident overestimations of TP in 2015 near to the surface (e.g., DOY 147 

and DOY 216) and hence the modeled TP close to the bed (0.005<RMSE<0.02 mg/L) in 2015 is more 

accurate than the surface layer (0.025<RMSE<0.03 mg/L). Overall, the TP RMSE in MT2 was within 0.005 

to 0.03 mg/L, which is almost one order of magnitude more accurate than TT2.  

3.3.1.2 Nitrogen 

Simulated nitrogen concentrations were generally in good visual agreement with the measured data (Figure 

3.3 and 3.4). The model prediction of lower NH4, TN and NO3 near the surface and higher values in near 

the bottom is consistent with the measurements (e.g., DOY 200 and DOY 218 in 2015 for NH4 and TN, 

Figure 3.3). The modeled NO3 agrees well with measurements close to the bed and surface in 2015 
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(0.001<RMSE<0.005 mg/L) (Figure 3.3). However, in 2014 there is a sharper decreasing gradient in NO3 

at Station NE through time in the measurements compare to the model (DOY 148 to DOY 180, Figure 3.3), 

that resulted in the highest error of NO3 in TT2 (RMSE=0.8 mg/L). The model predicted the increased TN 

and NH4 concentrations (e.g., DOY 172, DOY 202 and DOY 218 in 2015, Figure 3.3) but, temporal 

inaccuracies of up to two days were noted in these predictions. The modeled NH4 and TN in TT2 also agree 

well visually with the surface and bottom measurements (Figure 3.3, Table 3.4), except for some 

inaccuracies (up to 50%) at the NW and CE Stations (RMSE>1 mg/L; Table 3.4). The modeled NH4, NO3 

and TN in MT2 were less accurate (up to ⁓40% higher RMSE) in comparison with TT2 (Figure 3.4, Table 

3.4). The modeled NH4 is more accurate in MT2 near the surface in both 2014 and 2015 (0.01<RMSE<0.04 

mg/L; Figure 3.3 and Table 3.4). However, the modelled near bottom NH4 concentrations underestimated 

the measurements (e.g., on DOY 230 of 2015 at Station NW, Figure 3.4) by up to ~0.2 mg/L (Table 3.4) 

and these resulted in higher RMSE up to 0.17 mg/L (Table 3.4). Similarly to NH4, the modeled TN and 

NO3, near the bottom, were also underestimated in 2015 at the NW Station and resulted in the highest error 

amongst other stations of MT2 (RMSE 1.97 mg/L and 2.1 mg/L for NO3 and TN, respectively; Figure 3.4, 

Table 3.4). 

3.3.1.3 Dissolved oxygen (DO) 

The simulated dissolved oxygen (DO) profile concentrations compared well visually with that of the 

measured timeseries, especially near the bottom (RMSE=2.24 mg/L; Figure 3.3). For TT2, although the 

model underestimated the DO near to the surface (RMSE=3.87 mg/L), it captured the general trend through 

time (e.g., DOY 135 to 155 in 2015, DOY 200 to 205 in 2015, Figure 3.3). The modeled DO for MT2 is 

more accurate than TT2, the bottom water modeled DO agrees better with the measurements (RMSE=1.6 

mg/L) than near the surface (RMSE= 2.52 mg/L) (Figure 3.4). As is evident in Figure 3, for the deeper TT2 

(Station NE) the DO concentration starts at ~7 mg/L (DOY 134 of 2015) and as the chla increases, DO 

depletion begins and the water column becomes anoxic (DO< 1 mg/L) on DOY 224 of 2015. By comparing 

the DO and chla profiles, the DO depletion is associated with the chla increase from DOY 190 to DOY 230 
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(Figure 3.3). At this time, photosynthetic production of DO, associated with chla, is evident (e.g., TT2 

Station NE on DOY 180-220 in 2015 and DOY 200-250 in 2014, Figure 3.3). Figure 3.4 shows that the 

water column at the NW Station of MT2 is hypoxic (DO< 5 mg/L) for most of the modeling period (both 

model and observations) and becomes anoxic from DOY 220 to 235 in 2015, thereafter increasing to ~4 

mg/L as a result of photosynthetic production.  

3.3.1.4 Chlorophyll-a (chla) 

Figure 3.3 shows the variability of the modeled chla and the measurements in both 2014 and 2015 in TT2 

at Station NE. In 2014, the model underestimated surface chla on DOY ~197 but the model visually agrees 

well with the rest of the measurements (RMSE=36.26 μg/L). Even on DOY ~197 the model predicts almost 

the same amount of chla (~77 μg/L) around 1.5 m deeper than the sample depth (Figure 3.3). Similar to 

2014, these spatial inaccuracies near the surface are evident in TT2 at Station NE in 2015 (Figure 3.3; e.g., 

DOY 160, 205 and 218). Due to this underestimation of the surface chla, the RMSE of chla near the surface 

ranged from 37.26 to 103 μg/L in 2014 and from 67.36 to 103.4 μg/L in 2015. However, the predicted 

bottom chla (2.61<RMSE<63.11 μg/L) compared better visually with that of the measured than the surface 

chla (Figure 3.3). Comparing the modeled chla with the EXO2 logger, which was located near the surface 

(Appendix A; Figure 3.3), in 2015 for two separate deployments, the model shows more accuracy 

(RMSE=25.87 μg/L).  

The chla modeling for MT2 was more accurate than TT2 especially near the surface (Table 3.4; 

2.7<RMSE<8.02 μg/L). The concentration of chla in MT2 was ~5 times lower than in TT2 (both in the 

measurements and in the model). Near the surface at Station NW in MT2, the model underestimated the 

measured values, but still predicted spikes in chla (Figure 3.4; DOY 230 – 2015 and 165 – 2014). The 

bottom chla RMSE varied more in different stations of MT2 compared to the surface. For example, the 

bottom chla RMSE at Station SE (RMSE=19.23 μg/L) is at least ⁓2.5 times more than other stations (e.g., 

RMSE=7.78 μg/L at Station SW in MT2).  
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Table 3.4 Calculated RMSE for different water quality components based on the modeled and observation of MT2 and TT2. Locations of station 

are given in Figure 3.1. All units are mg/L except for chla which is μg/L. 

TT2  
Station NW SE NE CE 

Average 
Depth /Year 

Surface 

2014 

Surface 

2015 

Surface 

2014 

Surface 

2015 

Bottom 

2015 

Surface 

2014 

Surface 

2015 

Bottom 

2015 

Surface 

2015 

Bottom 

2015 
chla (sample) 97.03 103.4 63.88 69.83 27.51 36.26 67.36 2.61 103 63.11 63.4 
NH4 0.06 0.024 0.1 0.007 0.001 0.12 0.01 0.12 0.01 0.17 0.06 
NO3 0.8 0.026 0.06 0.025 0.001 0.065 0.03 0.034 0.028 0.05 0.11 
PO4 0.03 0.008 0.039 0.006 0.006 0.04 0.005 0.013 0.005 0.003 0.015 
TN 1.12 1.2 0.40 0.83 0.72 0.35 0.86 0.59 1.07 1.01 0.81 
TP 0.07 0.074 0.03 0.053 0.07 0.034 0.05 0.08 0.07 0.08 0.061 
DO 2.44 - - - - - 3.87 2.24 - - 2.85 
chla (EXO2) - - - - - - 25.87 - - - 25.87 

MT2  
Station SW SE NW 

Average 
Depth/ Year 

Surface 

2014 

Surface 

2015 

Bottom 

2015 

Surface 

2014 

Surface 

2015 

Bottom 

2015 

Surface 

2014 

Surface 

2015 

Bottom 

2015 
chla (sample) 5.0 6.27 7.78 2.7 4.4 19.23 7.82 8.02 4.52 7.304 
NH4 0.02 0.01 0.038 0.01 0.014 0.065 0.02 0.04 0.17 0.043 
NO3 0.09 0.27 0.27 0.088 0.21 0.076 0.21 0.3 1.97 0.387 
PO4 0.002 0.0036 0.016 0.004 0.003 0.017 0.002 0.004 0.01 0.0068 
TN 0.56 0.82 0.46 0.1 0.52 0.22 0.165 0.54 2.1 0.61 
TP 0.01 0.026 0.005 0.014 0.03 0.005 0.013 0.025 0.02 0.016 
DO - - - - - - - 2.52 1.6 2.06 
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Figure 3.3 Modeled and observed water quality parameters at Station NE in TT2 in 2014 and 2015, from top to bottom NH4, NO3, TN, PO4, TP, 

chla and DO. 
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Figure 3.4 Modeled and observed water quality parameters at Station NW in MT2 in 2014 and 2015, from top to bottom NH4, NO3, TN, PO4, TP, 

chla and DO. 
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3.3.1.5 Phytoplankton groups  

The community dynamics of 5 different types of phytoplankton (cyanobacteria, chlorophyte/charophytes, 

euglenozoan/dinoflagellates, cryptophytes, diatom) have been modeled. Table 3.5 contains the measured 

and modeled groups of phytoplankton based on their percentage of the total chla in the water column at 

two locations of each pond in 2015 (Stations CE and NE in TT2, NW and SE in MT2). Figure 3.5 shows 

the percentage of each type of modeled and measured phytoplankton group in 2015 at Station NE in TT2 

and NW in MT2. It is evident that cyanobacteria, chlorophytes/charophytes and 

euglenozoan/dinoflagellates are the dominant species, in that order, in both ponds (Figure 3.5, Table 3.5). 

At Station NE in TT2, predicted biomass of cyanobacteria group climbs to a peak on around DOY 220 

(⁓90%; Figure 3.5a) which may be related to the fact that nutrient concentrations had been increasing from 

DOY ⁓205 to DOY ⁓225 (e.g., TP and TN; Figure 3.3). During this period, the measured and modeled chla 

start to increase because of nutrient availability (Figure 3.5a). It seems that more nutrients in the water 

column benefits chlorophytes/charophytes over other groups (except cyanobacteria) as well and in the 

existence of sufficient nutrients can grow more (e.g., DOY ⁓170 to ⁓190 and DOY ⁓200 to ⁓220, Figure 

3.5 and Figure 3.3). The sum of cryptophytes and diatoms were less than 2% at Station NE in TT2 and less 

than 5% at Station CE in TT2, both in the model and in the measurements, which indicates that the model 

is simulating the algal community with reasonable accuracy. At Station NE in TT2 the model predicted the 

percentage of cyanobacteria, euglenozoan/dinoflagellates and chlorophytes/charophytes with less than 10% 

error, except for DOY 160 where there is up to 27% error (Figure 3.5, Table 3.5). On this day, the model 

underestimated the cyanobacteria and as a result overestimated the other two dominant groups (Figure 3.5). 

Overall, the model predicted the contribution of the dominant groups (cyanobacteria, 

euglenozoan/dinoflagellates and chlorophyte/charophytes) with less than 30% difference with the 

measurements except for some measurements at CE (DOY 189 and 203, Table 3.5). 

At Station NW of MT2, the measured and modeled chla drops from ⁓20 μg/L (on DOY 134) to ⁓2 

μg/L (on DOY 202) which may be related to lack of TP and PO4 (Figure 3.4 and Figure 3.5b). During this 
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period, the predominance of cyanobacteria as the main phytoplankton species increases to 80% of the total 

chla (on DOY 202) but in absolute terms is low because of small amount of chla. Starting from DOY 200, 

PO4 increases (up to ⁓0.01 mg/L) and hence so do the measured and modelled chla, until DOY 240 (⁓6 

μg/L in the model; Figure 3.5b). With the existence of sufficient PO4, the chlorophyte/charophytes 

percentage, of total chla, increases to up to 55% in the observation (on DOY 230) and 53% in the model 

(on DOY 240), which suppresses the cyanobacteria (to 35% on DOY 240) (Figure 3.5b). This is also 

correlated to the increase in the water temperature in MT2 which increases from ⁓10 C to ⁓30 C starting 

from DOY ⁓175 until DOY 240 (Chapter 2; Figure 2.6). The optimum growth temperature for 

chlorophytes/charophytes (25 C) in the model is higher than other groups (e.g., euglenozoan/dinoflagellate 

optimum temperature 22 C) and hence it will tend to grow faster at high temperatures. As in TT2, the 

model agrees well with the measurements in prediction of diatoms and the cryptophytes (<1% error) at 

Stations NW and SE in MT2 (Table 3.5, Figure 3.5b). Overall, although the model agrees with the 

measurements in terms of the general trend at NW and SE in MT2, there are inaccuracies in predicting the 

contribution of cyanobacteria and euglenozoan/dinoflagellates in the total chla (up to 40%; Table 3.5, 

Figure 3.5b). 

 

Figure 3.5 Averaged water column percentage of different phytoplankton groups and the averaged modeled 

and measured chla concentrations in 2015 a) NE of TT2, b) NW of MT2. The horizontal ticks represent the 

percentage of each group in the measurements.
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Table 3.5 The percentage of each group of modeled and measured phytoplankton based on their percentage of the total chla in the water column in 

CE and NE of TT2 and NW and SE of MT2 in 2015. 

TT2 
  May 27, DOY 147 June 9, DOY 160 June 23, DOY 174 July 8, DOY 189 July 22, DOY 203 Aug 5, DOY 217 
Algae group Location Model Obs Model Obs Model Obs Model Obs Model Obs Model Obs 
Chlorophyte/ 

Charophytes 
NE 40 31 25 8 34 22 50 52 25 21 8 3 
CE - - 46 11 32 20 35 6 26 4 10 11 

Euglenozoan/ 
Dinoflagellates  

NE 41 55 15 4 19 29 4 1 20 24 4 0 
CE - - 23 26 19 31 9 72 19 6 20 32 

Cryptophytes NE ⁓0 0 ⁓0 0 ⁓0 0 ⁓0 0 ⁓0 0 0 ⁓0 
CE - - ⁓0 0 ⁓0 0 ⁓0 0 ⁓0 0 0 ⁓0 

Diatoms NE <1 2 <1 1 <1 2 <1 2 <1 0 <1 1 
CE - - <1 1 <1 2 <1 1 <1 0 <1 1 

Cyanobacteria NE 19 12 60 87 47 47 46 45 55 55 88 96 
CE - - 31 62 49 47 56 21 55 90 70 57 

MT2 
  May 27, DOY 147 June 19, DOY 170 Aug 4, DOY 216 Aug 18, DOY 230 
Algae group Location Model Obs Model Obs Model Obs Model Obs 
Chlorophyte/ 

Charophytes 
NW 52 50 29 0 48 50 47 55 
SE - - 29 0 47 50 65 75 

Euglenozoan/ 
Dinoflagellates  

NW 27 0 12 50 3 30 16 25 
SE - - 10 0 1 0 1 0 

Cryptophytes NW ⁓0 0 <1 0 <1 0 ⁓0 0 
SE - - <1 0 <1 0 ⁓0 0 

Diatoms NW ⁓0 0 <1 0 <1 0 ⁓0 0 
SE - - <1 0 <1 0 ⁓0 0 

Cyanobacteria NW 21 50 58 50 48 20 37 20 
SE - - 60 100 51 50 35 25 
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3.3.2 Nutrient reduction scenarios 

The original modeled chla output and results with 75%, 50% and 25% nutrient reductions are shown in 

(Figure 3.6). For TT2, the original and 25% reduction scenarios show the pond (TT2) to suffer from 

eutrophication during some periods (e.g., DOY 205-220 in 2014 and DOY 190-220 in 2015; Figure 3.6a 

and 3.6b). However, for the 50% and 75% reductions scenarios, the chla concentration never exceeds 20 

μg/L (mesotrophic), except for DOY 134 to ~150 in 2015 and DOY ~240 to ~245 in 2014 (the latter only 

for 50% reduction scenario), where all the scenarios show a hypereutrophic/eutrophic situation. 

Nonetheless, none of the scenarios in both years would change the trophic condition of TT2 to oligotrophic 

(chla < 2.6 μg/L) excluding the first 35 days of 2014 when TT2 is oligotrophic in all scenarios (Figure 

3.6a).  

The averaged modeled chla (original scenario) in the water column of MT2 is less than TT2 (⁓3 

times in 2014 and ⁓6 times in 2015) and MT2 is mesotrophic/oligotrophic in 2014-15 (Figure 3.6c and 

3.6d). In 2015, all of the scenarios resulted in a similar chla concentration from DOY 133 to DOY 210 (less 

than 1.5 μg/L difference) and a slight increase thereafter (until DOY 240). By the end, only the 75% nutrient 

reduction resulted in an oligotrophic state (Figure 3.6d). The 75% nutrient reduction, in 2014, also resulted 

in an oligotrophic state for the whole modeling period at Station NW in MT2. 50% and 25% nutrient 

reduction resulted in an oligotrophic state by the end of the modeling period (from DOY ⁓180 until the 

end). However, from DOY ⁓155 to DOY ⁓180 the chla is above 2.6 μg/L (mesotrophic) for both 50% and 

25% nutrient reduction scenarios.  

It is evident that the initial chla concentration which were based on measurements were much higher 

(more than 10 times) in 2015 (on DOY 134 compared to 2014 (started on DOY 148) (Figure 3.6). The 

decreasing trend of chla from DOY 134 to ⁓160 in 2015 at both ponds agrees with the lower initial 

concertation of chla in the model for 2014 (Figure 3.6b and 3.6d). A strong diurnal fluctuation of chla is 

evident in deeper TT2 (especially in 2015) compared to the shallower MT2 (Figure 3.6). 
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Overall, at least 75% reduction of nutrients in TT2 and 50% reduction of nutrients in MT2 are needed 

to change the trophic state to a mesotrophic/oligotrophic state. It must be noted that a qualitative analysis 

of storm-water pond water quality using City of Edmonton Summer Inspection Reports (personal. comm. 

Jeff Kemp, U. Alberta) concluded that the eutrophic TT2 had better water quality than the 

mesotrophic/oligotrophic MT2 (Table 3.1). This may be related to the more vegetative environment of MT2 

and likely to the difference in mean depth, that prevents growth of aquatic vegetation in TT2. 

3.4 Discussion 

The calculated average RMSE (for both ponds) for nitrogen (0.053 mg/L for NH4, 0.24 mg/L for NO3 and 

0.72 mg/L for TN) and phosphorus (0.04 mg/L for TP and 0.01 mg/L for PO4) fractions and DO (2.53 

mg/L), using calibration parameters suitable for ponds and wetlands, are comparable with the error ranges 

(or 10-20% more) reported in previous studies, that applied ELCOM-CAEDYM to medium and large lakes. 

Trolle et al. (2008) used CAEDYM to model biogeochemical processes in Lake Ravn (Denmark). For PO4, 

TP and DO they calculated 0.007< RMSE <0.061 mg/L, 0.01< RMSE<0.074 mg/L, and 1.668<RMSE 

<2.643 mg/L, respectively. In another application of CAEDYM to Lake Erie, Bocaniov et al. (2016) 

calculated TP and NO3 RMSE~0.03 mg/L and ~0.066 mg/L, respectively. However, the model could not 

predict the TN accurately in some locations (e.g., Stations NW and CE in TT2) and the RMSE is above 1.0 

mg/L which is a ~50% error (relative to the measurements).  

The modeled chla RMSE for TT2 and MT2 are different than a CAEDYM application by Trolle et 

al. (2008), who reported the RMSE within 10.4 and 12.76 μg/L. In MT2 for chla 2.7<RMSE< 8.02 μg/L, 

which is more accurate than Trolle et al. (2008); except for the near the bed of SE in 2015 (RMSE= 19.23 

μg/L). However, the maximum calculated RMSE of chla in TT2 was ⁓7 times higher than Trolle et al. 

(2008). Previous reports about modeling systems with similar high chla concentrations also shows 

inaccuracy in modeling chla. For example, application of CAEDYM to Lake Minnetonka (Misaghi and 

Hondzo, 2010) and Rio de la Plata (Silva et al., 2014) resulted in up to ~110 μg/L underestimation of 

observed chla. Other water quality models also underestimated by more than 100 μg/L the measured chla 
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(e.g., WASP6, Chao et al., 2005). These underestimations, as in the present study, may be related to the 

difficulty in modeling the inherent patchiness in algae, which is typically below the model horizontal grid 

cell resolution. The types of models are still evolving (Hipsey et al., 2012; Reynolds, 2006) and more 

accurate understanding of vertical distributions (from migration related to nutrient limitations or light 

inhabitation) and algae dynamics may result in more accurate simulation of chla. To our knowledge, there 

are only a few reports of comparisons between measured and modelled algae community structure (e.g., 

Trolle et al., 2008; Bolkhari, 2014). Trolle et al. (2008) introduced the chla as diatoms and dinoflagellates 

to CAEDYM for Lake Ravn (Denmark) and reported relatively accurate results despite some 

underestimations of dinoflagellates.  

It is interesting to note that although MT2 is ranked, by our collaborators from the University of 

Alberta, as having poorer water quality than TT2 (Table 3.1), MT2 is classified as a mesotrophic system, 

whereas TT2 is eutrophic, based on both measurements and the model (Figure 3.6). These conflicting 

classifications likely result from extensive rooted aquatic vegetation (macrophytes) in MT2, relative to TT2, 

which is turbid with suspended algae and some rooted macrophytes around the edges and shallow parts (< 

1 m) (Figure 3.7). TT2 has a greater mean depth than MT2 and greater light extinction coefficient (Chapter 

2), suggesting rooted vegetation is shaded by suspended algae in this pond. Shallower ponds, therefore, 

may favor growth of rooted aquatic vegetation, which limits nutrient availability to suspended algae and 

‘improves’ water quality as measured by the trophic index (Figure 3.6). 

These results suggest that the chla alone is not a suitable index to define trophic state in shallow 

storm-water ponds. Bayley and Prather (2003) investigated 148 wetland lakes in Alberta and classified 

them based on the predominance of phytoplankton or submerged aquatic vegetation. They have reported 

that the phytoplankton dominated systems have higher chla (more than 10 times) and higher nutrient 

concentration (more than 2 times TP and roughly similar PO4 and TN) than vegetation dominated systems. 

This agrees well with the results from TT2 (phytoplankton dominated) and MT2 (vegetation dominated). 

It has also been reported that aquatic vegetation (macrophytes) can significantly decrease phytoplankton 

biomass and increase water clarity in shallow lakes (McQueen, 1990; DeMelo et al., 1992), where 
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macrophytes apparently suppress phytoplankton growth (Szczepański, 1977; Wium-Anderson et al., 1982). 

Therefore, chla concentrations in vegetation dominated systems (e.g., MT2) is lower than in phytoplankton 

dominated systems (e.g., TT2).  

 

 

Figure 3.6 Depth averaged modeled and observed chla concentration of the base case and the nutrient 

reduction scenarios for a) NE of TT2 in 2014, b) NE of TT2 in 2015, c) NW of MT2 in 2014, d) NW of 

MT2 in 2015. 

 

Similar to this study, modeling nutrient reduction scenarios has been considered in previous studies 

as possible remediation strategies to control algae growth. For example, Trolle et al. (2008) reported a 

minimum of 40-50% reduction in the nutrients are needed in order that chla concentrations meet the EU 
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Water Framework Directive for Lake Ravn. The modeled scenarios showed that at least 50% reduction of 

nutrients is required to change a pond’s trophic state. Zhang and Rao (2011) used WASP to model the effect 

of up to a 20% reduction of phosphorus and 20% reduction of nitrogen and phosphorus to Lake Winnipeg 

(Canada). They reported that in some parts of the lake, the maximum reduction of chla (2.3 μg/L annual-

averaged) was achieved with 20% reduction of phosphorus alone. 

 

 

Figure 3.7 Pictures from the ponds taken in July 2014, a and b and c) MT2, d and e) TT2. 

 

3.5 Conclusions 

This study showed that two different Edmonton storm-water ponds can be simulated with the CAEDYM 

water quality model using a single set of calibration coefficients, despite the differences in terms of the 

trophic state and phytoplankton community. In general, CAEDYM was capable of predicting nitrogen (TN, 

NO3 and NH4), phosphorus (PO4 and TP) and DO concentrations in the storm-water ponds despite marginal 

inaccuracies (averaged RMSE up to 0.81 mg/L, 0.387 mg/L, 0.062 mg/L, 0.015 mg/L, 0.061 mg/L and 2.85 
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mg/L for TN, NO3, NH4, PO4, TP and DO, respectively). CAEDYM could predict the chla more accurately 

when the system was not phytoplankton dominated and was oligotrophic/mesotrophic (MT2) in compare 

to the hypereutrophic/eutrophic system (TT2). The effect of lateral patchiness of algae, which is difficult to 

model in CAEDYM, may increases as the chla increases and result in more error in the simulated results.  

In order to control algae blooms and reduce chla, the model suggested at least 50% nutrient reduction. 

However, further remediation strategies to be modeled to investigate other aspects of the ponds (e.g., 

physical characteristics like depth and shape) are suggested. Despite the efforts to calibrate the model 

parameters to be suitable for the ponds, the model inaccuracies still existed. Future work should focus on 

the development of the models that can consider nutrient uptake by aquatic vegetation relative to 

phytoplankton. 

  



65 

 

References 

 

Babin, J., Prepas, E. E., Murphy, T. P., and Hamilton, H. R. (1989). A test of the effects of lime on algal 

biomass and total phosphorus concentrations in Edmonton stormwater retention lakes. Lake and Reservoir 

Management, 5(1), 129-135. 

Bayley, S. E., and Prather, C. M. (2003). Do wetland lakes exhibit alternative stable states? Submersed 

aquatic vegetation and chlorophyll in western boreal shallow lakes. Limnology and Oceanography, 48(6), 

2335-2345. 

Bocaniov, S. A., Leon, L. F., Rao, Y. R., Schwab, D. J., and Scavia, D. (2016). Simulating the effect of 

nutrient reduction on hypoxia in a large lake (Lake Erie, USA-Canada) with a three-dimensional lake 

model. Journal of Great Lakes Research, 42(6), 1228-1240. 

Bolkhari, H. (2014). Modelling the impacts of climate change on the hydrodynamics and biogeochemistry 

of Lake Simcoe, Hamilton Harbour and the Bay of Quinte (Doctoral dissertation). 

Calderbank, A. (1972). Environmental considerations in the development of diquat and paraquat as aquatic 

herbicides. Outlook on Agriculture, 7(2), 51-54. 

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N., and Smith, V. H. (1998). 

Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecological applications, 8(3), 559-568. 

Carlson, R. E. (1977). A trophic state index for lakes. Limnology and oceanography, 22(2), 361-369. 

Chao, X., Jia, Y. F., Shields, D., and Wang, S. S. (2005). Development and application of a three 

dimensional water quality model for a shallow oxbow lake. In Proc., US-China Workshop on Advanced 

Computational Modelling in Hydroscience and Engineering. The Univ. of Mississippi. 

Comings, K. J., Booth, D. B., and Horner, R. R. (2000). Storm water pollutant removal by two wet ponds 

in Bellevue, Washington. Journal of Environmental Engineering, 126(4), 321-330. 

Chung, S. W., Hipsey, M. R., and Imberger, J. (2009). Modelling the propagation of turbid density inflows 

into a stratified lake: Daecheong Reservoir, Korea. Environmental Modelling and Software, 24(12), 1467-

1482. 



66 

 

D’Aoust, P.M., Delatolla, R. Poulain, A., Wang, R., Rennie, C., Chen, L., and Pick, F. (2017). Emerging 

investigators series: hydrogen sulfide production in municipal stormwater retention ponds under ice 

covered conditions: a study of water quality and SRB populations. Environmental Science: Water Research 

& Technology, 3(4), 686-698. 

DeMelo, R., France, R., and McQueen, D. J. (1992). Biomanipulation: hit or myth?. Limnology and 

Oceanography, 37(1), 192-207. 

Diaz, R. J., and Rosenberg, R. (2008). Spreading dead zones and consequences for marine ecosystems. 

Science, 321(5891), 926-929. 

Elliot, A. J. (2012). Predicting the impact of changing nutrient load and temperature on the phytoplankton 

of England’s largest lake, Windermere. Freshwater Biology, 57(2), 400-413. 

EnviroMak Inc. - Environmental Management Consultants. (2005). Improving Aquatic Ecosystems in 

Stormwater Management Ponds – Hollick-Kenyon, Andorra and Mayliewan Stormwater Management 

Ponds in the City of Edmonton, Alberta. Green Municipal Enabling Fund Study No. 1093. 

Fadel, A., Lemaire, B., and Vinçon-Leite, B. (2011). A coupled hydrodynamic biological model for 

cyanobacteria dynamics in reservoirs. In 11th edition of the World Wide Workshop for Young 

Environmental Scientists - Urban Waters: resource or risks? (No. 10). 

Haghseresht, F., Wang, S., and Do, D. D. (2009). A novel lanthanum-modified bentonite, Phoslock, for 

phosphate removal from wastewaters. Applied Clay Science, 46(4), 369-375. 

Hipsey, M. R., Antenucci, J. P., Brookes, J. D., Burch, M. D., Regel, R. H., and Linden, L. (2004). A three 

dimensional model of Cryptosporidium dynamics in lakes and reservoirs: A new tool for risk management. 

International Journal of River Basin Management, 2(3), 181-197. 

Hipsey, M. R., Romero, J. R., Antenucci, J. P., and Hamilton, D. (2012). Computational aquatic ecosystem 

dynamics model: CAEDYM v3. Contract Research Group, Centre for Water Research, University of 

Western Australia. 

Hodges, B. R. (2000). Numerical Techniques in CWR-ELCOM (code release v. 1). CWR Manuscript WP, 

1422. 



67 

 

Hodges, B., and Dallimore, C. (2012). Estuary, lake and coastal ocean model: ELCOM v2. 2 Science 

manual. Centre for Water Research, University of Western Australia. 

Huang, A., Rao, Y. R., Lu, Y., and Zhao, J. (2010). Hydrodynamic modeling of Lake Ontario: An 

intercomparison of three models. Journal of Geophysical Research: Oceans, 115(C12). 

Hvitved-Jacobsen, T., and Yousef, Y. A. (1988). Analysis of rainfall series in the design of urban drainage 

control systems. Water Research, 22(4), 491-496. 

Karol, K. G., McCourt, R. M., Cimino, M. T., and Delwiche, C. F. (2001). The closest living relatives of 

land plants. Science, 294(5550), 2351-2353. 

Laval, B., Imberger, J., Hodges, B. R., and Stocker, R. (2003). Modeling circulation in lakes: Spatial and 

temporal variations. Limnology and Oceanography, 48(3), 983-994. 

Lee, H., Chung, S., Ryu, I., and Choi, J. (2013). Three-dimensional modeling of thermal stratification of a 

deep and dendritic reservoir using ELCOM model. Journal of Hydro-environment Research, 7(2), 124-133. 

León, L. F., Imberger, J., Smith, R. E., Hecky, R. E., Lam, D. C., and Schertzer, W. M. (2005). Modeling 

as a tool for nutrient management in Lake Erie: a hydrodynamics study. Journal of Great Lakes Research, 

31(Suppl. 2), 309-318. 

León, L. F., Smith, R. E., Hipsey, M. R., Bocaniov, S. A., Higgins, S. N., Hecky, R. E., Antenucci, J. P., 

and Guildford, S. J. (2011). Application of a 3D hydrodynamic–biological model for seasonal and spatial 

dynamics of water quality and phytoplankton in Lake Erie. Journal of Great Lakes Research, 37(1), 41-53. 

Lewitus, A. J., Brock, L. M., Burke, M. K., DeMattio, K. A., and Wilde, S. B. (2008). Lagoonal stormwater 

detention ponds as promoters of harmful algal blooms and eutrophication along the South Carolina coast. 

Harmful Algae, 8(1), 60-65. 

Liu, J., Lewitus, A. J., Kempton, J. W., and Wilde, S. B. (2008). The association of algicidal bacteria and 

raphidophyte blooms in South Carolina brackish detention ponds. Harmful Algae, 7(2), 184-193. 

Liu, Y., Tian, K., and Winks, A. (2009). Phoslock®: An Effective Technology for Effective Dissolved 

Phosphorus Removal in Extensive Water Bodies under a Wide Range of Chemical Conditions. In 



68 

 

Bioinformatics and Biomedical Engineering, 2009. ICBBE 2009. 3rd International Conference on (pp. 1-

6). IEEE. 

Lukeš, J., Leander, B. S., and Keeling, P. J. (2009). Cascades of convergent evolution: the corresponding 

evolutionary histories of euglenozoans and dinoflagellates. Proceedings of the National Academy of 

Sciences, 106(Supplement 1), 9963-9970. 

Mallin, M. A., Ensign, S. H., Wheeler, T. L., and Mayes, D. B. (2002). Pollutant removal efficacy of three 

wet detention ponds. Journal of Environmental Quality, 31(2), 654-660. 

Marsden, M. W. (1989). Lake restoration by reducing external phosphorus loading: the influence of 

sediment phosphorus release. Freshwater biology, 21(2), 139-162. 

McQueen, D. J. (1990). OPINION Manipulating lake community structure: where do we go from here?. 

Freshwater Biology, 23(3), 613-620. 

Missaghi, S., and Hondzo, M. (2010). Evaluation and application of a three-dimensional water quality 

model in a shallow lake with complex morphometry. Ecological Modelling, 221(11), 1512-1525. 

Ostfeld, A., Tubaltzev, A., Rom, M., Kronaveter, L., Zohary, T., and Gal, G. (2014). Coupled data-driven 

evolutionary algorithm for toxic cyanobacteria (blue-green algae) forecasting in lake Kinneret. Journal of 

Water Resources Planning and Management, 141(4), 04014069. 

Paturi, S., Boegman, L., and Rao, Y. R. (2012). Hydrodynamics of eastern Lake Ontario and the upper St. 

Lawrence River. Journal of Great Lakes Research, 38, 194-204. 

Reed, R. K. (1977). On estimating insolation over the ocean. Journal of physical oceanography, 7(3), 482-

485. 

Reynolds, C. S. (2006). The ecology of phytoplankton. Cambridge University Press. 

Schindler, D. W. (2006). Recent advances in the understanding and management of eutrophication. 

Limnology and oceanography, 51(1part2), 356-363. 

Siegel, A., Cotti-Rausch, B., Greenfield, D. I., and Pinckney, J. L. (2011). Nutrient controls of planktonic 

cyanobacteria biomass in coastal stormwater detention ponds. Marine Ecology Progress Series, 434, 15-27. 



69 

 

Silva, C. P., Marti, C. L., and Imberger, J. (2014). Physical and biological controls of algal blooms in the 

Río de la Plata. Environmental Fluid Mechanics, 14(5), 1199-1228. 

Szczepański, A. J. (1977). Allelopathy as a means of biological control of water weeds. Aquatic Botany, 3, 

193-197. 

Trolle, D., Skovgaard, H., and Jeppesen, E. (2008). The Water Framework Directive: Setting the 

phosphorus loading target for a deep lake in Denmark using the 1D lake ecosystem model DYRESM–

CAEDYM. Ecological Modelling, 219(1), 138-152. 

Vasconcelos, V. M., and Pereira, E. (2001). Cyanobacteria diversity and toxicity in a wastewater treatment 

plant (Portugal). Water Research, 35(5), 1354-1357. 

Wakelin, S. C., Elefsiniotis, P., and Wareham, D. G. (2003). Assessment of stormwater retention basin 

water quality in Winnipeg, Canada. Water Quality Research Journal of Canada, 38(3), 433-450. 

Wium-Andersen, S., Anthoni, U., Christophersen, C., and Houen, G. (1982). Allelopathic effects on 

phytoplankton by substances isolated from aquatic macrophytes (Charales). Oikos, 187-190. 

Xing, Z., Chua, L. H., and Imberger, J. (2014). Evaluation of management scenarios for controlling 

eutrophication in a shallow tropical urban lake. International Journal of Environmental Pollution and 

Remediation, 2(2), 66-72. 

Zhang, W., and Rao, Y. R. (2012). Application of a eutrophication model for assessing water quality in 

Lake Winnipeg. Journal of Great Lakes Research, 38(Suppl. 3), 158-173. 

 

 

 

 

 

 



70 

 

Chapter 4                                                                                                            

Empirical modeling of hypolimnion oxygen demand (HOD) and sediment 

oxygen demand (SOD) in lakes. 

4.1 Introduction 

Eutrophication, from nutrient enrichment, is one of the main water quality problems in lakes, causing 

depletion of deep-water dissolved oxygen (DO) concentrations (i.e., hypolimnetic hypoxia) and algal 

blooms. One of the world’s largest freshwater hypoxic zones (~10,000 km2) occurs in Lake Erie (Charlton, 

1980; Matisoff and Ciborowski, 2005; Scavia et al., 2014), where nutrient load reductions have had some 

success in improving water quality (e.g., Scavia et al, 2014). However, sediment core analysis (Delorme, 

1982) concluded that periodic anoxia has occurred for hundreds, maybe thousands, of years in the lake, 

suggesting that in some systems, hypoxia is a natural process. Coupled physical-biogeochemical research 

(e.g., Charlton, 1980; Boegman, 2006, Bouffard et al., 2013) helps explain these conflicting results by 

arguing that the relationship between the effect of net respiration and photosynthesis (i.e., hypolimnetic 

oxygen demand, HOD) versus sediment oxygen demand (SOD) on hypoxia is governed by the hypolimnion 

thickness, H. Lakes with thinner hypolimnion (small H) are more strongly influenced by SOD, relative to 

HOD, and will not respond rapidly to changes in nutrient loads (e.g., from watershed management). There 

may be a lag of several decades between the decrease in nutrient loading and the improvement to water 

quality due to the biogeochemical history of the SOD (Matzinger et al., 2010). For these systems, prediction 

of minimum DO from annual phosphorus loads (Chapra and Canale, 1991; Scavia et al., 2014) may be 

problematic and lake morphometry (i.e., H) must be considered (Molot et al., 1992; Bouffard et al., 2013). 

Depletion of hypolimnetic DO can be modelled as a function of H, according to a mass balance equation 

(e.g., Rao et al., 2008) given as: 

= + 𝑈 + 𝑉 − − 𝐻𝑂𝐷       (4.1) 
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where t is time, Fth is the DO flux across the thermocline and 𝑈 and 𝑉 are the horizontal advective current 

velocities in x and y directions, respectively. By neglecting the thermocline flux (Nakhaei et al., 2016) and 

advective terms (Bouffard et al., 2013), equation (4.1) will become:  

= − − 𝐻𝑂𝐷          (4.2) 

and the ability to omit HOD (i.e., the effects of nutrients on production driven respiration) as H becomes 

small is evident. Bouffard et al. (2013), in application of equation (4.2) to Lake Erie, found SOD = 0.46 ± 

0.08 gm-2d-1 and HOD = 0.07±0.04 gm-3d-1 . This regression provides indirect estimates of variables that 

are – in practice – difficult to measure.   

Usage of light and dark bottles for HOD (Gaarder and Gran, 1927) requires assumptions of in-situ 

temperature and light intensity, whereas accurate measurement of SOD requires an eddy correlation or DO 

micro-profile apparatus that avoid spurious mixing in near-bed stirred flux chambers (Scalo et al., 2012). 

However, to apply equation (4.2) to other lakes, there is a need to test the generality of the SOD and HOD 

regressions.   

The concept of morphometric control of deep water hypoxia is reinforced through consideration of 

lakes that are similar in depth and latitude (i.e., thermal structure) to Lake Erie, but have otherwise different 

characteristics (Table 4.1; Figure 4.1). For example, Eagle Lake is a small oligotrophic Precambrian Shield 

lake and Lake Simcoe is of intermediate surface area with high nutrient loads, but both lakes suffer from 

deep-water hypoxia that threatens cold water fish habitat (Eimers and Winter, 2005; Eimers et al., 2005; 

Nelligan et al., 2016; Nakhaei et al., 2016). In the present work, equations (4.1) and (4.2) were applied to 

the three lakes in Table 4.1. Global and lake-specific SOD and HOD regressions are developed and the 

relative importance of the terms in equation (4.1), on both oxygen depletion and prediction of deep-water 

DO concentrations, is assessed.  

4.2 Methods 

4.2.1 Field sites and measurements 
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Lake Erie, Lake Simcoe and Eagle Lake (Table 4.1) have different land-use characteristics in their 

watersheds, nutrient loadings, residence times, surface areas and fetch lengths, but all three have similar 

depths and latitudes and suffer from deep-water hypoxia during summer.  

 

Table 4.1 Characteristics of Eagle Lake, Lake Simcoe and Lake Erie 

Lake Eagle Lake Lake Simcoe Lake Erie (central basin) 

Surface area (km2) 6.89 722 25744 

Mean/max depth (m) 13/31 15/41 18/24 

Rotational effects negligible moderate high 

Fetch (km) 0.1-5 25-30 92-180 

Watershed (km2) 40 2899 78000 (whole lake) 

Shoreline (km) 35.8 230 1370 (whole lake) 

Nutrient loading low high high 

Residence time (yr) 6.7 13 2.6 (whole lake) 

 

 

Lake Erie, the shallowest among the Laurentian Great Lakes, is the biggest lake in this study. It 

consists of three distinct basins; western, central and eastern (Figure 4.1c). These basins range from 10, 25, 

and 50 m deep on average, respectively. Lake Erie, with a vast agricultural watershed and large adjacent 

population, has been subjected to considerable pollution due to the influx of phosphorous and other 

nutrients (Fraser, 1987; Loewen et al., 2007; and Rao et al., 2008). Recent studies show that in the central 

basin of Lake Erie, the vertical flux of DO to the hypolimnion is inhibited during the stratification period 

(Edwards et al., 2005; Rao et al., 2008; Bouffard et al., 2013). Lake Simcoe, the largest inland lake in 

southern Ontario, is the second largest lake considered in this investigation (Figure 4.1b). It has experienced 

a range of water quality stressors, from agriculture and land development in its watershed. Eagle Lake 

(Figure 4.1a) is a small inland lake located in Central Frontenac Township, eastern Ontario, with scattered 

primarily seasonal dwellings along the shoreline. It has a forested watershed that is part of the Tay River 

system and receives inflow from Leggat Lake, through Leggat Creek.  



73 

 

 

Figure 4.1 Map of the investigated lakes, their bathymetry and the location of the measuring stations (the 

scales are different); a) Eagle Lake (lat:44° 40’41’’-long:76° 42’08’’); b) Lake Simcoe (lat:44° 25’12’’-

long:79° 25’35’’; c) Lake Erie (lat:41°55’08’’-long:81°38’36’’). 

 

In each of these lakes, DO-1050 oxygen loggers (RBR Ltd.; ±2% accuracy) were deployed to 

measure timeseries of the hypolimnetic DO concentration at various stations (Figure 4.1 and Table 4.2). 

Corresponding timeseries of the temperature profile were measured using various moored loggers, 
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including TR-1060 (RBR Ltd.; ±0.002 °C accuracy), HOBO TidbiT (Onset; ±0.2 °C resolution) and T-

chain (PME Inc.; ±0.01 °C resolution).  

 

Table 4.2 Stations in Lake Erie, Lake Simcoe and Eagle Lake and their characteristics. The numbers in 

parentheses indicate the logger height above the bed, if the loggers were distributed equally, then the 

interval and the number of loggers is given. All data have been collected by Dr. Leon Boegman’s group 

with cooperation of Environment Canada for Lake Erie. 

Lake Station Year 
Station Depth 

(m) 

Station Location Instrument 

 

Sampling 

period 

Logger height 

above bed (m) Latitude Longitude 

Erie 

 

1231 2008 

2009 

19.8 41°47’34’’ 82°11’24’’ DO-1050  

TR-1060  

10s 

10s 

[2] 

[0.5, 3.3, 3.8, 4.3, 

4.8, 5.8, 6.8, 7.3, 

8.3, 9.8, 

10.8, 11.8, 12.8, 

13.8, 14.8, 15.8, 

16.8, 

17.8, 18.8] 

1228 2008 

2009 

14.4 41°47’41’’ 82°21’17’’ DO-1050  

TR-1060  

10s  

10s  

[2] 

[1, 1.5, 2, 2.5, 3, 4, 

6, 7.5, 8.5, 9.5, 

10.5, 

11.5, 12.5, 13.5] 

341 2008 

2009 

17.5 41°47’33’’ 82°16’57’’ DO-1050  

TR-1060  

10s 

10s 

[2] 

[0.5, 0.75, 1, 1.6, 

2, 2.5, 3 3.5, 4, 5, 

8, 9, 10, 

11, 12, 13, 14, 

15.5, 16.5] 

84 2008 

2009 

24.8 41°55’08’’ 81°38’36’’ DO-1050  

Tidbit  

10s 

1hr 

[1] 

[1.8, 2.8, 3.8, 4.8, 

5.8, 6.8, 7.8, 8.8, 

9.8, 11.8, 

13.8, 15.8, 17.8, 

19.8, 21.8, 23.8] 
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Simcoe 

 

C9 2010 19 44° 17’51’’ 79° 30’10’’ DO-1050  

TR-1060  

10s 

10s 

[1,5] 

[×14 (2-16)] 

K45 2011 32.5 44° 26’35’’ 79° 26’27’’ DO-1050  

TR-1060 

10s 

10s 

[1.5] 

[×13 (7-27.5)]  

M66 2011 32.1 44° 25’12’’ 79° 25’35’’ DO-1050 

T-chain   

10s 

10s 

[2] 

[×13 (7-27.5)] 

Eagle 

 

St1 2011 

2012 

32 44° 40’41’’ 76° 42’08’’ DO-1050  

T-chain 

(2011) 

TR-1060 

(2012) 

 

10s 

10s 

10s 

 

[5] 

[×45 (9.2-31.2)] 

[4, 8, 9.9, 11.9, 15, 

20.9, 23.25, 29, 

30.6]  

St2 2012 26 44° 41’31’’ 76° 42’04’’ DO-1050 

TR-1060  

 

10s 

10s 

[5] 

[3.7, 5.8, 8.9, 10.8, 

12.8, 14.8, 17.1, 

19, 21, 23, 24.55] 

 

 

4.2.2 Hypolimnetic DO simulation 

The hypolimnetic DO budget Equations (4.1) and (4.2) have been used to determine the importance of 

hydrodynamic processes on DO depletion (i.e., Edwards et al., 2005; Rao et al., 2008; Bouffard et al., 2013). 

However, detailed comparison of the terms to observations from different lakes, to test the general 

applicability of the model, has not been undertaken.  

Here, H was computed as the distance from the depth of maximum temperature gradient in the 

thermocline to the lake bed at each station (Table 4.2). The required HOD and SOD have been estimated 

by fitting Equation (4.2) (both global and lake-specific) to observed dDO/dt and H. To do so, dDO/dt and 

H were calculated to enable the estimation of SOD and HOD. The dDO/dt have been calculated for Eagle 

Lake and Lake Simcoe when the thermocline is stationary and have less than 1m fluctuations in a 4-day 

period to avoid the mentioned hypolimnetic upwelling events (which leads to DO increase) and only 

consider the sinks of DO based on Equation (4.2). By adding Lake Erie’s DO depletion and related 
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hypolimnion thickness values from Bouffard et al. (2013) to the measured values from Lake Simcoe and 

Eagle Lake, a robust-fit method can be used based on equation (4.2) to estimate SOD and HOD.  

There was sufficient data (from Bouffard et al., 2013) to compute both the vertical diffusive and 

horizontal advective DO fluxes and thus use the entire hypolimnetic DO budget in equation (4.1) for Station 

341 in Lake Erie, but not for the other two smaller lakes. Since it has been shown that the vertical fluxes of 

DO are negligible in the thermocline in the summer (e.g., Edwards et al., 2005; Bouffard et al., 2013; 

Chowdhury et al., 2015; Nakhaei et al., 2016) and that the horizontal flux is responsible for a small portion 

of the total hypolimnetic DO budget (e.g., Edwards et al., 2005; Bouffard et al., 2013), these terms were 

neglected in predicting the hypolimnetic DO (have used equation (4.2) rather than equation (4.1)). Below, 

the validity of these assumptions is examined.  

4.2.3 Light and dark bottle method 

To verify the HOD estimated from equation (4.2), the light and dark bottle method (Gaarder and Gran, 

1927) has been applied to Eagle Lake. In this method, water samples are incubated in light and dark bottles, 

with the change in DO representing the net of algal respiration and photosynthetic production and algal 

respiration alone, respectively. The difference between these two measurements gives photosynthetic DO 

production. In this study, DO concentrations were measured using a YSI Pro ODO meter equipped with a 

YSI Pro OBOD probe (accuracy is 1% of measured values).  

HOD was evaluated from the DO change in light and dark bottle incubations from July 5 to 7, 2016, 

at Eagle Lake Station 1 (Figure 4.1), with water collected from 25 m via a Niskin bottle and decanted into 

300 mL clear glass BOD bottles; dark bottles were masked with tape. Light and dark bottles were then 

moored in-situ at 25 m depth for approximately 48 hrs. A second set of measurements was from August 19 

to 22, 2016, where 25 m water samples were packed on ice and transported to Queen’s University, where 

they were incubated for approximately 48 hrs under fluorescent lights at 5 ℃ in a constant temperature 

bath.   
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4.3 Results 

4.3.1 Temperature profiles and the hypolimnetic oxygen variability 

To determine H, temperature timeseries data (Figure 4.1; Table 4.1) were analyzed to determine the 

thermocline depth (maximum temperature gradient), which was then subtracted from the lake depth. Figure 

4.2 shows the temperature profiles, thermocline depth (i.e., hypolimnion thickness) and the hypolimnetic 

DO concentration (typically 1 - 5 m above the bed; Table 4.1) for Lake Erie, Lake Simcoe and Eagle Lake. 

In all three lakes, there is a steady decline, until fall turnover, in the hypolimnion DO, from the spring 

turnover reset point. This typical DO depletion remains at hypoxic/anoxic levels until the fall turnover, 

which is shown in the temperature contours (Figure 4.2). In Lake Erie, the start of stratification is around 

day of year (DOY) 158, at all stations, but the fall turnover starts sooner at the shallower Stations (1228 

and 1231) on around DOY 240 (Figure 4.2c and 4.2d). At deeper Stations (341 and 84) the hypolimnion 

remained hypoxic (~10 and 20 days, respectively) more than at the shallower ones (Figure 4.2a and 4.2b). 

Lake Simcoe started to stratify thermally on DOY 175 in both 2010 and 2011. The epilimnion thickens 

during the summer, and thus at the shallower Station (C9) reached the bottom around DOY 235 (Figure 

4.2e). The hypoxic hypolimnion (DO < 5 gm-3) starts on DOY 240 at both K45 and M66 (Figure 4.2f and 

4.2g). However, at the shallower C9 station the DO concentration is hypoxic during the entire observation 

period, which may be result from the SOD acting on a very thin hypolimnion (Bouffard et al., 2013). In the 

2011 Eagle Lake observations at Station 1, the stratification started on DOY 150 and became stronger 

through the summer as the epilimnion thickens (~9m on DOY 277; Figure 4.2h). In 2012, the trend of 

stratification and thermocline depth is almost the same; however, since the resolution of the loggers is 

coarser (Table 4.2) this is less noticeable (Figure 4.2i). At Station 2, fall turnover and the associated 

ventilation of the bottom water started sooner (DOY 318) than at Station 1 (Figure 4.2j), which is deeper. 

In 2011, the spring hypolimnetic DO was higher compared to 2012 and thus hypoxia started around DOY 

180 in 2011 compared to DOY 160 in 2012 (Figure 4.2i and 4.2j).  
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In addition to the steady depletion of hypolimnion DO observed in Lake Erie, the temperature 

contours show ~10 m upwelling events at Stations 1231 and 84 (e.g., DOY 200; Figure 4.2a and 4.2d), with 

corresponding increases in DO concentration, suggesting this is not low DO hypolimnetic water upwelling 

from below. There are also frequent upwelling events in Lake Simcoe, which are of smaller scale than in 

Lake Erie (e.g., DOY 217 at Station M66; Figure 4.2g), and caused a slight increase (<1 gm-3) in DO 

concentration. After each event, the steady DO depletion in the hypolimnion continues as before. These 

upwelling events are not observed to occur in Eagle Lake, where the thermocline deepening proceeds 

uninterrupted as wind energy and convection distribute heat through the epilimnion (Figure 4.2h, 4.2i and 

4.2j).  

4.3.2 Empirical DO prediction  

4.3.2.1 SOD and HOD estimation 

To apply the simple empirical model (equation (4.2)) to predict the hypolimnetic DO, initially the horizontal 

advective and vertical diffusive flux terms were neglected, which are difficult to measure and have been 

previously shown to be small. The ‘global’ fit to all three-lake data gave SOD=0.39 gm-2d-1 and HOD=0.065 

gm-3d-1 (Figure 4.3, Table 4.3). In addition to the general fit to all three datasets, separate ‘local’ fits were 

done for Lake Simcoe (SOD=0.274 gm-2d-1 and HOD=0.04 gm-3d-1) and Eagle Lake (SOD=0.53 gm-2d-1 

and HOD=0.056 gm-3d-1) as well as Lake Erie (SOD = 0.46 gm-2d-1 and HOD=0.07 gm-3d-1; Bouffard et al., 

2013). From Figure 4.3, dDO/dt is higher as H becomes smaller, especially H < 10 m; both by the calculated 

dDO/dt and the fitted curves.  
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Figure 4.2 Water temperature time series profiles, the hypolimnion DO concentration (black lines) and the depth of the thermocline (white lines); 

Lake Erie: a) Station 84; b) Station 341; c) Station 12282; d) Station 1231; Lake Simcoe: e) Station C9; f) Station K45; g) Station M66; Eagle Lake: 

h) Station 1, 2011; i) Station 1, 2012; j) Station 2, 2012. 
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In general, H in Lake Simcoe and Eagle Lake was thicker than in Lake Erie, which is shallower 

(Table 4.2) and has a deeper thermocline (Figure 4.2) as a result of a significantly longer fetch (Figure 4.3). 

The largest H (considering a 4-day stationary thermocline) for Lake Erie was 8.63 m; however, it was 24.25 

m and 26.38 m for Lake Simcoe and Eagle Lake, respectively (Table 4.3). The rate of change of dDO/dt is 

gradual when H > 10 m in both Eagle Lake and Lake Simcoe.  

Lake Erie - The highest calculated DO depletion rate was dDO/dt = 0.68 gm-3d-1 for H = 0.375 m and 

1.125 m in Lake Erie. A sharp decrease of (dDO/dt) occurs as H increases in Lake Erie and (dDO/dt) = 

0.028 gm-3d-1 for H = 7.88 m (Figure 4.3). At Station 1228 where H was thin (0.375< H < 5.625m), dDO/dt 

ranged within 0.0565 and 0.68 gm-3d-1 . The maximum dDO/dt = 0.37 gm-3d-1 and 0.34 gm-3d-1 at Stations 

1231 and 341, respectively, which is almost half of what was calculated at Station 1228 (where dDO/dt = 

0.68 gm-3d-1).    

Lake Simcoe - In Lake Simcoe, similar to Lake Erie, dDO/dt increased with decreasing H. Station 

C9 had the maximum dDO/dt = 0.29 gm-3d-1 with 11.5 m < H < 13 m. The maximum dDO/dt at Stations 

K45 and M66 (0.097 gm-3d-1 for K45 and 0.099 gm-3d-1 for M66) are almost the same and three-fold smaller 

than the maximum dDO/dt at the shallower C9. This is because of the thicker H at K45 and M66 (Figure 

4.3, Table 4.3), which may result in a lower dDO/dt .  

Eagle Lake - The dDO/dt at Station 1 of Eagle Lake (Table 4.3) is almost the same in both 2011 

(0.242 gm-3d-1) and 2012 (0.230 gm-3d-1). However, the H was thicker in 2011 (maximum 26.38 m) than 

2012 (maximum 22.6 m), which is because of a deeper thermocline in 2012 (Figure 4.2). As discussed 

above, there is a negligible variation in dDO/dt when H > 10 m, and although the hypolimnion is thinner 

(~5.5 m) at Station 2 in comparison to Station 1, dDO/dt does not vary significantly (Table 4.3, Figure 4.3). 

The very small minimum values of dDO/dt in Eagle Lake were as a result of the hypolimnion becoming 

anoxic (DO<1 gm-3) and thus having a small DO gradient into the sediment to drive the SOD flux.  

4.3.2.2 Hypolimnetic oxygen prediction 
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Upwelling events and equation (4.1) modeling - The observed rapid increases of hypolimnetic DO (e.g., 

Figure 4.2b near DOY 200) are not captured by Equation (4.2). Figure 4.4 shows these events, in Lake Erie, 

to correspond to large horizontal advective DO fluxes of the same sign; a decrease in DO on DOY 183 (~2 

gm-3) corresponds to a negative DO advective flux. Also, the observed DO concentration at Station 341 

rises rapidly (~3 gm-3) from DOY 197, when there is also a positive spike in the horizontal advective DO 

flux. This trend continues as the horizontal flux term is positive until DOY 206 and then decreases until 

DOY 212 as the advective flux becomes negative (Figure 4.4a).  

These observations, of significant advective DO flux, are contrary to what was reported in Bouffard 

et al. (2013), where these data were first analyzed, but not presented as shown herein. They erroneously 

concluded, from progressive vector diagrams of near bed flow (their Figure 7), that the horizontal advective 

flux DO was negligible at Station 341. 

 

 

Figure 4.3 DO depletion (dDO/dt) as a function of the hypolimnion thickness (H) in Lake Erie, Lake Simcoe 

and Eagle Lake. Fitting is from equation (4.2) and the resulting HOD and SOD from each fit are given. 
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When the DO concentration is modelled, using both Equations (4.1) and (4.2), against observations 

at Station 341 in Lake Erie, the significance of the horizontal advective flux in predicting DO, (Figure 4.7a) 

and in comparison to the vertical diffusive flux (Figure 4.7b), becomes evident. When horizontal advection 

acts as a sink of oxygen (until DOY 192), the decrease in modeled DO from equation (4.1) is more than 

that from Equation (4.2). However, when the advective flux is positive (from DOY 197) the modeled DO 

from Equation (4.1) follows an increasing trend, unlike that modeled from equation (4.2). The modeled DO 

from Equation (4.1) results in better qualitative fit to the observations and the RMSE= 0.591 gm-3 is almost 

half the RMSE=1.177 gm-3 from Equation (4.2).  

 

Table 4.3 Summary of the global and local fitting from Equation (4.2) and resulting HOD and SOD 

values. *From Bouffard et al. (2013). 

Lake Station 

Global fit Local fit 

SOD 

gm-2d-1  

HOD 

gm-3d-1  

SOD 

gm-2d-1  

HOD 

gm-2d-1  

Erie* 

 

 dDO/dt  

(gm-3d-1) 

 

H (m) 

1228 1231 341 

0.39 0.065 

0.46 0.07 

 

0.056-0.680 

 

 

0.375 -5.625 

 

0.036-0.370 

 

 

4.125-8.625 

 

0.028-0.34 

 

 

3.375-8.625 

Simcoe 

 

 dDO/dt  

(gm-3d-1) 

 

H (m) 

C9 K45 M66 

0.274 0.04 

 

0.007-0.290 

 

 

11.5-13 

 

0.0120-0.097 

 

 

14.9-20.8 

 

0.008-0.099 

 

 

11.5-24.25 

Eagle 

 

 dDO/dt  

(gm-3d-1) 

 

H (m) 

St1-2011 St1-2012 St2-2012 

0.53 0.056 

 

0.014-0.242 

 

 

21.8-26.38 

 

0.008-0.230 

 

 

20.1-22.6 

 

0.0001-0.154 

 

 

13.2-17.1 
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The ability of equation (4.2), to predict hypolimnetic DO has also been tested against observations 

at the remaining stations in Lake Erie, Lake Simcoe and Eagle Lake (Figure 4.5). The estimated SOD and 

HOD from both the global and local fits (Table 4.3) were used, along with timeseries of H and an initial 

observed DO concentration. However, in order to model DO for Lake Erie, only HOD and SOD resulting 

from the global fit were considered (Table 4.3). The DO concentrations have been generated for the entire 

summer stratification period. There are time periods when the model underestimates the observed DO, 

which is mainly when the hypolimnion becomes anoxic (DO<1 gm-3). Here, the lack of oxygen should 

cause HOD and SOD to approach zero, which is not modelled using steady state values in equation (4.2). 

In these instances (e.g., DOY 255, Figure 4.5i), equation (4.2) can be used to predict the date when hypoxia 

occurs. 

 

Figure 4.4 a) Observed and modeled DO concentration from equation (4.1) and equation (4.2) at Station 

341 in Lake Erie; b) The horizontal advective and vertical diffusive fluxes of DO are from Bouffard et al. 

(2013). SOD=0.39 gm-2d-1 and HOD=0.065 gm-3d-1 used to generate the modeled DO. 
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Lake Erie - Similar to Station 341 (Figure 4.4), there are upwelling events (e.g., DOY 197) at other 

Lake Erie stations, which led to rapid increases and decreases in hypolimnetic DO, likely as a result of the 

horizontal advective flux (Figure 4.5a, 4.5b and 4.5c). At Station 84 (Figure 4.5a), this occurs starting on 

DOY 180 until DOY 203 (1.5 gm-3decrease). The RMSE of the modeled DO at the shallower stations (1231 

and 1228) was more than the deeper Station 84 (RMSE =0.910 gm-3 for Station 1228 and RMSE=1.804 

gm-  for Station 1231). This error increase is mostly related to the observed increase of DO on DOY 200, 

which is 2 gm-3 at Station 84, 3 gm-3 at 1228 and 4 gm-3 at 1231 (Figure 4.5b and 4.5c). These under- and 

over-estimations due to abrupt changes in DO concentration must correspond to horizontal advective flux 

(Figure 4.4). In general, the Lake Erie model does not capture upwelling events, but the depletion gradient 

is well matched, and so with a suitable initial condition, the model can predict depletion until an upwelling 

event. This can be proven by modelling a shorter time period with a suitable initial DO concentration; 

showing that the rate of oxygen depletion does not change significantly because of these events. 15 days 

(DOY 185 to 200) for Station 84, 17 days (DOY 208 to 225) for Station 1228 and 30 days (DOY 204 to 

234) for Station 1231 have been chosen to model DO depletion after an advective flux event (Figure 4.5a, 

4.5b and 4.5c) with lower RMSE (0.249 gm-3 for Station 84, 0.578 gm-3 for Station 1228 and 0.709 gm-3 

for Station 1231) than modeling for the entire period of observed DO, indicating better performance of 

equation (4.2) when the neglected advective fluxes are removed.  

Lake Simcoe - The RMSE from the local Lake Simcoe DO model was lower than the global model 

by ~1.2 gm-3 (Figure 4.5d, 4.5e and 4.5f). At Station C9, the shallowest station in Lake Simcoe, the observed 

hypolimnetic DO becomes hypoxic (<5 gm-3) on DOY 160 and depletes to ~1 gm-3 by DOY 240 and 

resulted in the highest RMSE among Lake Simcoe stations for both models (RMSE-global=2.668 gm-3 and 

RMSE-Simcoe=1.448 gm-3) (Figure 4.5d). This can be explained by considering the fact that the model 

does not work for shallow stations without a thermocline (e.g., C9 at Lake Simcoe), because it does not 

account for reaeration from the atmosphere. The gradient of DO depletion decreases as the oxygen in the 

hypolimnion approaches zero, and the continuous underestimation of both models results from the constant 

HOD and SOD not adjusting to the reduced depletion (Figure 4.5d). As a result of that, the modeled DO 
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for C9 eventually becomes 0 gm-3 on DOY 194 and DOY 211 for the global and local DO models, 

respectively (Figure 4.5d). Unlike Station C9, at Stations K45 and M66 (both more than 30 m deep), the 

observed DO concentration is not initially hypoxic (DO~8.5 gm-3 at both K45 and M66), but approaches 5 

gm-3 on ~ DOY 220 (Figure 4.5e and 4.5f). The higher values of HOD (0.065 gm-3d-1) and SOD (0.39 gm-

2d-1) estimated from the global fit, in comparison to the local fit of SOD (0.274 gm-2d-1) and HOD (0.04 gm-

3d-1) clearly resulted in a higher depletion gradient and underestimation of DO by ~2.3 gm-3 (at K45) and 

~3.1 gm-3 (at M66) by the end of the modeling period on DOY 240 (Figure 4.5e and 4.5f). 

Eagle Lake - In Eagle Lake at Stations 1 (2011-12) and 2 (2011), the hypolimnion underwent a steady 

depletion of DO toward hypoxia and later anoxia (Figure 4.5g, 4.5h and 4.5i). However, equation (4.2) with 

constant HOD and SOD only models steady depletion, making it unable to predict the DO concentration 

after anoxia sets-in; thus, RMSE for Eagle Lake was calculated for DO > 1 gm-3. The observations at Station 

1 (2011) and Station 2 (2012) begin with DO >5 gm-3 in 2011, and both become hypoxic (DOY 185 and 

DOY 205 at Station 1 and 2, respectively) (Figure 4.5g and 4.5i) but Station 1 in 2012 starts hypoxic from 

the beginning of the observation. Overall, the DO RMSE showed marginally better performance from the 

global model than the local model in Eagle Lake. The RMSE until the start of anoxia (e.g., DOY 251 of 

2011 in Station 1) ranged from 0.515 gm-3 to 0.624 gm-3
 with the global model and 0.587 gm-3 to 0.631 gm-

3
 with the local model. Both global and local models predict depletion to 5 gm-3; in agreement with the 

observations (e.g., DOY 185 of 2011 at Station 1) (Figure 4.5g, 4.5h and 4.5i). Although the empirical 

model is unable to predict the DO concentration after anoxia, the onset of anoxia is accurately estimated, 

with both the local and global models predicting 0 gm-3 (DOY ~251) (Figure 4.5g, 4.5h and 4.5i). The 

prediction of the onset of anoxia, is accurate in 2012 for both Stations (DOY 219 at Station 1 and DOY 262 

at Station 2) (Figure 4.5h and 4.5i). 

4.3.3 Measurement of respiration and photosynthesis (HOD) 

The light and dark bottle method was used to directly measure HOD in Eagle Lake to validate the empirical 

prediction from equation (4.2). From Table 4.4, the measured in-situ (July 5-7) and lab-based (Aug. 20-22) 
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HOD are -0.08 and -0.07 gm-3d-1, respectively, and respiration are -0.16 gm-2d-1 and -0.12 gm-2d-1. The 

difference gives in-situ and lab-based production of 0.08 gm-3d-1 and 0.05 gm-3d-1, respectively. These 

observations are within 20% of the empirically estimated HOD = 0.06 gm-3d-1 for Eagle Lake (Table 4.3) 

and the global value of HOD = 0.07 gm-3d-1. The in-situ July measurements had higher respiration and 

production than the controlled lab experiments with constant temperature and light conditions. This may 

result from variability in experimental conditions and/or seasonal differences in algae concentration. 

 

Table 4.4 Light and dark bottles results of Eagle Lake (2016). All measurements are from hypolimnetic 

water 25 m from the surface (~5 m above the bed) at Station 1. HOD, respiration and production are 

calculated by averaging replicates. Second column from left is the replicate number. The data have been 

gathered by Dr. Leon Boegman’s group and the author was directly involved. 

 

# 
DO  

(gm-3) 

DO  

(gm-3) 

Temp 

(℃) 

Temp 

(℃) 

Depletion 

(dDO/dt) 

(gm-3d-1) 

(HOD) 

(Light bottle) 

(gm-3d-1) 

Respiration  

(Dark bottle)  

(gm-3d-1) 

Production 

(Light-Dark) 

(gm-3d-1) 

In situ Jul. 5 Jul. 7 Jul. 5 Jul. 7     

Light 1 7.74 7.58 10.9 12.8 0.08 -0.08 

- 

- 

-0.16 
0.08 

Dark 1 8.4 8.08 8.8 10.8 0.16 

Lab Aug. 20 Aug. 22 Aug. 20 Aug. 22     

Light 

1 4.45 4.37 5 5 0.04 
 

-0.07 
 

 

- 

 

- 
 

 

-0.12 

0.05 

2 4.39 4.2 5 5 0.095 

3 4.4 4.25 5 5 0.075 

Dark 
1 4.24 4.01 5 5 0.115 

2 4.4 4.16 5 5 0.12 

 

4.4  Discussion 

One of goals of this investigation was to estimate the hypolimnetic DO concentration based on the 

hypolimnion thickness, H. The results provide insight into how physical processes can be of first-order 

importance in regulating DO in the hypolimnion.  
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Fitting to the observed DO depletion rate and the corresponding H, equation (4.2), resulted in 

estimations of HOD and SOD, which were then used to model the hypolimnetic DO concentration from an 

initial DO concentration. This simple empirical model was unable to predict changes in DO resulting from 

advective fluxes in large lakes (e.g., Lake Erie) as well as the DO concentration when the oxygen is below 

~5 gm-3 (hypoxic); however, the start of hypoxia or anoxia was captured.  

Sediment Oxygen Demand – Direct measurement of SOD has been reported to be difficult (e.g., Hu 

et al., 2001; Matlock et al., 2003; Higashino and Stefan, 2005; Higashino et al., 2008; Scalo et al., 2012). 

The empirical SOD are 0.39 gm-2d-1 (global fit), 0.46 gm-2d-1 (Lake Erie fit from Bouffard et al., 2013), 

0.27 gm-2d-1 (Lake Simcoe fit) and 0.53 gm-2d-1 (Eagle Lake fit). These are in agreement with observations.  

For example, in Lake Erie Bouffard et al. (2013) calculated SOD to be 0.41±0.36 gm-2d-1 at Station 341 by 

solving a mass transfer balance at the sediment-water interface and Matisoff and Neeson (2005) measured 

SOD to be in the range of 0.1 gm 𝑑  to 0.55 gm-2d-1 from oxygen micro-profiles. Water quality models 

applied to Lake Erie have used SOD that varies from 0.22 gm-2d-1 to 0.6 gm-2d-1 (e.g., Patterson et al., 1985; 

Boegman et al., 2008; Zhang et al., 2008).  

The calculated global fit SOD is within the measurement range, or within 20%, of published SOD 

measurements from lakes world-wide. In Lake Alpnach (small Swiss alpine lake) SOD was measured from 

oxygen micro-profiles to be 0.224 gm-2d-1 (Bryant et al., 2010); in drinking water reservoirs in California 

~0.2 < SOD < ~0.8 gm-2d-1 (Beutel, 2003); in Walker Lake (western Nevada) SOD ~ 0.38 gm-2d-1 from 

sediment chambers (Beutel, 2001); and in Lake Klamath (Oregon) 0.3 < SOD < 2.9 gm-2d-1, also using 

sediment chambers (Doyle and Lynch, 2005).  

Hypolimnetic Oxygen Demand - The HOD estimated from equation (4.2) are 0.07 gm-3d-1 (global 

fit), 0.07 gm-3d-1 for Lake Erie (Bouffard et al., 2013), 0.04 gm-3d-1 (Lake Simcoe fit) and 0.06 gm-3d-1 

(Eagle Lake fit). These empirical estimates agree well (< 7% difference) with observations. For example, 

in Lake Erie HOD was measured to be 0.067–0.12 gm-3d-1 (Charlton and Milne, 2004), 0.07-0.12 gm-3d-1 

(Rosa and Burns, 1987), and 0.065-0.1 gm-3d-1 (Charlton, 1980). The measured HOD in Eagle Lake of 0.07-

0.08 gm-3d-1 is also within the same range.  
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Figure 4.5 Observed and modeled hypolimnetic DO concentration (global and local) resulting from equation (4.2); Lake Erie: a) Station 84; b) 

Station 1228; c) Station 1231; Lake Simcoe: d) Station C9; e) Station K45; f) Station M66; Eagle Lake: g) Station 1 (2011); h) Station 1 (2012); i) 

Station 2. SOD=0.39 gm-2d-1 and HOD=0.065 gm-3d-1 used for the global modeled DO (red and green lines), SOD=0.274 gm-2d-1 and HOD=0.04 gm-

3d-1 used for Lake Simcoe local modeled DO (blue lines in panels d, e, f), SOD=0.39 gm-2d-1 and HOD=0.065 gm-3d-1 used for Lake Simcoe local 

modeled DO (blue lines in panels g, h, i).
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Horizontal and vertical oxygen fluxes. Estimation of vertical and horizontal DO flux needs 

comprehensive and detailed field data to calculate the different components (e.g., measurement of vertical 

turbulent diffusivity and a horizontal array of current meters and oxygen sensors; e.g., Rao et al., 2008; 

Bouffard et al., 2013; Nakhaei et al., 2016,). Therefore, these terms were neglected in Equations (4.1) and 

the simpler form of Equation (4.2) was solved. These assumptions are not valid in Lake Erie (large lakes), 

where the advective horizontal fluxes cause sudden step-like increases in the observed DO concentration 

(Figure 4.4 and Figure 4.5). The advective increases were not observed in Eagle Lake and Lake Simcoe, 

showing Equation (4.2) to be valid in medium and small sized lakes, where the hypolimnion is more 

quiescent.   

Unlike the horizontal advective flux, the vertical turbulent diffusive flux can be neglected in all lakes 

during seasonal summer stratification. The turbulent diffusivity (𝐾 ) has shown to be range from 10-5 to 10-

4 m2s-1 in Lake Simcoe, and supplies <10% of the total DO depleted in the hypolimnion (Chowdhury et al., 

2015). Similarly, in Lake Erie, the vertical flux supplies 13% of the hypolimnetic DO (Bouffard et al., 2014) 

with an average flux through the thermocline of 0.14 gm 𝑑  (Bouffard et al., 2013). While negligible, 

this is more than four orders of magnitude larger than the flux for quiescent Eagle Lake 2.7 × 10-4 gm-2d-1 

to 4.62 × 10-4 gm-2d-1 (Nakhaei et al., 2016). In all lakes, the thermocline fluxes are at least an order of 

magnitude smaller than the SOD and HOD. Similarly, in Lake Scharmutzelsee (Germany), the vertical 

oxycline flux ~7.8 × 10-3 gm-2d-1, which is also negligible in comparison the DO sink (Krelig et al., 2014).  

Hypolimnetic oxygen budget simulation. The DO RMSE, between the empirical model and 

observations, are consistent with DO from dynamic models. Using 1D (vertical) mixing models Bell et al. 

(2006) predicted the hypolimnetic DO with 2 gm-3 RMSE in Bassenthwaite Lake (north west England) and 

Jabbari et al. (2016) predicted DO with RMSE <5 gm-3 in Harp Lake (Ontario) and < 2.5 gm-3 in Eagle 

Lake. Applying a 3D hydrodynamic-biogeochemical model to Lake Rotorua (New Zealand) Burger et al. 

(2008) predicted the DO concentration with RMSE from 1.23 to 1.74 gm-3. The calculated RMSE (0.294 

gm-3 to 2.668 gm-3) from equation (4.2) and equation (4.1) (0.591 gm-3 at Station 341 in Lake Erie) are 

within the range of the dynamics models and the ~2 gm-3 accuracy recommended by Bell et al. (2006). 
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It is instructive to compare the introduced empirical model in this study to the empirical model by 

Molot et al. (1992), which predicts the end-of-summer oxygen concentration profile in oligotrophic and 

oligomesotrophic lakes as a function of lake morphometry, total phosphorus and DO concentrations. Their 

model RMSE ~3.5 gm-3, which is higher than the calculated RMSE in this research. For lakes where 

phosphorus data and morphometry are not available and the temperature profile is routinely monitored (to 

determine H), our model has the advantage of predicting the development of hypolimnetic hypoxia and 

anoxia with time.  

The need to measure H throughout the stratified period, brings into question the requirements on 

profiling frequency. Conroy et al. (2011) investigated the impact of temporal (daily to monthly) and spatial 

sampling frequency of DO concertation and temperature profiles on measuring DO depletion (dDO/dt) as 

in equations (4.1) and (4.2) in the hypolimnion of Lake Erie. They reported that HOD rates were similar 

across levels of temporal sampling efforts; however, for determining the HOD rate during storm events, the 

temporal sampling intensity was important. They showed that more intense sampling (daily sampling) 

resulted in more accurate depletion measurements. This is important for the empirical modeling of Lake 

Erie, which cannot predict increases in oxygen from upwelling events associated with the 10-day synoptic 

storm cycle, starting around DOY 200 (Bouffard et al., 2013). Following Conroy et al. (2011), more 

frequent (at least daily) DO and temperature observations are required to compute dDO/dt and H in the 

presence of storm (i.e., upwelling) events. This has been shown in the short-term empirical model results 

for Lake Erie, where RMSE was lower (~1.1 gm-3) when these events were resolved. Conroy et al. (2011) 

also noted that the spatial sampling plays an important role in determining the DO depletion rate when there 

are no storms. They argued that, for a small system (Sandusky basin), two sites may be adequate to 

determine dDO/dt of the basin. However, for a larger system (central basin of Lake Erie), more sites (>10) 

are required to determine the basin-average dDO/dt. For the empirical model in this research, this shows 

the importance of the lake morphometry in regulating spatial gradients in the DO budget. For example, the 

ability of morphometry to cause different DO budgets is evident in Eagle Lake, where Station 1 and Station 

2 are located in two different basins (Figure 4.1) and thus the DO variabilities are different in 2012 (Figure 
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4.5h and 4.5i). The model has been verified by considering the Little Silver Lake observed DO and 

temperature (Appendix E). 

4.5 Conclusions 

The DO depletion was empirically modeled during the stratification period in three lakes, differing in size 

and trophic state, but all with hypoxic late-summer hypolimnion. These lakes had roughly the same mean 

depth, and so were chosen for this study, to highlight the importance of hypolimnion thickness in regulating 

development of hypoxia.  

The main findings of this investigation are that the hypolimnion thickness (H) is an important 

parameter driving the oxygen depletion by setting the initial volume of DO in the hypolimnion after the 

onset of summer stratification, which effectively isolates the hypolimnion from the atmospheric DO supply. 

By calculating H (using temperature profiles measurements) the rate of hypolimnetic DO depletion and the 

evolution of the DO concentration using the simplified empirical model (Equation (4.2)) were predicted. 

The advective horizontal fluxes of DO, neglected in equation (4.2), have been shown to be important in 

large and energetic shallow systems (e.g., Lake Erie) and negligible in smaller shallow lakes (e.g., Eagle 

Lake and Lake Simcoe). The vertical diffusive flux of DO is small and can be neglected in all lakes during 

summer stratification.  

The empirically determined SOD and HOD from in this research can be used as calibration 

parameters for more advanced biogeochemical models (e.g., CAEDYM, Hipsey et al., 2012; Jabbari et al., 

2016) and to predict when, during the year, the hypolimnion DO concentration will become <5 gm-3, which 

is the commonly adopted minimum threshold for cold-water fish species. 

The mechanism of hypolimnetic DO depletion varies with the amount of existing DO concentration. 

The proposed model in this research is more appropriate for the situations with more than 5 gm-  of DO 

and hence the model can be used to define the onset of hypoxia. The sudden increases of DO resulted from 

hypolimnion upwelling events (caused by strong wind speeds and/or storms) shows the importance of 

temporal intensity of DO and temperature samplings. As the proposed empirical model lacks the ability to 
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consider sources of DO, running the model for shorter periods of time (even daily) may be result in more 

accurate DO prediction. Also, lake morphometry and duration of the spring turnover can cause spatial DO 

variabilities in a system. Thus, fine spatial DO and temperature profiles samplings are needed to apply the 

model in different parts of the lake and considering a predicted DO (in one location) for the whole lake may 

not be valid. 
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Chapter 5                                                                                              

Measurement of vertical oxygen flux in lakes from microstructure casts 

5.1 Introduction 

In recent decades, increased nutrient loads and climate-induced warming has been exacerbating bottom-

water hypoxia in global water resources (e.g., Diaz and Rosenberg, 2008) and threatening cold-water fish 

species. Hypoxia results from a combination of primary production, sediment oxygen demand (SOD) and 

insufficient vertical mixing (Boehrer and Schultze, 2008). The associated changes in hypolimnetic 

dissolved oxygen (DO) are complex and involve coupling between hydrodynamic and biogeochemical 

processes (e.g., Bouffard et al., 2014). The sources and sinks of DO in the hypolimnion can be divided into 

four main categories: (a) horizontal advection, (b) vertical flux through the oxycline, (c) SOD, and (d) 

hypolimnetic oxygen demand (HOD), which is the sum of photosynthesis and respiration. Typically, (b)  <

<  (c) + (d) leading to DO depletion in the hypolimnion (e.g., Bouffard et al., 2013). However, the vertical 

flux can be significant during mixing events (Bouffard et al., 2014) and has never been measured through 

the water column of a stratified hypoxic lake. Direct measurement of vertical oxygen flux remains difficult: 

eddy correlation (𝐹 =< 𝐷𝑂’𝑤’ >) may be applied at discrete depths (e.g., Krelig et al., 2014) or flux 

profiles may be obtained by analogy to Fick’s Law𝐹 = −𝐾 𝑑𝐷𝑂/𝑑𝑧, where 𝐾  is the vertical turbulent 

diffusivity and 𝐷𝑂(𝑧) is the vertical concentration of dissolved oxygen. Sufficient data to apply Fick’s Law 

is typically lacking. For example, Rao et al. (2008) and Bouffard et al. (2013) computed vertical oxygen 

fluxes in Lake Erie using Richardson number-based turbulent diffusivities and bulk epilimnion and 

hypolimnion oxygen concentrations. Their data sets came from moorings separated by up to 100 m that 

recorded mean flows and concentrations. Edwards et al. (2005) used temperature gradient microstructure 

data to estimate the seasonal basin-average turbulent diffusivity in Lake Erie, using a constant mixing 

efficiency and DO data from spatially independent CTD casts. Given these deficient approaches, there is a 

need for improved computation of oxygen flux, where both 𝐾  and 𝑑𝐷𝑂/𝑑𝑧 are measured at high vertical 
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resolution co-incidentally during each instrument cast. For example, Rovelli et al. (2016) recently 

calculated vertical oxygen fluxes in the North Sea watercolumn from co-incident temperature and oxygen 

microstructure data. The objective of the present research is to determine the vertical oxygen flux in a small 

Canadian Shield lake by applying Fick’s Law to co-incident temperature microstructure and high-resolution 

oxygen profile data.   

5.2 Methods 

Eagle Lake (Figure 5.1a) is a small inland lake located in Central Frontenac Township, eastern Ontario, 

Canada. Recently, Eagle Lake has experienced shoreline development pressure from cottages and 

commercial properties (Eagle Lake Property Owners’ Association, 2011) and increased thermal 

stratification from climate warming (Nelligan et al., 2016). As a result, in late summer, when the lake is 

stratified, the hypolimnion becomes hypoxic which threatens the deep-water lake trout population.  

To compute oxygen flux, a temperature and optical oxygen logger (RINKO; 1 Hz sampling; < 1 sec 

90% response time) was attached using hose clamps (Figure 5.1b) to a temperature microstructure profiler 

(SCAMP; 100 Hz sampling). The SCAMP profiled at 0.1 ms-1 resulting in temperature and oxygen 

measurements every 1 mm and 10 cm, respectively. Vertical oxygen flux was computed from Fick’s Law 

(above), where the turbulent diffusivity was calculated following Bouffard and Boegman (2013) according 

to the buoyancy Reynolds number (𝑅𝑒 = 𝜀/𝜈𝑁 ), with turbulent dissipation following Ruddick et al. 

(2000). The eddy diffusivity code was modified to use the molecular diffusivity of oxygen (2 × 10-9 m2s-1). 

The vertical oxygen gradient (𝑑𝐷𝑂/𝑑𝑧) was obtained directly from the RINKO data using the depth 

channel from the SCAMP. To match the SCAMP and RINKO signals, temperature timeseries data were 

aligned through temporal adjustment of the respective temperature timeseries. To characterize the seasonal 

changes in oxygen flux, SCAMP+RINKO casts were collected at two stations in July and September and 

three stations in October during 2011 (Figure 5.1, Table 5.1).  
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Figure 5.1 a) The bathymetry of Eagle Lake showing the locations of the measurement stations; b) the 

SCAMP microstructure profiler and attached RINKO temperature and oxygen logger. Note the additional 

floats added to the top of the SCMAP drag plate to compensate for the weight of the RINKO. 

 

Table 5.1 Depth at each station (Figure 5.1) and the number of valid casts with SCAMP and RINKO 

profiles. Data have been collected by Dr. Leon Boegman’s group. 

  Number of casts (2011) 

Station Depth (m) July 5 September 8 October 6 

1 30 3 3 2 

2 25 4 3 4 

4 12 - - 2 

 

 

5.3 Results 

Figure 5.2 shows the calculated dissipation, turbulent diffusivity and the oxygen flux along with observed 

temperature (from SCAMP) and DO (from RINKO) profiles for all of the casts and stations. Since the 

fieldwork was during daylight, the typical photosynthetic peak in DO at the base of the upper mixed layer 
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was observed during the summer casts (July and September). The DO profiles, along with the resulting 

fluxes show down-gradient fluxes, consistent with the Fickian diffusion model (Figure 5.2). In all casts, the 

diffusivities are molecular through the thermocline region, where the strong thermal stratification and lack 

of significant hydrodynamic forcing inhibits mixing (e.g., wind, internal waves and/or billows; e.g., 

Bouffard et al., 2014). When the stratification weakens in October, the thickness of the water column with 

molecular diffusivity decreases (from around 10 m to almost 2 m at Station 1 and from around 8 m to 3 m 

at Station 2) and the diffusivity through the thermocline region increases by up to one order of magnitude 

(Figure 5.2). High diffusivities (from 10-5 to 10-3 m2s-1) are also evident in the epilimnion, because of the 

wind stress and mixed water column. As the thermocline deepens in fall, the mixing deepens as well, and 

as a result there is more flux through the epilimnion. 

In order to better understand vertical mixing of oxygen in Eagle Lake, the average DO profile was 

used at each station during each sampling campaign to calculate the fluxes throughout the different regions 

of the watercolumn. These include the photosynthetic peak at the base of the mixed layer, the oxycline and 

the hypoxic concentration boundary layer above the sediment, where there are higher oxygen gradients in 

the watercolumn (Figure 5.3). The related eddy diffusivities have been averaged over the gradient regions 

shown and the DO fluxes have been calculated by applying the Fick’s Law along the gradient (considering 

the DO concentration of the first and the last point of each line). There are upward fluxes of DO in July and 

September (green lines in Figure 5.3) from the photosynthetic peak in the range 2.88 × 10-4 to 7.3 × 10-4 

gm-2d-1, except for Station 2 in July (5.5 × 10-2 gm-2d-1) when both the eddy diffusivity and oxygen gradient 

are higher (Figure 5.3). The downward fluxes through the oxycline (red lines in Figure 5.3) are in a same 

range in all of the observations at Station 1 and Station 2 (2.7 × 10-4 to 4.62 × 10-4 gm-2d-1). However, the 

downward flux at the shallowest station (Station 4) is higher (9.04 × 10-4 gm-2d-1) where the oxycline lies 

directly above the sediments, likely increasing both diffusive mixing and the oxygen gradient into the 

sediments.  

Unlike the epilimnion, the hypolimnion is not well mixed in DO (Station 1 and 2) and there is a near-

bed decrease in DO, leading to a concentration boundary layer of hypoxic water from the SOD. This 
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hypolimnetic hypoxic boundary layer is visible from the start of the sharp oxygen gradient above the bed 

(black lines in Figure 5.3). In July, the thickness of the hypoxic concentration boundary layer (Figure 5.3) 

is ~3 m at Station 1, located at the deepest point of the lake (~30 m), but is not observed at the shallower 

Station 2 (~25 m).   

This suggests horizontal advection of higher DO water masses, from the main watercolumn toward 

the sediments at the lake perimeter, may be occurring. However, the continued oxygen flux deficit in the 

hypolimnion and decrease in hypolimnion volume (due to thermocline deepening), cause the thickness of 

the hypoxic concentration boundary layer to increase to ~5 m in September and ~7 m in October, and thus 

be evident at the shallower Station 2 during these months. The bottom hypolimnetic fluxes at Station 1 (2.3 

× 10-4 gm-2d-1 in July, 9.5 × 10-3 gm-2d-1 in September and 8.3 × 10-3 gm-2d-1 in October) and Station 2 (9.04 

× 10-4 gm-2d-1 in September and 3.6 × 10-2 gm-2d-1 in October), show an increasing trend as hypoxia worsens 

through the summer and prior to fall turnover. In general, the downward oxygen flux from oxycline into 

the main hypolimnion is up to an order of magnitude smaller than the flux from the hypolimnion into the 

near-bed concentration boundary layer indicating that the hypolimnion DO is depleting during summer 

until turnover.
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Figure 5.2 The averaged profiles of oxygen and temperature along with dissipation, diffusivity and oxygen fluxes a) Station 1 on July 25th b) 

Station 1 on September 8th c) Station 1 on October 6th d) Station 2 on July 25th e) Station 2 on September 8th f) Station 2 on October 6th g) 

Station 4 on October 6th. The vertical red line denotes the molecular diffusivity of oxygen (2 × 10-9 m2s-1).
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Figure 5.3 Calculated fluxes of DO through the water column along with the averaged oxygen profile. 
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5.4 Discussion 

As discussed above, the eddy diffusivity, and as a result the DO fluxes between regions of the watercolumn, 

are important for the overall DO budget. Edwards et al. (2005) calculated diffusivities and they ranged from 

10–9 to 10–3 m2s-1 in Lake Erie, which are similar to the estimates in this research. Krelig et al. (2014) used 

point eddy correlation observations and calculated the total downward flux at discrete depths of Lake 

Scharmutzelsee. The total downward flux at the oxycline was ~7.8 × 10-3 gm-2d-1, which is around one order 

of magnitude more than what was observed in Eagle Lake, but is still negligible in comparison with the 

other terms of the oxygen budget. In the previous Chapter 4, it was shown that the sinks of hypolimnetic 

oxygen in lakes (HOD and SOD), are larger than indirect estimates of vertical flux during summer 

stratification. Typical values of HOD and SOD were 0.054 gm-3d-2 and 0.62 gm-2d-2, respectively. The 

calculated hypolimnetic DO flux (black line in Figure 5.3) ranged from 2.3 × 10-4 to 3.6 × 10-2 gm-2d-1, 

which is smaller than the estimated HOD and SOD in Chapter 4 (~2 to ~4 orders of magnitude) quantifying 

the significant supply deficit relative to the DO demand in the near-bed hypoxic concentration boundary 

layer. Similarly, Bouffard et al. (2013) found the average flux through the thermocline of Lake Erie to be 

around 0.14 gm-2d-1, larger than the flux for the relatively quiescent Eagle Lake, but an order of magnitude 

smaller than the SOD in the lake. Roveli et al. (2016) computed the downward flux from the oxycline in 

the North Sea to be 0.8 gm-2d-1, again significantly higher in this energetic system than the values for Eagle 

Lake.  

5.5 Conclusions 

In conclusion, high diffusivities (up to 10-3 m2s-1) and as a result high oxygen fluxes (up to 10 gm-2d-1) were 

observed in the epilimnion of Eagle Lake. Downward oxygen fluxes through the thermocline ranged from 

2.7 × 10-4 to 9.04 × 10-4 gm-2d-1, which are small due to the molecular diffusivities in this region. The small 

measured vertical thermocline fluxes in comparison to estimates of oxygen sinks from the HOD and SOD, 

quantifies that vertical thermocline oxygen flux is negligible in small Canadian Shield lakes. Given these 
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fluxes, we postulate that development of a near-bed hypoxic concentration boundary layer during summer 

is inevitable in small lakes that are sufficiently deep to maintain a hypolimnion. 

  



 

  106 
 

References 

 

Boehrer, B., and Schultze, M. (2008). Stratification of lakes. Reviews of Geophysics, 46(2). 

Bouffard, D., and Boegman, L. (2013). A diapycnal diffusivity model for stratified environmental flows. 

Dynamics of Atmospheres and Oceans, 61, 14-34. 

Bouffard, D., Ackerman, J.D., and Boegman, L. (2013). Factors affecting the development and dynamics 

of hypoxia in a shallow large stratified lake: Hourly to seasonal patterns. Water Resources. Res. 49: 14 pp 

Bouffard, D., Boegman, L., Ackerman, J. D., Valipour, R., and Rao, Y. R. (2014). Near-inertial wave driven 

dissolved oxygen transfer through the thermocline of a large lake. Journal of Great Lakes Research, 40(2), 

300-307. 

Diaz, R. J., and Rosenberg, R. (2008). Spreading dead zones and consequences for marine ecosystems. 

Science, 321(5891), 926-929. 

Edwards, W. J., Conroy, J. D., and Culver, D. A. (2005). Hypolimnetic oxygen depletion dynamics in the 

central basin of Lake Erie. Journal of Great Lakes Research, 31(Suppl. 2), 262-271.  

Eagle Lake Property Owners’ Association (ELPOA). (2011). State of the Lake Report Eagle Lake. 

Township of Central Frontenac - County of Frontenac, Parham, ON. ISBN 978-0-9736518-4-3. 91 pp. 

Kreling, J., Bravidor, J., McGinnis, D. F., Koschorreck, M., and Lorke, A. (2014). Physical controls of 

oxygen fluxes at pelagic and benthic oxyclines in a lake. Limnology and Oceanography, 59(5), 1637-1650. 

Nelligan, C., Jeziorski, A., Rühland, K. M., Paterson, A. M., and Smol, J. P. (2016). Managing lake trout 

lakes in a warming world: a paleolimnological assessment of nutrients and lake production at three Ontario 

sites. Lake and Reservoir Management, 32(4), 315-328.  

Osborn, T. R. (1980). Estimates of the local rate of vertical diffusion from dissipation measurements. 

Journal of Physical Oceanography, 10(1), 83-89. 

Rao, Y. R., Hawley, N., Charlton, M. N., and Schertzer, W. M. (2008). Physical processes and hypoxia in 

the central basin of Lake Erie. Limnology and oceanography, 53(5), 2007. 



 

  107 
 

Rovelli, L., Dengler, M., Schmidt, M., Sommer, S., Linke, P, and McGinnis, D. F. (2016). Thermocline 

mixing and vertical oxygen fluxes in the stratified central North Sea. Biogeosciences, 13(5), 1609. 

Ruddick, B., Anis, A., and Thompson, K. (2000). Maximum likelihood spectral fitting: The Batchelor 

spectrum. Journal of Atmospheric and Oceanic Technology, 17(11), 1541-1555.  

  



 

  108 
 

Chapter 6                                                                                                 

Conclusions and recommendations for future research 

6.1 Conclusions 

This thesis considered natural and constructed water bodies, regarding the main water quality issues they 

are facing. Empirical and computational methods have been considered to investigate hypoxia in three 

selected lakes (all suffering from late summer hypoxia) and to study algae growth, eutrophication and 

excessive nutrients in the selected storm-water ponds, respectively. The main conclusions of this study are 

summarized below: 

1. Unlike typical applications of the Estuary and Lake Computer Model (ELCOM) to medium/large 

water bodies, which has been done with little calibration, modeling small vegetated systems (i.e., 

wet ponds) requires specific tuning of albedo and the light extinction coefficient along with 

considering atmospheric instability. In Chapter 2, it is shown that these corrections resulted in an 

increase of sensible and latent heat losses by up to 34% and 32%, respectively. After this 

calibration, the temperature variability in Edmonton storm-water ponds was predicted with an 

acceptable accuracy (RMSE < 3.5 ℃). Again, the atmospheric instability corrections should be 

considered in hydrodynamic modeling of water bodies when the air-water temperature difference 

exceeds 10 ℃.  

It is shown that the global sensitivity analysis can be a used as a helpful tool in determining the 

importance of different parameters in the model. It can also determine the necessity of further 

calibration regarding the chosen tuned parameters. The sensitivity analysis results, applied by 

combining RMSE of different runs, indicated that the model was more sensitive to albedo over the 

light extinction coefficient. These results showed that an albedo within 0.3-0.35 and light extinction 

coefficient from 3 m-1 - 6 m-1 are suitable for such vegetated wetland like systems. 

2. In Chapter 3, it was demonstrated that one set of calibrated coefficients and parameters in the 

Computational Aquatic Ecosystem Dynamics Model (CAEDYM) can be used to simulate the 
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biogeochemical processes of two different storm-water ponds (located in the City of Edmonton). 

Overall, CAEDYM was capable of predicting the concentration of nitrogen and phosphorus 

components (TP, PO4, TN, NH4, NO3) and dissolved oxygen (DO) despite marginal errors (0.016 

mg/L < RMSE <2.85 mg/L). The simulated chlorophyll-a (chla), as an indicator of phytoplankton 

biomass, was less accurate in the phytoplankton dominated system (TT2) compared to the 

vegetation dominated system (MT2) (⁓9 times lower average RMSE). The incapability of the 

model to simulate the lateral patchiness of algae and the rooted vegetation might have contributed 

to the inaccuracy of the simulation regarding chla. More developed and complex models that can 

consider these processes (e.g., more nutrient uptake by rooted vegetation over algae) may lead to 

better simulation results. Despite these inaccuracies in simulated chla, CAEDYM could predict the 

dynamic and variabilities of the phytoplankton community as introduced to the model.  

3. In Chapter 4, the importance of hypolimnion thickness (H) in driving the DO depletion (dDO/dt) 

in the hypolimnion of shallow lakes during summer stratification has been shown. Empirical global 

and local (lake specific) estimations of sediment oxygen demand (SOD) and hypolimnetic oxygen 

demand (HOD), which are the main sinks of the hypolimnetic DO, have been made. Thereafter, an 

empirical model was introduced to predict the variability of summer DO concentration in the 

hypolimnion of stations in three different lakes (RMSE < 2.67 gm-3). Since the mechanism of 

hypolimnetic DO depletion varies with the amount of existing DO concentration, the proposed 

model is more suitable for situations with more than 5 gm-3. However, the results showed that the 

model can predict the onset of hypoxia (DO > 5 gm-3), which is generally considered as the 

minimum threshold for cold-water fish species. Fine temporal (e.g., daily) and spatial frequency of 

measurements (temperature profile and DO) are required to have a more reliable prediction of 

hypolimnetic DO in the proposed model. The proposed empirical model and the estimated SOD 

and HOD values can be used in fisheries studies, aquatic life and ecosystem research, calibrating 

different biogeochemical and water quality models and industrial and agricultural purposes. 
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4. In Chapter 5, it is shown that the downward fluxes of DO through the thermocline of Eagle Lake 

was significantly smaller (~3 orders of magnitude) than empirically estimated SOD and HOD in 

Chapter 4. This shows the validity of neglecting the vertical diffusive fluxes of DO in the 

hypolimnetic DO budget in Chapter 4. It is shown that a near-bed hypoxic boundary layer 

developed during summer in Eagle Lake.  

This thesis provides a set of calibrated parameters for ELCOM-CAEDYM for Edmonton storm-

water ponds, which can be used by the municipality to examine remediation strategies before their 

application, and an empirical model based on the simplified hypolimnetic DO budget to predict summer 

hypolimnetic DO. Overall, the advantage of empirical models compared to computational ones is that, since 

they are developed by considering a large set of data from different lakes, they can be applied to an unknown 

lake. However, their disadvantage is the simplification inherent in them. On the other hand, computational 

models are more detailed and complex and may need calibration for each specific lake but, they can provide 

much more extensive understanding of the system. Generally, computational models require more detailed 

data as input and to validate, unlike simpler empirical models. Despite these differences, both of these 

models can be used by stakeholders and decision makers, based on the necessity, available data and the 

situation. 

6.2 Future Work 

1. To simulate the effects of physical characteristics on biogeochemical processes in Edmonton storm-

water ponds, such as; shape and depth. 

2. To simulate other remediation strategies regarding reduction of phosphorus and nitrogen, 

separately. 

3. To apply a model to storm-water ponds and wetlands, that can consider the rooted aquatic 

vegetation and their nutrient uptake and has more advanced understanding of the phytoplankton 

dynamics and migration.  
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4. To collect more observational data from the hypoxic period of hypolimnion to develop the proposed 

empirical model for the different mechanism of DO depletion in a hypoxic hypolimnion. 

5. To quantitively compare the introduced empirical model for hypolimnetic DO with the 

observations from different water bodies. 
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Appendix A                                                                                                

Measurements details 

This appendix gives details about the observed data (from the on-site loggers) used for initial, 

boundary conditions and validation of ELCOM-CAEDYM. The depth column in all of the tables in this 

appendix, represents the depth from the datum (Table 2.2). 

Table A. 1 Details of measured data used for modeling MT2. 

Pond  Location Logger Depth (m) Installation date Retrieval date 

MT2 

2014 

SW HOBO_Tidbit -3.71 
15-May-14 

2-Oct-14 (Gap from 

July 24 to 29) 

SW HOBO_Tidbit -2.87 
15-May-14 

2-Oct-14 (Gap from 

July 24 to 29) 

SW HOBO_Tidbit -2.515 
15-May-14 

2-Oct-14 (Gap from 

July 24 to 29) 

SW HOBO_Tidbit -1.965 
15-May-14 

2-Oct-14 (Gap from 

July 24 to 29) 

SE HOBO_Tidbit -2.585 15-May-14 02-Oct-14 

SE HOBO_Tidbit -2.365 15-May-14 02-Oct-14 

SE HOBO_Tidbit -2.16 15-May-14 02-Oct-14 

NW HOBO_Tidbit -2.93 15-May-14 02-Oct-14 

NW SWS_TD -2.565 15-May-14 02-Oct-14 

NW HOBO_Tidbit -2.33 15-May-14 02-Oct-14 

NW HOBO_Tidbit -2.1 15-May-14 02-Oct-14 

2015 

SW HOBO_Tidbit -3.62 24-Apr-15 12-Oct-15 

SW HOBO_Tidbit -3.34 24-Apr-15 12-Oct-15 

SW HOBO_Tidbit -3.04 24-Apr-15 12-Oct-15 

SW SWS_TD -2.66 24-Apr-15 12-Oct-15 

SW HOBO_Tidbit -2.36 24-Apr-15 12-Oct-15 

SW HOBO_Tidbit -2.03 24-Apr-15 12-Oct-15 

SW HOBO_Tidbit -1.75 24-Apr-15 12-Oct-15 

SW HOBO_Tidbit -1.4 24-Apr-15 12-Oct-15 

SE HOBO_Tidbit -3.06 24-Apr-15 12-Oct-15 

SE SWS_TD -2.74 24-Apr-15 12-Oct-15 

SE HOBO_Tidbit -2.46 24-Apr-15 12-Oct-15 
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SE HOBO_Tidbit -2.17 24-Apr-15 12-Oct-15 

SE HOBO_Tidbit -1.87 24-Apr-15 12-Oct-15 

SE HOBO_Tidbit -1.36 24-Apr-15 12-Oct-15 

NW RBR_Duo -3.15 25-Jun-15 12-Aug-15 

NW SWS_TD -2.8 25-Jun-15 12-Aug-15 

NW HOBO_Tidbit -2.49 25-Jun-15 12-Aug-15 

NW HOBO_Tidbit -2.18 25-Jun-15 12-Aug-15 

NW HOBO_Tidbit -1.88 25-Jun-15 12-Aug-15 

NW RBR_Duo -1.59 25-Jun-15 12-Aug-15 

NW HOBO_Tidbit -1.32 25-Jun-15 12-Aug-15 

NW RBR_Duo -3.16 24-Apr-15 22-Jun-15 

NW SWS_CTD -2.8 24-Apr-15 22-Jun-15 

NW HOBO_Tidbit -2.47 24-Apr-15 22-Jun-15 

NW HOBO_Tidbit -2.16 24-Apr-15 22-Jun-15 

NW HOBO_Tidbit -1.87 24-Apr-15 22-Jun-15 

NW RBR_Duo -1.63 24-Apr-15 22-Jun-15 

 

 

Table A. 2 Details of measured data used for modeling SB4. 

Pond Year Location Logger Depth Installation date Retrieval date 

SB4 2014 

NE HOBO_Tidbit -3.23 22-May-14 02-Oct-14 

NE HOBO_Tidbit -3.025 22-May-14 02-Oct-14 

NE HOBO_Tidbit -2.83 22-May-14 02-Oct-14 

NE SWS_TD -2.68 22-May-14 02-Oct-14 

NE HOBO_Tidbit -2.43 22-May-14 02-Oct-14 

NE HOBO_Tidbit -2.22 22-May-14 02-Oct-14 

SE SWS_TD -2.27 22-May-14 02-Oct-14 

ESE HOBO_Tidbit -1.67 22-May-14 02-Oct-14 

ESE HOBO_Tidbit -1.96 22-May-14 02-Oct-14 

SEW HOBO_Tidbit -1.69 22-May-14 02-Oct-14 

SEW HOBO_Tidbit -1.98 22-May-14 02-Oct-14 

SSE HOBO_Tidbit -1.69 22-May-14 02-Oct-14 

SSE HOBO_Tidbit -2.01 22-May-14 02-Oct-14 

NW RBR_ Temp -3.17 02-Jun-14 24-Jul-14 

NW HOBO_Tidbit -2.86 02-Jun-14 24-Jul-14 



 

  114 
 

NW SWS_TD -2.63 02-Jun-14 24-Jul-14 

NW HOBO_Tidbit -2.44 02-Jun-14 24-Jul-14 

NW RBR_ Temp -2.09 02-Jun-14 24-Jul-14 

NNW HOBO_Tidbit -2.36 19-Jun-14 02-Oct-14 

NNW HOBO_Tidbit -2.12 19-Jun-14 02-Oct-14 

NNW HOBO_Tidbit -1.85 19-Jun-14 02-Oct-14 

2015 

NE RBR_ Temp -3.15 25-Jun-15 12-Aug-15 

NE SWS_TD -2.84 25-Jun-15 12-Aug-15 

NE HOBO_Tidbit -2.59 25-Jun-15 12-Aug-15 

NE RBR_ Temp -2.29 25-Jun-15 12-Aug-15 

NE HOBO_Tidbit -1.84 25-Jun-15 12-Aug-15 

NE RBR_Temp -3.15 24-Apr-15 22-Jun-15 

NE HOBO_Tidbit -2.64 24-Apr-15 22-Jun-15 

NE RBR_Temp -2.51 24-Apr-15 22-Jun-15 

NE HOBO_Tidbit -2.14 24-Apr-15 22-Jun-15 

NE HOBO_Tidbit -1.84 24-Apr-15 22-Jun-15 

NW HOBO_Tidbit -3.01 24-Apr-15 15-Oct-15 

NW HOBO_Tidbit -2.71 24-Apr-15 15-Oct-15 

NW SWS_TD -2.37 24-Apr-15 15-Oct-15 

NW HOBO_Tidbit -2.13 24-Apr-15 15-Oct-15 

NW HOBO_Tidbit -1.93 24-Apr-15 15-Oct-15 

NW HOBO_Tidbit -1.61 24-Apr-15 15-Oct-15 

 

  

Table A. 3 Details of measured data used for modeling TT2. 

Pond Year Location Logger Depth Installation date Retrieval date 

TT2 2014 

NW RBR_Temp -3.23 16-May-14 24-Jul-14 

NW HOBO_Tidbit -2.77 16-May-14 24-Jul-14 

NW HOBO_Tidbit -2.21 16-May-14 24-Jul-14 

NW SWS_TD -2.01 16-May-14 24-Jul-14 

NW HOBO_Tidbit -1.45 16-May-14 24-Jul-14 

NW RBR_Temp -1.43 16-May-14 24-Jul-14 

NE HOBO_Tidbit -3.74 16-May-14 02-Oct-14 

NE SWS_CTD -3.41 16-May-14 02-Oct-14 

NE HOBO_Tidbit -3.03 16-May-14 02-Oct-14 
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NE HOBO_Tidbit -2.63 16-May-14 02-Oct-14 

NE HOBO_Tidbit -2.23 16-May-14 02-Oct-14 

NE HOBO_Tidbit -1.82 16-May-14 02-Oct-14 

NE SWS_CTD -1.59 16-May-14 02-Oct-14 

SE HOBO_Tidbit -3.47 16-May-14 02-Oct-14 

SE HOBO_Tidbit -2.87 16-May-14 02-Oct-14 

SE SWS_TD -2.38 16-May-14 02-Oct-14 

SE HOBO_Tidbit -1.97 16-May-14 02-Oct-14 

SE HOBO_Tidbit -1.53 16-May-14 02-Oct-14 

2015 

NW HOBO_Tidbit -3.03 24-Apr-15 15-Oct-15 

NW SWS_TD -2.55 24-Apr-15 15-Oct-15 

NW HOBO_Tidbit -2.07 24-Apr-15 15-Oct-15 

NW HOBO_Tidbit -1.51 24-Apr-15 15-Oct-15 

NW HOBO_Tidbit -1.13 24-Apr-15 15-Oct-15 

NE RBR_Duo -3.77 24-Apr-15 23-Jun-15 

NE SWS_CTD -3.47 24-Apr-15 23-Jun-15 

NE HOBO_Tidbit -2.74 24-Apr-15 23-Jun-15 

NE SWS_CTD -2.24 24-Apr-15 23-Jun-15 

NE HOBO_Tidbit -1.75 24-Apr-15 23-Jun-15 

NE RBR_Duo -1.39 24-Apr-15 23-Jun-15 

NE YSI-EXO2 -1.025 24-Apr-15 23-Jun-15 

NE RBR_Duo -3.83 25-Jun-15 12-Aug-15 

NE SWS_TD -3.48 25-Jun-15 12-Aug-15 

NE HOBO_Tidbit -3.11 25-Jun-15 12-Aug-15 

NE HOBO_Tidbit -2.76 25-Jun-15 12-Aug-15 

NE HOBO_Tidbit -2.44 25-Jun-15 12-Aug-15 

NE HOBO_Tidbit -2.1 25-Jun-15 12-Aug-15 

NE RBR_Duo -1.81 25-Jun-15 12-Aug-15 

NE HOBO_Tidbit -1.47 25-Jun-15 12-Aug-15 

NE HOBO_Tidbit -1.09 25-Jun-15 12-Aug-15 

NE YSI-EXO2 -1.58 25-Jun-15 12-Aug-15 

SE HOBO_Tidbit -3.11 24-Apr-15 15-Oct-15 

SE HOBO_Tidbit -2.71 24-Apr-15 15-Oct-15 

SE HOBO_Tidbit -2.15 24-Apr-15 15-Oct-15 

SE SWS_TD -1.63 24-Apr-15 15-Oct-15 

SE HOBO_Tidbit -1.14 24-Apr-15 15-Oct-15 
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Centre HOBO_Tidbit -3.1 29-Apr-15 23-Jun-15 

Centre HOBO_Tidbit -2.61 29-Apr-15 23-Jun-15 

Centre SWS_TD -2.32 29-Apr-15 23-Jun-15 

Centre HOBO_Tidbit -2.08 29-Apr-15 23-Jun-15 

Centre HOBO_Tidbit -1.61 29-Apr-15 23-Jun-15 

Centre HOBO_Tidbit -3.11 25-Jun-15 12-Aug-15 

Centre HOBO_Tidbit -2.64 25-Jun-15 12-Aug-15 

Centre SWS_TD -2.36 25-Jun-15 12-Aug-15 

Centre HOBO_Tidbit -2.11 25-Jun-15 12-Aug-15 

Centre HOBO_Tidbit -1.6 25-Jun-15 12-Aug-15 
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Appendix B                                                                                                  

Hydrodynamic and flow  

 

 

Figure B. 1 Averaged velocity magnitude during the modeling periods. Top to bottom: SB4, MT2 and 

TT2. 
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Figure B. 2 The inflow and outflow of the ponds during the modeling periods in 2014 and 2015. 
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Appendix C                                                                                                                             

Water quality samples 

This appendix represents the details of the water quality samples took from MT2 and TT2 which have been used in Chapter 3 of 

this thesis for CAEDYM modeling. 

Table C. 1 MT2-2014 samplings details. (MDL is the detection limit). 

Sample Date St 
Depth 

(m) 

Secchi 

Disk 

(cm) 

NH3 

(µg/L) 

NO2+NO3 

(µg/L) 

TN 

(µg/L) 

TKN 

(µg/L) 

SRP 

(µg/L) 

TP 

(µg/L) 

TDP 

(µg/L) 

TPP 

(µg/L) 

chla 

(µg/L) 

MDL - - - 2 1 10 10 1 3 4 - - 

May 28, 2014 NW 0.5 - 5 144 620 476 3 32 18 16 1.52 

May 28, 2014 SW 1 - 4 29 477 448 2 27 20 12 1.25 

May 28, 2014 SE 0.5 - 4 21 481 460 2 69 20 32 0.89 

June 12, 2014 SE 0.5 - 5 8 514 506 4 32 19 15 1.07 

June 12, 2014 SW 1 - 10 5 715 710 6 37 23 9 1.06 

June 12, 2014 NW 0.5 - 5 303 1000 697 3 25 18 11 25.06 

June 26, 2014 SW 1 - 7 <MDL 757 757 4 48 35 14 1.88 

June 26, 2014 SE 0.5 - 42 31 689 658 11 60 38 19 1.08 

June 26, 2014 NW 0.5 - 15 164 812 648 1 32 20 11 0.59 

July 16, 2014 SE 0.5 - 25 4 652 648 6 17 11 11 1.46 

July 16, 2014 SW 1 - 11 <MDL 2,060 2060 2 22 16 10 3.19 

July 16, 2014 NW 0.5 - 39 206 884 678 3 39 27 17 1.96 

August 7, 2014 SW 1 230 3 <MDL 526 526 3 24 - 11 11.912 

August 7, 2014 NW 0.5 165 61 582 1,130 548 4 24 - 10 2.1 

August 18, 2014 SW 1 180 <MDL <MDL 779 779 5 29 - 18 7.77 
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August 18, 2014 NW 0.5 195 84 137 903 766 8 55 - 18 4.76 

 

Table C. 2 MT2-2015 samplings details. (MDL is the detection limit). 

Sample Date St 
Depth 

(m) 

Secchi 

Disk 

(cm) 

NH3 

(µg/L) 

NO2+NO3 

(µg/L) 

TN 

(µg/L) 

TKN 

(µg/L) 

SRP 

(µg/L) 

TP 

(µg/L) 

TDP 

(µg/L) 

TPP 

(µg/L) 

chla 

(µg/L) 

MDL - - - 2 1 10 10 1 3 4 - - 

May 13, 2015 NW 0.5 110 <MDL 24 453 664 2 51 14 37.6 16.51 

May 13, 2015 NW 1.5 110 <MDL 2680 2880 952 11 65 12 51.6 38.7 

May 13, 2015 SW 0.5 102 <MDL <MDL 397 600 2 41 11 34.4 10.36 

May 13, 2015 SE 0.5 90 <MDL <MDL 438 572 2 41 14 41.8 10.29 

May 13, 2015 SE 1.5 90 <MDL <MDL 508 728 2 55 15 38.2 25.28 

May 27, 2015 NW 0.5 230 10 17 633 715 2 34 21 18.4 1.004 

May 27, 2015 NW 2 230 281 3600 4990 1720 6 115 52 69.9 0.953 

May 27, 2015 SW 0.5 250 18 2 632 598 <MDL 39 24 14.9 <MDL 

May 27, 2015 SE 0.5 197 8 9 570 623 1 28 20 12.2 0.159 

May 27, 2015 SE 1.5 197 36 353 902 523 2 30 20 17.3 33.282 

June 9, 2015 NW 2 188 63 2220 3020 980 13 73 34 35.3 3.66 

June 9, 2015 SW 0.5 249 <MDL <MDL 682 3332 5 37 22 19.3 0.083 

June 9, 2015 SW 2 249 5 <MDL 676 676 22 55 40 53.3 0.197 

June 9, 2015 SE 0.5 194 7 <MDL 658 744 6 35 23 16.7 0.115 

June 22, 2015 NW 0.5 222 48 34 606 666 13 43 31 18.4 1.37 

June 22, 2015 NW 2 222 80 2140 2680 684 31 93 57 50.3 1.753 

June 22, 2015 SW 0.5 243 17 <MDL 592 620 9 42 26 21.4 0.85 

June 22, 2015 SE 0.5 193 12 <MDL 539 648 4 31 31 17.8 0.52 



 

  121 
 

July 21, 2015 NW 0.5 - 61 809 1270 571 6 51 23 37.7 0.858 

July 21, 2015 NW 1.5 79 110 1090 1570 714 9 63 27 43.1 1.18 

July 21, 2015 SW 0.5 130 8 8 441 468 3 25 14 14.9 3.155 

July 21, 2015 SW 2 130 59 65 550 627 3 51 15 33.9 11.58 

July 21, 2015 SE 0.5 91 10 95 514 457 5 38 20 18.7 2.028 

July 21, 2015 SE 1.5 91 32 272 671 556 18 56 30 34.6 1.223 

August 4, 2015 NW 0.5 108 57 171 738 745 4 41 <MDL 24.7 7.762 

August 4, 2015 NW 2 108 239 3300 3710 780 9 53 14 44.2 4.462 

August 4, 2015 SW 0.5 107 24 3 499 665 5 40 17 22.3 3.84 

August 4, 2015 SE 0.5 77  25 5 531 707 5 44 22 29.9 0.555 

August 4, 2015 SE 1.5 77  123 447 892 677 39 68 56 18.6 41.573 

August 18, 2015 NW 0.5 85 88 326 1010 1082 4 66 16 60.5 22.51 

August 18, 2015 NW 2 85 273 1870 2490 1018 13 64 31 54.2 6.17 

August 18, 2015 SW 0.5 83 7 <MDL 650 812 4 48 28 37.8 8.811 

August 18, 2015 SW 0.5 83 8 <MDL 596 716 4 48 16 38.1 21.332 

August 18, 2015 SW 0.5 83 18 <MDL 622 764 5 48 17 41.9 8.206 

August 18, 2015 SE 0.5 68 36 17 675 943 3 72 26 58.6 13.106 

August 18, 2015 SE 1.5 68 63 77 751 743 4 71 29 62.1 17.53 

 

Table C. 3 TT2-2014 samplings details. (MDL is the detection limit). 

Sample Date St 
Depth 

(m) 

Secchi 

Disk 

(cm) 

NH3 

(µg/L) 

NO2+NO3 

(µg/L) 

TN 

(µg/L) 

TKN 

(µg/L) 

SRP 

(µg/L) 

TP 

(µg/L) 

TDP 

(µg/L) 

TPP 

(µg/L) 

chla 

(µg/L) 

MDL - - - 2 1 10 10 1 3 4 - - 

May 28, 2014 NE 0.5 - 387 83 1530 1447 92 155 140 13 2.81 
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May 28, 2014 NW 0.5 - 375 85 1320 1235 91 167 134 16 1.35 

May 28, 2014 SW 1 - 398 87 1370 1283 94 152 140 15 2.18 

May 28, 2014 SE 0.5 - 416 88 1490 1402 95 172 144 12 2.49 

June 12, 2014 NE 0.5 - 203 145 1150 1005 56 164 108 21 2.3 

June 12, 2014 NW 0.5 - 121 108 1100 992 46 117 101 25 2.33 

June 12, 2014 SW 0.5 - 203 142 1410 1268 57 155 104 23 2.58 

June 12, 2014 SE 0.5 - 173 150 1520 1370 61 139 128 24 1.76 

June 26, 2014 SE 0.5 - 70 14 811 797 23 86 69 16 3.18 

June 26, 2014 SW 0.5 - 92 19 776 757 24 82 66 18 1.85 

June 26, 2014 NE 0.5 - 113 20 789 769 28 83 76 17 0.95 

June 26, 2014 NW 0.5 - 128 15 947 932 29 93 78 198 0.63 

July 16, 2014 SE 0.5 - 4 < MDL 1180 1180 5 118 47 86 71.9 

July 16, 2014 NE 0.5 - 4 < MDL 1230 1230 5 133 47 96 77.56 

July 16, 2014 NW 0.5 - 3 < MDL 1350 1350 4 116 39 87 76.39 

July 16, 2014 SW 0.5 - 4 < MDL 2330 2330 3 86 14 93 66.97 

August 7, 2014 NW 0.5 55 7 1940 3390 1450 16 72 - 35 65.32 

August 7, 2014 SE 0.5 50 5 <MDL 1200 1200 4 110 - 63 142.66 

August 18, 2014 NW 0.5 50 <MDL <MDL 1420 1420 4 123 - 107 76.52 

 

Table C. 4 TT2-2015 samplings details. (MDL is the detection limit). 

Sample Date St 
Depth 

(m) 

Secchi 

Disk 

(cm) 

NH3 

(µg/L) 

NO2+NO3 

(µg/L) 

TN 

(µg/L) 

TKN 

(µg/L) 

SRP 

(µg/L) 

TP 

(µg/L) 

TDP 

(µg/L) 

TPP 

(µg/L) 

chla 

(µg/L) 
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MDL - - - 2 1 10 10 1 3 4 - - 

May 14, 2015 NE 0.5 50 <MDL <MDL 543 1368 1 162 28 144.3 70.33 

May 14, 2015 NE 1.5 50 <MDL <MDL 534 1244 1 172 26 155.2 67.88 

May 14, 2015 NW 0.5 41 8 <MDL 568 1148 <MDL 147 30 250.6 69.39 

May 14, 2015 Centre 0.5 44 <MDL <MDL 567 1324 2 165 29 140.1 67.15 

May 14, 2015 Centre 1.5 44 4 <MDL 552 1516 <MDL 186 31 160.6 79.189 

May 14, 2015 SE 0.5 40 <MDL <MDL 528 1320 <MDL 172 25 147.4 68.77 

May 14, 2015 SE 1.5 40 <MDL <MDL 556 1548 <MDL 195 33 172.7 88.04 

May 27, 2015 NE 0.5 73 3 <MDL 629 1004 <MDL 96 32 63.7 30.95 

May 27, 2015 NE 2 73 <MDL <MDL 847 1316 13 209 77 123.9 67.11 

May 27, 2015 NW 0.5 82 <MDL <MDL 602 1024 <MDL 94 29 30 19.64 

May 27, 2015 Centre 0.5 67 <MDL <MDL 613 1044 1 107 31 69 23.93 

May 27, 2015 SE 0.5 72 3 <MDL 577 972 <MDL 82 30 77.1 30.515 

May 27, 2015 SE 0.5 72 4 <MDL 574 1020 1 109 33 66.8 27.875 

May 27, 2015 SE 2 72 3 <MDL 640 1064 8 179 45 123.3 67.91 

May 27, 2015 SE 2 72 <MDL <MDL 645 1120 8 165 40 0 63.151 

June 9, 2015 NE 0.5 58 25 <MDL 1310 1840 3 162 58 82.9 101.53 

June 9, 2015 NE 2 55 257 <MDL 1180 1648 27 272 98 174 58.53 

June 9, 2015 NW 0.5 48 15 <MDL 1500 2444 9 194 74 113.8 163.97 

June 9, 2015 NW 0.5 - 41 6 2000 2694 5 197 78 114 165.86 

June 9, 2015 NW 0.5 - 34 6 1900 2738 7 206 76 117.4 149.25 

June 9, 2015 NW 0.5 - 35 7 1870 2833 5 203 73 131.3 146.7 

June 9, 2015 Centre 0.5 65 9 <MDL 1380 2128 4 158 58 102.2 147.27 

June 9, 2015 SE 0.5 53 11 <MDL 1290 2020 2 163 60 87.1 117.28 
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June 23, 2015 NE 0.5 74 22 <MDL 1030 1732 9 118 38 96.9 70.25 

June 23, 2015 NE 2.5 - 1440 <MDL 1610 2900 27 271 41 312.9 71.4 

June 23, 2015 NW 0.5 73 51 <MDL 1200 1932 7 149 40 133.6 73.39 

June 23, 2015 Centre 0.5 81 32 <MDL 1050 1884 5 143 41 106.4 70.839 

June 23, 2015 Centre 2 - 483 <MDL 1240 2392 5 188 39 191 160.52 

June 23, 2015 SE 0.5 76 11 <MDL 1030 1704 6 114 39 98.2 55.19 

June 23, 2015 SE 0.5 76 12 <MDL 983 1652 5 113 53 96.4 52.126 

June 23, 2015 SE 0.5 76 19 <MDL 1040 1540 5 117 38 97.5 52.562 

July 8, 2015 NE 0.5 73 4 <MDL 668 872 3 116 29 117.2 53.82 

July 8, 2015 NE 2 73 6 15 890 1229 5 206 35 221.2 86.528 

July 8, 2015 NW 0.5 68 5 3 814 749 2 107 29 92.2 49.59 

July 8, 2015 Centre 0.5 71 4 <MDL 824 764 3 122 29 110.5 54.44 

July 8, 2015 SE 0.5 72 4 <MDL 777 1720 2 122 28 120 54.11 

July 22, 2015 NE 0.5 46 4 <MDL 998 2104 3 135 33 127.5 96.98 

July 22, 2015 NE 2 46 483 25 1300 2459 4 217 39 247.8 93.88 

July 22, 2015 NW 0.5 38 9 <MDL 959 2292 19 147 27 146.4 103.85 

July 22, 2015 Centre 0.5 41 5 <MDL 991 2464 4 167 29 168.2 133.48 

July 22, 2015 Centre 0.5 41 4 <MDL 1100 2392 4 167 36 149.9 144.58 

July 22, 2015 Centre 0.5 41 7 <MDL 1120 2380 5 174 48 153.4 148.16 

July 22, 2015 SE 0.5 42 4 <MDL 1100 2340 5 167 34 153.9 138.1 

August 5, 2015 NE 0.5 38 15 3 1180 2701 6 146 32 150.7 127.58 

August 5, 2015 NE 2.5 38 2920 7 3130 4953 90 498 104 394 96.38 

August 5, 2015 NW 0.5 40 9 3 1150 2721 6 157 36 151.5 149.24 

August 5, 2015 Centre 0.5 34 9 3 1160 3085 7 187 36 180.8 174.93 
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August 5, 2015 Centre 2 34 494 6 1180 2414 2 206 33 200.7 63.38 

August 5, 2015 SE 0.5 38 9 2 1160 2606 6 154 32 117.4 146.44 

August 19, 2015 NE 0.5 65 40 2 1320 2270 6 161 28 155.1 72.22 

August 19, 2015 NE 2 65 61 3 1300 2377 2 193 31 171.8 69.89 

August 19, 2015 NW 0.5 61 23 3 1330 2369 10 177 29 165.2 73.83 

August 19, 2015 Centre 0.5 56 7 <MDL 1230 2204 9 215 28 221.7 106.17 

August 19, 2015 Centre 2 56 104 <MDL 1380 2352 4 166 31 156.9 71.48 

August 19, 2015 SE 0.5 61 <MDL <MDL 1250 2148 15 180 27 167.7 68.22 

 
 

Table C. 5 Paired t-test comparison of water quality parameters for paired samples collected from the surface and bottom of a stratified water 

column (Courtesy of Jeff Kemp). Samples are from 4 study ponds (TT2, MT2, SB4 and south terwillegar town2: ST2). 

Parameter Number of samples 
Surface Bottom 

Statistically Significant Difference (Paired t‐test) 

Untransformed  Log‐Transformed 

Confidence 
P-value 

Confidence 
P-value 

Mean St-Dev Mean St-Dev 95% 99% 95% 99% 

NH3 (µg/L)  112 436.5 953.6 764.2 1291.2 Yes Yes 1.49E‐07 No No 6.47E‐02 

NO2 and NO3 (µg/L) 112 226.3 395.5 782.7 1129.2 Yes Yes 1.86E‐07 Yes Yes 6.33E‐03 

TN (µg/L) 112 1615.6 1448.1 2487.2 1794 Yes Yes 4.43E‐12 Yes Yes 1.11E‐13 

TKN (µg/L) 112 1769.4 1364.4 2005.8 1656.5 Yes No 1.20E‐02 Yes No 2.86E‐02 

SRP (µg/L) 112 63.7 160.5 60.7 138 No No 6.99E‐01 Yes No 4.01E‐02 

TP (µg/L) 112 204.7 251.7 218.1 239.4 No No 4.63E‐01 Yes Yes 6.47E‐03 

TDP (µg/L) 112 85.8 155.4 82.2 137.2 No No 6.40E‐01 No No 2.35E‐01 

TPP (µg/L)  109 106.3 99.9 137.2 163.9 Yes No 4.38E‐02 No No 6.46E‐01 

Chlorophyll-a (µg/L) 112 43.3 70.5 37.4 46.3 No No 2.77E‐01 No No 5.65E‐01 
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Table C. 6 Algae samplings phylum, class and family along with the average percentage in MT2 and TT2 during the modeling periods of 2014 

and 2015. 

 

Algae phylum Algae class Algae family 

MT2 average 

percentage of 

chla 

TT2 average 

percentage of 

chla 

Chlorophyta 

Ulvophyceae Cladophoraceae 6 5 

Chlorophyceae 

 

Chlorosarcinaceae, Characiaceae, Scenedesmaceae, 

Selenastraceae, 

Volvocaceae, Neochloridaceae, Hydrodictyaceae, 

Radiococcaceae, Sphaerocystidaceae, Chlamydomonadaceae, 

Goniaceae, Phacotaceae, Oedogoniaceae, Chlorellaceae 

15.6 19 

Trebouxiophyceae Chlorellaceae, Oocystaceae 4 9.1 

Charophyta Conjugatophyceae Desmidiaceae, Closteriaceae, Zygnemataceae 8 0.8 

Cyanobacteria Cyanophyceae 
Microcystaceae, Nostocaceae, Rivulariaceae, Oscillatoriaceae, 

Pseudanabaenaceae, Spirulinaceae 
43.4 39.5 

Euglenozoa Euglenophyceae Euglenophyceae 18.4 24.3 

Cryptophyta Cryptophyceae Chroomonadaceae 0.5 0 

Dinoflagellata Dinophyceae Gymnodiniaceae, Gymnodiniaceae 0.6 0.5 

Diatom Bacillariophyceae Bacillariophyceae spp 3.5 1.8 
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Appendix D                                                                                                         

CAEDYM water quality estimations 

Table D. 1 The mandatory state water quality variables given to the model (CAEDYM) for MT2 and 

TT2. These estimations have been done by personal communication with Dr. Ralph Smith through Dr. 

Leon Boegman. 

CAEDYM variable Parameter 
Estimated value based on the 

measurements in Appendix B 

PO4 Soluble reactive phosphorus PO4 

DOPL Dissolved organic phosphate TDP-PO4 

POPL Particulate organic phosphate (0.6-0.8) × (TPP) - IP 

PIP Particulate inorganic phosphate TPP-POPL 

IP Internal P loading of phytoplankton C:chla 50:1; C:P (41000-77000):1 

NH4 Ammonium NH4 

NO3 Nitrate NO3+NO2 

DONL Dissolved organic nitrogen (TKN-NH4-PIN)2/3 

PONL Particulate organic nitrogen (TKN-NH4-PIN)1/3 

Algae groups The introduced groups to the model 
Based on percentage × chla 

measurements 
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Appendix E                                                                                                         

Little Silver Lake empirical DO simulation 

 

Figure E. 1 a) Little Silver Lake modeled (using global SOD=0.39 gm-2d-1 and HOD=0.065 gm-3d-1) and 

observed DO, b) the observed temperature in the Little Silver Lake to determine the hypolimnion 

thickness. The details of the observed data can be found in:  

Boegman, L., Shkvorets, I., & Johnson, F. (2012). Hypoxia and turnover in a small ice-covered temperate 

lake. 21 st IAHR International Symposium on Ice (Vol. 1, No. 1). 
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Appendix F                                                                                                        

Simulation files 

This appendix provides an overview on the configuration of CAEDYM simulation. There have been 

4 main files that were used to calibrate MT2 and TT2 and were prepared as the CAEDYM input for each 

run: *.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, 

*.sed and *.chm: 

 

*.con: 

! CAEDYM v3 Configuration File: STORMWATER PONDS 
3.3                       CAEDYM Version Number 
! Biological Configuration: 
! PHYTOPLANKTON ---------- 
 6                        Number of PHYTOPLANKTON groups to simulate 
  1 2 4 5 6 7             Chosen groups to simulate 
 1                        Currency (units): 1=Chl;2=C.andChl params;3=C. andC params 
 6                        Number of phyto groups with variable int. nitrogen stores 
  1 2 4 5 6 7             Chosen groups with variable IN 
 6                        Number of phyto groups with variable int. phosphorus stores 
  1 2 4 5 6 7             Chosen groups with variable IP 
 1e-2                     Minimum allowable biomass for phytoplankton 
!-------------------------------------------------------------------------------! 
! Nutrient/Chemistry Configuration: 
 0                        Simulate Biologically Active Components 
 F                        Type of sediment model (F=STATIC;T=CANDI) 
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*.bio: 

! Biological parameters 
 
! -----------------------------------------------------------------------------! 
  LIGHT constants   ***********************************************************! 
! -----------------------------------------------------------------------------! 
!-- Extinction   FractionOfIncidentSW       Bandwidth                          ! 
     2.00000            0.410               : NIR, Near InfraRed               ! 
     3.00000            0.450               : PAR, Photosynthetically Active   ! 
     2.00000            0.035               : UVA, UV-A Region                 ! 
     4.00000            0.005               : UVB, UV-B Region                 ! 
 
! -----------------------------------------------------------------------------! 
  PHYTOPLANKTON constants *****************************************************! 
! -----------------------------------------------------------------------------! 
! Pmax (/day) : Maximum potential growth rate of phytoplankton                 ! 
     1.20000            !1-DINOF -  
     1.20000            !2-CYANO -  
     1.20000            !3-NODUL -  
     1.20000            !4-CHLOR -   
     1.20000            !5-CRYPT -  
     1.99000            !6-FDIAT -  
     1.99000       !7-FDIAT -  
! Ycc (mg C/mg chla) : Average ratio of C to chlorophyll a                     ! 
    400.00000          !DINOF 
    80.00000            !cyanobacteria     
    60.00000            !nodularia   
    40.00000            !chlorphytes 
    200.00000           !cryptophytes  
    60.00000            !diatoms 
    60.00000            !diatoms  
!------------------------------------------------------------------------------! 
! Light limitation (2=no photoinhibition, 3=photoinhibition)                   ! 
! algt (no units) : Type of light limitation algorithm                         ! 
           2 
           2 
           2 
           2 
           2 
           2 
           2 
! IK (microE/m^2/s) : Parameter for initial slope of P_I curve                 ! 
    140.00000   
    130.00000           
    100.00000            
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    100.00000 
     40.00000 
     60.00000             
     60.00000             
! ISt (uEm^-2s^-1) : Light saturation for maximum production                   ! 
   390.00000             
   1300.0000             
   200.00000             
   100.00000             
   200.00000             
    70.00000             
    70.00000             
! Kep (ug chlaL^-1m^-1) : Specific attenuation coefficient                     ! 
     0.01400             
     0.02000            
     0.02000             
     0.01400             
     0.01400             
     0.02000           
     0.02000             
!------------------------------------------------------------------------------! 
! Nutrient Parameters                                                          ! 
! KP (mg/L) : Half saturation constant for phosphorus                          ! 
     0.02         
     0.02               
     0.02     
     0.02      
     0.02      
     0.02      
     0.02     
! Po (mg/L) :  
     0.00000             
     0.00000             
     0.00000             
     0.00000             
     0.00000             
     0.00400             
     0.00150           
! KN (mg/L) : Half saturation constant for nitrogen                            ! 
     0.07             
     0.07   
     0.07             
     0.07      
     0.07      
     0.07      
     0.07      
! No (mg/L) : Low concentrations of N at which uptake ceases                   !  
     0.00000             
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     0.00000             
     0.00000             
     0.00000             
     0.00000             
     0.00000             
     0.00000          
! Sicon (mg Si/mg Chla) : Constant internal Silica concentration                               ! 
     0.00000             
     0.00000             
     0.00000             
     0.00000             
     0.00000           
     60.0000  
     40.0000           
! KSi (mg/L) : Half saturation constant for silica                             ! 
     0.00000             
     0.00000             
     0.00000             
     0.00000             
     0.00000             
     0.150  0.06200      
     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                            
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     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           
   0.35000E+01                                                               
   0.35000E+01                                                               
   0.35000E+01                                                               
   0.35000E+01                                                               
   0.35000E+01                                                               
   0.35000E+01                 
 ! IPmin (mg P/mg Chla) : Minimum internal P concentration                      ! 
     1.50000             
     0.20000     
     0.20000   
     0.30000 
     0.20000 
     0.28000 0.1   
     0.20000 0.1   
! IPmax (mg P/mg Chla) : Maximum internal P concentration                      ! 
     21.0000            ]                                                                                                                                             
     2.40000   
     0.50000   
     2.40000                    
     1.00000                 
     2.40000   
     2.40000   
! UPmax (mg P/mg Chla/day) : Maximum rate of phosphorus uptake                 ! 
   1.00000E+00      
   1.0000E+01      
   1.0000E+00                                                               
   0.10000E+01       
   1.00000E+00       
   1.00000E+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 
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    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 
    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                                                   ! 
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! 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   
    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                                     ! 
     0.11000  
     0.11000   
     0.10000    
     0.11000   
     0.11000   
     0.11000   
     0.11000   
! vR (no units) : Temperature multiplier (no units)                            ! 
     1.04000                                                               
     1.06000                                                               
     1.06000                                                               
     1.08000                                                               
     1.08000                                                               
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     1.09000                                                               
     1.03500                                                               
! Fraction of respiration relative to total metabolic loss rate                ! 
     0.65000E+00            (DINOF)   !                           
     0.50000E+00            (CYANO)  !  
     0.50000E+00            (NODUL)  ! 
     0.20000E+00            (CHLOR)  !  
     0.20000E+00            (CRYPT)  !  
     0.50000E+00            (FDIAT)  !  
     0.50000E+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)  !  
!------------------------------------------------------------------------------! 
! 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                    ! 
     0.00000   
     0.00000            cyanobacteria                              
     0.00000            nodularia                                          
     0.00000            chlorophytes                                       
     0.00000            cryptophytes                                       
     0.00000            marine diatoms                                     
     0.00000            f'water diatoms   
! c5 (mhr^-1) : Rate for nutrient dependent migration velocity                 ! 
     0.00000   
     0.00000            cyanobacteria                              
     0.00000            nodularia                                          
     0.00000    chlorophytes                         
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     0.00000            cryptophytes                                       
     0.00000            marine diatoms                                     
     0.00000            f'water diatoms   
! IKm (uEm^-2s^-1) : Half saturation constant for density increase             ! 
    26.00000                                      
   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            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            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       ! CYANO -  
-0.08500E-05       ! CHLOR -  
-0.23000E-06       ! NODUL -  
-0.23000E-06       ! CRYPT -  
-1.00000E-05       ! MDIAT -  
-1.00000E-05       ! FDIAT -  
! oth (mg O/L) : DO threshold which motile phytos will not migrate below       ! 
 1.00000E+00                                                               
 0.00000E+00                                                               
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 0.00000E+00                                                               
 0.00000E+00                                                               
 0.00000E+00                                                               
 0.00000E+00                                                               
 0.00000E+00                                                               
! Resuspension                                                                 ! 
! tcpy (N/m^2) : Critical shear stress                                         ! 
     0.02000   dinoflagellates                                  
     0.00100            cyanobacteria                             
     0.00100            nodularia                                         
     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            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                                                               
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     0.00000  
! mX  : Temperature decay constant for metabolites                             ! 
     0.00000                                                               
     0.01000                                                               
     0.01000                                                               
     0.00000                                                               
     0.00000                                                               
     0.00000                                                               
     0.00000  
 
 
 
*.sed: 
 
! Sediment parameters  
   STATIC SEDIMENT constants 
! Theta(sed)           : Temp multiplier of sediment fluxes                    ! 
     1.05                                                                      ! 
!-- SEDIMENT OXYGEN DEMAND 
     1.30000   rSOs   (g/m^2/day) : Sediment exchange rate ! 
     0.70000   KSOs   (mg O/L) : 1/2 sat constant for static DO sediment flux  ! 
!-- NUTRIENT FLUXES                                                            ! 
! PO4 sediment flux                                                            ! 
     0.04000          SmpPO4 (g/m2/day) : Release rate of PO4                 ! 
     1.0000            KOxS-PO4 (g/m^3)  : Controls sed release of PO4 via O   ! 
! NH4 sediment flux                                                            ! 
     0.09000           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                                                            ! 
     0.03000           SmpNO3 (g/m2/day) : Release rate of NO3                ! 
     0.0300           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                  ! 
     4.0000           KDOS-Si (g/m^3)   : Controls sed release of Si via O    ! 
! DOC sediment flux                                                            ! 
     0.00500           SmpdocL (g/m2/day): Release rate of DOCL ! 
     0.08000           SmpdocR (g/m2/day): Release rate of DOCR                ! 
     0.00500           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   ! 
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*.chm: 

! ------------------------------------------------------------------------------ 
   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) ------!                                              !  
   0.07              POC1max (/day)    : Max transfer of POCL->DOCL          ! 
   0.0050              POC2max (/day)    : Max transfer of POCR->DOCR          ! 
   0.03              POP1max (/day)    : Max transfer of POPL->DOPL ! 
   0.0050              POP2max (/day)    : Max transfer of POPR->DOPR          ! 
   0.005              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         ! POM1 (eg. LABILE)                                      
   0.50000E-04         ! POM2 (eg. REFRACTORY)                                  
! POMDensity (kg/m^3)  : Density of POM particles                               
   0.10050E+04         ! POM1 (eg. LABILE)                                      
   0.10050E+04         ! POM2 (eg. REFRACTORY)                                   
! tcPOM (N/m^2)        : Critical shear stress for respn                       
   0.0020              ! POM1 (eg. LABILE)                                      
   0.0020              ! POM2 (eg. REFRACTORY)                                  
! KePOC (mg/L/m)       : Specific attenuation coefficient of POC                
   0.02000E+00         ! POC1 (eg. LABILE)! 
   0.02000E+00         ! POC2 (eg. REFRACTORY)!                       
!-------------------------------!                                               
! DISSOLVED ORGANICS (DOM)                                                      
   0.011              DOC1max (/day)    : Max mineralisation of DOCL->DIC     !  
   0.001             DOC2max (/day)    : Max mineralisation of DOCR->DIC     ! 
   0.010             DOP1max (/day)    : Max mineralisation of DOPL->PO4     !  
   0.0005             DOP2max (/day)    : Max mineralisation of DOPR->PO4     ! 
   0.003              DON1max (/day)    : Max mineralisation of DONL->NH4      ! 
   0.0005             DON2max (/day)    : Max mineralisation of DONR->NH4     !  
! KeDOC (mg/L/m)       : Specific attenuation coefficient of DOC                
   0.0100E+00         ! DOC1 (eg. LABILE)                                      
   0.0100E+00         ! DOC2 (eg. REFRACTORY)                                  
! Salinity bounds for DOCr flocculation                                         
   1.0000              Smindoc                                                 
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   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 !  
     0.15000           koN2 (/day)       : Denitrification rate coefficient    !  
     0.40000           KN2  (mg/L)       : Half sat const for denitrification  ! 
     1.08000           vON  (-)          : Temp multiplier for nitrification   !  
     0.50000           koNH (/day)       : Nitrification rate coefficient      !  
     0.50000           KOn  (mg O/L)     : Half sat constant for nitrification ! 
     3.42857           YNH  (mg N/mg O)  : Ratio of O2 to N for nitrification  ! 
      
 


