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Abstract 

Wastewater stabilization ponds (WSP) are effective secondary or tertiary treatment systems, however 

simple water quality models that assume the ponds behave as either completely stirred tank reactors 

(CSTR) or plug flow systems are commonly used in design. These models consider a WPS to be a 

homogeneous or a one-dimensional system, respectively, and critically neglect spatial variability in 

hydrodynamics that leads to poor characterization of variability in residence time, biogeochemistry and 

removal efficiency. Despite these shortcomings, CSTR and plug-flow models are still used for pond 

design because of their simplicity. This thesis explores the application of fully three-dimensional (3D) 

computational models capable of being applied to develop better design guidelines that will assist 

municipalities in meeting effluent regulations. 

Some 3D models that have been applied to WSPs, neglect complex biochemical reactions and are limited 

to use first order decay removal. To date, no calibrated water quality model that can simulate complex 

biochemical processes and is coupled with a calibrated 3D hydrodynamic model has been applied to a 

WSP. The present study focuses on development of a 3D water quality model of a secondary facultative 

pond coupled with a 3D hydrodynamic model. The calibrated water quality model was also coupled with 

CSTR (0D) and plug flow (1D) hydrodynamic models to show the disadvantages of these simplified and 

widespread assumptions in WSP modelling.  

The 3D numerical model reproduced the observed WSP effluent nutrient, dissolved oxygen, pH, and 

phytoplankton seasonal dynamics and quantitatively reproduced nutrient removal (5-7% error). The 

model was extended to investigate the effect of physical changes in pond design (inlet location, baffle 

configuration, wind sheltering, depth) on performance, which revealed that increasing the depth of the 

pond and constructing wind sheltering improved pond performance. Removing baffles had no impact on 

nutrient removal efficiency and relocating the inlet to the surface reduced the pond efficiency. The 0D 

and 1D models over-predicted effluent concentration of all substances, with the exception of pH and 

dissolved oxygen since the nutrients were typically sequestered near the bottom of the pond during 
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stratified conditions. Mixing events from wind and buoyant inflows caused the model predictions to 

converge with consistent vertical distributions. The numerical results from this thesis provide a detailed 

view of biogeochemical processes in WSPs and suggest that future designs should consider the influence 

of 3D hydrodynamics on nutrient removal and pond performance. 
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Chapter 1 Introduction 

1.1 Background 

Numerous techniques are being applied in order to treat domestic wastewater. These techniques 

are classified into two groups: conventional and non-conventional. The conventional approaches 

typically have high-energy requirements (Awuah 2006), while non-conventional systems rely on 

natural processes to treat wastewater. Conventional treatment plants include activated sludge, 

rotating biological contactors, aerated lagoons and trickling filters (Wang, Pereira, and Hung 

2009). Non-conventional systems, include constructed wetlands and waste stabilization ponds. 

Wastewater stabilization ponds (WSP) are one of the most popular nonconventional system in 

small, remote, rural and developing countries (Kayombo et al. 2000). 

Where land is inexpensive and available, WSPs have considerable financial advantages over 

other treatment systems such as activated sludge or trickling filters: (i) low cost of construction 

and maintenance, (ii) low energy consumption (iii) skilled operational workers are not required 

(Kayombo et al. 2005). Accordingly, these effective systems have been used around the word 

(Safieddine 2007, Sutherland et al. 2015). WSPs, generally known as lagoons, are normally 

classified into three different types of ponds, anaerobic, facultative and maturation ponds (Sah, 

Rousseau, and Hooijmans 2012, Khalil et al. 2008 and Olukanni and Ducoste 2011a). They can 

be used individually or in series to depending on the type and extent of treatment required 

(Wallace 2013). 

However, WSPs have been an interesting area for researchers since the various pollutant removal 

processes are still not entirely understood due to the complex interactions between physical, 

chemical and biological processes (Sah et al. 2011). Numerical modelling can be used as an 

important low cost tool to gain more insight into WSP systems. 

WSPs must be designed such that their effluent, to a receiving natural waterbody, meets 

environmental discharge regulations. Existing design equations in order to meet these regulations 
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for ponds have been developed according to reactor models which can be very different from the 

real conditions, such as a completely stirred tank reactor (CSTR) or a plug-flow reactor systems 

(Nameche and Vasel 1998). Models based on CSTR (zero-dimensional (0D)) and plug flow (one-

dimensional (1D)) have a historical precedent and engineers have been willing to use these simple 

and affordable methods for the past 35 years (Buhr et al. 1983). The 0D and 1D models are able 

to predict effluent concentration; however, they cannot investigate spatially and temporally 

variable effects such as wind forcing, thermal stratification, baffle placement, inlet location, etc. 

These models consider a WPS to be a homogeneous or a 1D system. Critically, these models 

neglect spatial variability in hydrodynamics; leading to poor characterization of in-pond 

variability in residence time, waste dispersion and removal efficiency. Despite these 

shortcomings, CSTR (0D) and plug-flow (1D) models are still used for pond design. Therefore, it 

is anticipated that fully 3D models could be used to develop better design guidelines that would 

assist municipalities in meeting effluent regulations. A number of the 3D models developed to 

date, neglect the complex biochemical reactions of these systems, which limits them to using first 

order decay removal. To date, no calibrated water quality model that can simulate complex 

biochemical process in a WSP has been developed and coupled with a three dimensional (3D) 

hydrodynamic model. However, a preliminary 3D water quality model of the WSP investigated in 

the present study was developed by Schueder (2016). These results need further calibration. 

The focus of this study is first to set up a comprehensive water quality model, coupled with a 

calibrated 3D hydrodynamic model, using the Open Process Library Configuration tool (OPLCT) 

of the Delft3D (WAQ) (Deltares 2016a) module that allows the option for manual entry of 

equations for biogeochemical processes. The model was calibrated with weekly measured data, 

then extended to investigate the effect of changes in pond design (e.g., inlet location, baffle 

configuration, wind sheltering, depth) on performance; to identify the design factors that improve 

system operation. WAQ was also run coupled to models based on the CSTR (0D) and plug flow 
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(1D) assumptions to assess the effect these common formulations on water quality simulation by 

comparing their effluent properties to those of the full 3D model. 

1.2 Layout of the thesis  

Chapter 2 presents a review of WSPs systems for the treatment of domestic wastewater, then 

provides a review of existing water quality models for predicting WSP hydrodynamics and/or 

water quality, chosen processes and biochemical reactions for the modelling are described. 

Chapter 3 presents results from a 3D water quality model coupled with a calibrated hydrodynamic 

model applied to simulate a WSP. The calibration was completed using existing observations of 

weekly effluent data from the WSP. Moreover, this chapter discusses stratification, mixing, and 

the physical factors that control vertical mixing. The model was extended to investigate the effect 

of physical changes in pond design using four scenarios; A) increasing length to width ratio by 

removing the baffle, B) increasing depth to width ratio by doubling the pond depth C) changing 

the inlet location from the bottom to the surface and D) decreasing the wind speed by 50% from 

wind sheltering around the pond. 

Chapter 4 introduces two widespread WSP models: CSTR and plug flow. The calibrated 3D 

model was applied to simulate these simplified regimes to show the comparative advantages of 

using a 3D model. Effluent properties resulting from the three models were compared and 

discussed in the chapter. Finally, a summary and conclusions follow in Chapter 5.  
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Chapter 2: Literature Review 

2.1 WSPs for municipal wastewater treatment 

Municipal wastewater treatment usually includes primary and secondary treatment. However, 

environmental regulations have become more stringent and advanced tertiary treatment is often 

required (Wu, Yang, and Lin 2005). Primary treatment includes removing solid materials (large 

particles, sand, gravel, etc.) with equipment like bar screens and grit chambers to prepare the 

wastewater for the next level of treatment.  Primary treatment includes septic tanks for separating 

grease and solids from wastewater. After several hours of holding wastewater in the tank, the 

particles settle to the bottom and grease remains on the surface. After this step, biological 

secondary treatment starts. The aim is the removal of organic matter from wastewater. Lagoons 

called Wastewater Stabilization Ponds (WSPs) are one of the common approaches used to 

accomplish secondary treatment. They are shallow ponds that hold wastewater to allow natural 

processes to treat the sewage (Loucks and van Beek 2005). Tertiary treatment further decreases 

the residual constituents in secondary sewage effluent. WSPs can also be used as efficient 

tertiary-level treatment (Park, Craggs, and Shilton 2011).  

2.1.1 Classification and characteristic of WSPs 

WSPs are earthen embankments, constructed in a low permeability soil or synthetic material that 

contain wastewater. These ponds are used to effectively treat wastewater by natural processes and 

are known to remove BOD, nutrients and, in some cases pathogens (Schueder 2016). WSPs can 

be generally divided into three types that are often used in series with a variety of operating 

depths and biochemical environments. The first in a series is anaerobic, usually 2-5 m deep that is 

primarily designed to increase settling and the bulk removal of organic loading. BOD removal is 

achieved due to sedimentation and biological anaerobic degradation (Sah et al. 2012). The second 

is a facultative pond, 1-2.5 m in depth, which receives low to medium organic loading. The 
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treatment of wastewater in a facultative pond is the result of the oxidation of organic matter in the 

upper layers, the oxygen mainly produced by algal photosynthesis, and anaerobic processes in the 

benthic layer (Wang et al. 2009). Finally, the maturation pond is 1-1.5 m deep and the water 

column is primarily aerobic. Maturation ponds are design to remove pathogens by mechanism 

such as UV disinfection and high pH (Sah et al. 2012). Figure 2-1 shows the features of 

anaerobic, facultative and maturation ponds. 

 

Figure 2-1 The features of three typical WSPs 1-anarobic 2-facultetive 3- aerobic 

(https://www.sswm.info) 

2.2 Treatment Processes 

WSPs provide an environment to remove organic matter, total suspended solids (TSS), nitrogen 

(N), and phosphorous (P). The physical biogeochemical treatment processes in WSPs are 

introduced below.  
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2.2.1 Mineralization of organic matter 

Mineralization or degradation of organic matter is microbiologically mediated. Organic matter 

(detritus) is produced when algae and aquatic plants die off. Detritus may also arise from organic 

matter present in discharged wastewater. The microbial decomposition of detritus into its basic 

inorganic components such as carbon dioxide, ammonium, phosphate and sulphide is called 

mineralization (Deltares 2016b). In WSPs, organic matter is removed through heterotrophic 

bacteria in the aerobic zone through oxidation. Growth of these bacteria depends on BOD, 

nutrients and dissolved oxygen (DO), some bacteria can survive in both oxygenated and anoxic 

environments and oxidize organic matter. They depend on nitrate, in the absence of oxygen, to 

stabilize organic matter (Sah 2009). Anaerobic conversion of organic matter to biogas may also 

occur in the lower anaerobic zone (Wang et al. 2009).  

2.2.2 Algal processes 

Algae are autotrophic and photosynthetic with some taxa being heterotrophic (Bellinger 2010). 

They form an integral part of facultative and maturation pond in relation to diurnal variations in 

DO and pH, the utilization of nutrients, as well as their decay and contribution to total suspended 

solid (TSS). Algae types in a WSP depend on local ecosystem and they can vary significantly in 

WSPs (Wang et al. 2009).  

Algal metabolism is autotropic; they use carbon dioxide (CO2) and light to produce organic 

matter and oxygen through photosynthesis. This reaction requires sunlight, hence it is restricted to 

the daytime.  

The opposite reaction of photosynthesis is respiration and involves utilizing oxygen for oxidation 

of organic compounds to produce energy (Sah 2009). Photosynthesis causes diurnal variations in 

CO2 and dissolved oxygen (DO) concentrations with changes in solar radiation. The utilization of 

CO2 by algae changes the equilibrium concentration of total dissolved inorganic carbon (TIC), to 
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a new equilibrium state at higher pH (Kayombo et al. 2000, Bello, Ranganathan, and Brennan 

2017, Liu 2018).  

The growth of algae depends on temperature, pH and availability of nutrients and light (Kayombo 

et al. 2000 , Beran and Kargi 2005). It can be modelled as function of these variables. Algal 

mortality is a natural process and contributes to sediment as organic matter. 

2.2.3 Nitrogen removal 

The two main forms of nitrogen in WSPs are nitrate (NO3
-) and ammonium (NH4

+). Excluding 

uptake of nitrogen by algae, nitrogen is removed in a WSP by nitrification, denitrification, 

settling of detritus and volatilization (Senzia et al. 2002). Nitrification is two-step biological 

process that takes place in the aerobic zone. Biological oxidation of ammonia or ammonium to 

nitrite and then to nitrate. Nitrification depends on temperature, pH and oxygen concentration; the 

optimal condition is a temperature greater than 8 °C, pH 6-9 and DO>1 mgl-1. Denitrifying 

heterotrophic bacteria oxidize organic matter by reducing nitrate to nitrogen oxide and nitrogen 

gas in the absence of oxygen. Optimal conditions for denitrification are a temperature greater than 

10 °C, pH 7-8.5 and DO<1 mgl-1 (Sah 2009). Ammonia volatilization is escaping ammonia from 

the water column at high pH (pH>8,3). This phenomenon is reported to be negligible in WSPs 

(Kayombo et al. 2000, Sah et al. 2011) as long as operating pH levels remain below 8.3. 

2.2.4 Phosphorous removal 

The removal of phosphorous from WSPs is usually low, and considered to occur via algal uptake, 

sedimentation, adsorption and precipitation (Schueder 2016). Precipitation depends on pH, 

temperature, and phosphate and cation (Fe2+, Ca2+) concentration. Inorganic phosphate maybe 

removed by adsorption to sludge at the bottom of the pond. The main process for phosphorous 

removal is uptake by plants and algae into their biomass, accounting for 25-50% of phosphate 

removal (Wallace 2013).  

https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Ammonia
https://en.wikipedia.org/wiki/Ammonium


8 

 

2.2.5 Other Important Processes  

2.2.5.1 Sedimentation 

Sedimentation is the process of settling of organic and inorganic particles, including dead algae. 

Organic nitrogen and phosphorous can be removed from wastewater through sedimentation. 

Sedimentation of biomass is the primary mechanism for organic nitrogen removal in the 

anaerobic zone (Schueder 2016). 

2.2.5.2 Advection and diffusion 

Hydraulics in WSPs are the driver for transport of dissolved and particulate substances and heat. 

Advection and diffusion are the transport modes in ponds that facilitate pond mixing to increase 

pond efficiency. Substrate transport in bulk water flow is determined by advection, dispersion and 

reactions terms (Polprassert and Agarwalla 1994). The physical transport of matter and heat can 

be modelled by an advection-diffusion equation in three dimensions.   

2.2.5.3 Reaeration (air-water exchange of DO or CO2) 

The reaeration rate is a linear function of the difference between the saturation and actual gas 

concentration at the ambient temperature and salinity. This process is controlled by the difference 

between the saturated and actual gas concentrations and the velocity difference between the water 

and the overlying air (Chao et al. 2007). 

2.2.5.4 Temperature 

Temperature is an important parameter for most of biochemical reactions in WSPs. Temperature 

affects the hydraulic properties in WSPs through stratification. It affects the solubility substances 

in WSPs as well. 

2.2.5.5 Sunlight 

The amount of sunlight affects treatment processes significantly in WSPs. In addition to the heat 

effects of solar radiation on biological and chemical kinetics, it has strong effect on 
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photosynthesis. Solar radiation also increases disinfection removal in WSPs, directly through UV 

radiation (Schueder 2016). 

2.3 Water quality modelling of WSPs 

Several numerical models have been developed for WSPs in the last decade, which are discussed 

in this section.  

2.3.1 Existing models 

The first water quality WSP modelling studies were in the 1990s and evolved over time from 

simplified CSTR (0D) or plug flow (1D) models to fully 3D and from using simple first order 

decay reactions to complex biochemical processes.  

Water quality models use different methods to define biochemical processes. Several studies have 

used simple first order decay to simulate BOD, chemical oxygen demand (COD) and E. coli 

removal such as those presented by Salter et al. (2000), Shilton (2000), Shilton and Harrison 

(2003), Shilton and Mara (2005), Abbas, Nasr, and Seif (2006), Badrot-Nico et al (2010) and 

Olukanni and Ducoste (2011b). On the other hand, some models consider a combination of 

biochemical processes to model water quality in WSPs as reported in Moreno-Grau et al. (1996), 

Kayombo et al. (2000), Senzia et al. (2002), Beran and Kargi (2005), Houweling et al. (2005), 

Sah et al.( 2011) and Bello et al. (2017).  

Different water quality parameters were considered in different studies for instance, Moreno-Grau 

et al. (1996), Beran and Kargi (2005), Bello et al. (2017) and Sah et al. (2011) studied nutrient 

and carbon removal. In contrast some authors focused on one particular parameter; for example 

Kayombo et al. (2000) focused on oxygen with respect to primary production, temperature and 

oxidation of organic matter.  

Studies that considere complex biochemical reactions instead of simple first order decay, usually 

assume simplified hydrodynamic conditions like CSTR and plug flow (Moreno-Grau et al. 1996, 

Kayombo et al. 2000, Senzia et al. 2002, Bello et al. 2017). Other models with realistic 3D 
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hydrodynamic conditions simply consider first order decay of BOD or E. coli (Shilton 2000, 

Shilton and Mara 2005, Shilton and Harrison 2003 ,Badrot-Nico et al. 2010, Olukanni and 

Ducoste 2011b).  

WSPs models presented in the literature focused on hydrodynamics (not discussed in this section) 

or water quality. Studies considering both are limited (Beran and Kargi 2005, Sah et al. 2011s, 

Schueder 2016). 

The model developed by Beran and Kargi (2005) includes complex biochemical reactions and 

simulates nutrients, algae and bacteria in a WSP calibrated against data  from a full scale pond. 

However, they developed a 2D model and did not consider variations in the width.  

Sah et al. (2011) developed a 3D biochemical model in a facultative pond based on an activated 

sludge model, although this study did not compare simulations to any observed data from a full-

scale pond.  

Schueder (2016) applied Delft3D FLOW-WAQ to the same WSP as presented in the current 

study. However, the setup was different, in that it included oedogonium, milfoil and potamogeton, 

which were not validated against observations. This differs from the present study, where green 

algae (Wallace et al. 2016), diatoms and flagellates (Leon et al. 2011) are included in the 

simulations and validated against observed total Chl-a. The hydrodynamic results from Schueder 

(2016) including temperatures, currents and water balance were also not calibrated against 

observed data. Quantitative analysis (e.g., RMSE) of the results was not performed and his 

qualitative results for DO, PO4
3- and alkalinity did not capture all of the seasonal variation. Based 

on these results, there was a need to calibrate Delft3D-FLOW against hydrodynamic observations 

(Rey et al. 2018) and improve upon the WSP parameterization and calibration in WAQ. 

In summary, a number of models have been developed to predict effluent or removal efficiency 

over the past several decades, they have primarily been CSTR (0D) or one dimensional (1D), 

with three-dimensional (3D) modelling of stabilization ponds being limited. The 3D models that 
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have been applied have lacked data for proper validation of the biogeochemistry and/or 

hydrodynamics. 

2.4 Objectives 

Based on the literature review, it is clear that there are several possible avenues of investigation in 

the application of a coupled 3D hydrodynamic and biochemical model to a WSP.  Specifically, 

this thesis aims to: 

 

 Quantitatively calibrate a 3D coupled hydrodynamic and biochemical model applied to a 

municipal WSP; 

 Apply the validated model to investigate the effect of changes in pond design on effluent 

water quality; 

 Quantitatively compare simulation results between the fully 3D model and CSTR (0D) 

and plug flow (1D) models, to understand the limitations in applying lower dimensional 

models to simulate WSPs. 
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Chapter 3: Three-dimensional Biogeochemical and Water Quality 

Simulation of a Wastewater Stabilization Pond 

3.1 Abstract 

In this study, three-dimensional coupled hydrodynamic and biogeochemical models (Deflt3D-

WAQ) were used to evaluate the ability of the models to reproduce circulation and water quality 

conditions in an Amherstview Wastewater Pollution Control Plant (WPCP) wastewater 

stabilization pond (WSP). The pond is located in eastern Ontario, Canada, and was modelled over 

a seven-months period from April to October, 2014 with model results calibrated against weekly 

observations. The model results were compared with observations, and the biogeochemical 

results indicate that the simulated variables showed reasonable low root-mean-square-error 

including: alkalinity (+/- 32 gHCO3m-3), dissolved oxygen (+/- 1.9 gm-3), NO3- (+/- 1.8 gNm-3), 

PO4
3- (+/- 0.1 gPm-3), NH4

+ (+/- 0.1 gNm-3), pH (+/- 0.4), green algae, diatoms and flagellates. 

The calibrated model was extended to investigate the effects of changes in pond design on 

treatment efficiency including: removing the baffle, increasing the depth, increasing wind 

sheltering and relocating the influent pipe location from the bottom to the surface and the results 

provide new insight into WSP design considerations. 

3.2 Introduction  

Wastewater stabilization ponds (WSPs) are an efficient simple way to treat municipal wastewater 

and are widely used in the world. Biogeochemical processes, such as settling, oxidation and 

nutrient uptake, provide treatment in WSP systems (Beran and Kargi 2005).  

These systems generally include continuous discharge through a series of anaerobic, facultative 

and maturation ponds. The first anaerobic pond removes most of the suspended solids and some 

organic matter. The remainder of the organic matter is eliminated by algal and heterotrophic 
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bacteria activity in the facultative pond. Finally, in the maturation pond, pathogens are removed 

(Olukanni and Ducoste 2011b).  

Mathematical models of WSPs can provide an understanding of the treatment processes, to 

improve performance, such that effluent quality meets regulatory discharge requirements 

(Alvarado et al. 2012). Although a number of models have been developed over the past several 

decades, they have primarily been CSTR (0D) or one dimensional (1D), with three-dimensional 

(3D) modelling of stabilization ponds being limited (Dochain et al. 2003, Sah et al. 2012). The 

3D models that have been applied have had limited data to allow for proper validation of the 

biogeochemistry (Sah et al. 2011) and/or hydrodynamics (Schueder 2016).  

This chapter is divided to four sections, where I: (1) apply a coupled hydrodynamic and 

biogeochemical model (Deflt3D-WAQ) to evaluate the ability of the model to reproduce 

circulation and water quality conditions in a WSP; (2) calibrate the model with observed data; (3) 

assess the use of the model to improve the performance of the pond in terms of water quality and; 

(4) investigate the effect of changes in pond design (e.g., inlet location, baffle configuration, wind 

sheltering, depth) on the performance.  

3.3 Methods 

3.3.1 Study site 

The WSP (WSP-2 in Figure 3-1) is located at the Amherstview Municipal Water Pollution 

Control Plant (WPCP) in eastern Ontario, Canada (44.220 lat, -76.660 long). The WPCP treats an 

average of 3,696 m3d-1 of municipal wastewater and includes an activated sludge treatment 

process followed by tertiary treatment in three in-series facultative WSPs numbered, for historical 

reasons, in order of flow direction as WSP-2, WSP-1 and constructed wetland (CW). The average 

ponds depths are 1.61 m, 1.41 m, respectively (Figure 3-1). Hydraulic retention times, estimated 

based on the WSP effluent and WSP volume, are 16 and 8 days (Wallace, Champagne, and Hall 
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2016). The first of the three facultative ponds, WSP-2, is the subject of the present study. This 

pond has a baffle in the middle, an inlet pipe near the bed and a surface weir for the outlet. 

230 m

N

 

Figure 3-1 Schematic of Amherstview WPCP (44.220 lat, -76.660 long) with the locations of 

three WSPs indicated (Google Earth). WSP-2 in modelled in the present study 

3.3.2 Model structure 

The Delft3D numerical model has several modules including FLOW to simulate hydrodynamics 

and WAQ to model water quality processes. In the present application, FLOW was coupled with 

WAQ to include hydrodynamic effects on water quality. FLOW is based on the Reynolds-

averaged Navier–Stokes equations for incompressible fluids. Turbulence closure was simulated 

using a standard k–ε model. Validation of FLOW is given in a companion study (Rey et al. 2018). 

In WAQ, an advection–diffusion Equation (3-1) was used to model transport (Deltares 2016a).  

 

 
3-1 
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Where  is flow velocity,  the concentration gradient, S is a 

source or sink, is the diffusion tensor and  are biological, bacteriological, ecological, 

chemical or other reactions  

The pre-computed hydrodynamics were applied at each time step to solve Equation 3-1 for all 

computational cells and state variables. In the present application, FLOW was run with a 0.02 s 

timestep and output was saved every 5 minutes to couple with WAQ, which was subsequently run 

with a 1 minute timestep on a grid with 150 x 30 horizontal cells, varying in length from 1 to 4 m, 

with 4 vertical sigma levels over the 1.61 m depth (Figure 3-2; (Rey et al. 2018)). 

The present study does not validate the hydrodynamic flow model. This was done in a companion 

study (Rey et al. 2018), where the modelled water level results closely matched measured values, 

with an r2 value of 0.91 and a root mean square error (RMSE) of 0.036 m and modelled 

temperatures qualitatively reproduced observations (Alexander Rey, unpublished data). The 

present work extended the hydrodynamic simulation to a different time period, when water 

quality data was available, and implemented the WAQ module.  Hourly surface meteorological 

data, to drive the model, was from the Environment and Climate Change Canada station at 

Kingston Airport, which is 10.8 km from the WSP.  Hourly air temperature, wind speed and wind 

direction for the simulation are given in Appendix C. 

 

 WAQ has a library of biogeochemical reactions that are user selected based on processes to 

include in a particular study. In the Processes Library, a process is defined as being physical, 

chemical or biochemical. A conceptual model for the reactions included in the simulations is 

shown in Figure 3-3.   
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Figure 3-2. WSP-2 schematic showing model grid cells, baffle, inlet, outlet and bathymetric 

depths in meters (Rey et al. 2018) 

 

Figure 3-3 Conceptual model of all biogeochemical state variables, major links between 

variables are shown by arrows; note that secondary links have been omitted for clarity. 
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3.3.3 Model set-up and calibration  

The 3D hydrodynamic model, was forced with wind, free-surface thermodynamics and hydraulic 

flow (Rey. et al. 2018). The output from FLOW was coupled to WAQ to start a water quality 

simulation. Twelve variables from the WAQ library were chosen to simulate interactions between 

nutrients, algae and dissolved oxygen (following Leon et al. 2011), including four dissolved 

inorganic nutrients: phosphate (PO4
3-), nitrate (NO3

-), ammonium (NH4
+), total inorganic carbon 

(TIC); three dissolved organics (DOC, DON, and DOP) and three particulate detrital organic 

matter groups (POC, PON, & POP); total suspended solid (TSS); and dissolved oxygen (DO). 

Since dissolved silica did not change significantly from ~3 gSim-3 it was considered constant 

during the simulation. Green algae, diatoms and flagellates were selected as representative 

phytoplankton (Leon et al. 2011, Wallace et al. 2015). The associated processes and parameters 

were chosen based on Figure 3-3 in the WAQ library. Sensitivity runs were applied to develop 

the best WAQ equation set. Calibrated parameters from the model are presented in Appendix A. 

Water quality data for the WSP effluent (at the outlet) were used for model calibration. These 

data were provided by Loyalist Township. The pond effluent samples were generally collected 

weekly, between 10 am and 12 pm, analyzed and reported by the operators of the WPCP. 

Observed phytoplankton chlorophyll-a (Chl-a) concentrations were also collected using a Hach 

Hydromet Hydrolab© DS5 as part of another study (Schueder 2016).  

3.3.3.1  Initial conditions 

The initial conditions were assumed to be spatially constant and set to the measured values of the 

pond effluent at model initialization. Table 3-1 shows initial values of major chemical 

parameters, all were measured except TIC and Chl-a, which were not available. TIC was 

estimated by calculation from alkalinity and pH (Deltares 2016b). Chl-a was estimated based on 

average pond values in early spring in recent years (2015-2017). It was expected that the model 
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would take less than the 16-day hydraulic retention time to equilibrate from the initial conditions. 

Simulations were run from 1 April to 31 Oct, 2014. 

Table 3-1 Initialization values of major chemical parameters on 1 April. 2014 

PO4
3+ 

(mgP/L) 

NO3
- 

(mgN/L) 

NH4
+ 

(mgN/L) 

Alkalinity 

(mgHCO3/L) 

DO 

(mg/L) 

TIC 

(mgC/L) 

pH Chl-a 

(μg/L) 

0.04 11.3 0.07 146.4 20.6 28.4 8.23 84.13 

3.3.3.2 Boundary conditions 

The inflow boundary conditions for the model were the state variables concentrations were 

determined from weekly samples collected from the activated sludge facility, located upstream of 

the pond at the WPCP. The boundary condition concentrations of NO3
-, PO4

3-, NH4
+, alkalinity, 

pH, DO, TSS and flow rate are shown in Figure 3-4. POC, PON, and POP were estimated based 

on measured TSS values (considering all to be organic particulate matter), using 18:8:1 as C:N:P 

ratio (Zhao et al. 2010). TIC were calculated as for the initial condition (Deltares 2016b). The 

influent temperature was provided by the Delft3D FLOW module (Rey et al. 2018). The influent 

Chl-a concentration from the activated sludge effluent was taken as zero.  
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Figure 3-4 Model boundary conditions for (a) NO3
-, (b) PO4

3-, (c) NH4
+, (d) alkalinity, (e) 

pH, (f) DO, (g) TSS and (h) flow rate 

3.4 Result and discussion 

3.4.1 Comparisons between model and observations 

Comparisons between effluent water quality parameters and predictions by the model are shown 

in. Associated root-mean-square errors (RMSE) showed low errors which were: alkalinity=32 

gHCO3m-3, DO =1.9 gm-3, NO3
-=1.8 gNm-3, PO4

3-=0.1 gPm-3, NH4
+=0.1 g Nm-3 and pH=0.4.  
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Figure 3-5 Time series comparing simulated and observed (a) NO3
-, (b) PO4

3-, (c) NH4
+, (d) 

alkalinity, (e) pH, (f) DO. Comparisons are at the pond outlet, with observations being 

measured at the surface at 9:00 am. 

NO3
- concentrations decreased in the summer compared to spring, due to higher denitrification 

during summer (Figure 3-5 (a)), in the fall NO3
- concentrations increased as temperature and 

denitrification decreased (Senzia et al. 2002). This seasonal variation was modelled with the 

lowest NO3
- concentrations occurring during the summer.  

Low concentrations of NH4
+ were expected in the spring due to the high algal demand. During the 

summer, with rising temperatures, mineralization rates and NH4
+ concentrations increased 

compared to the spring (Figure 3-5 (c)). In the fall, cooling temperatures led to decreasing 

mineralization and NH4
+ concentrations. Modelled results captured this seasonal variation.  
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Alkalinity (Figure 3-5 (d)) concentrations were noted to be the lowest and highest during the 

spring and summer seasons, respectively, which mirrored model predictions. The utilization of 

CO2 by photosynthetic algal activity tends to increase pH in WSP systems (Bello et al. 2017). 

Predicted pH exhibited a similar trend, with increasing algal concentrations elevating pH and 

decreasing algal concentrations lowering pH (Figure 3-5 (f) and Figure 3-6).  

Variation in PO4
3- concentrations depends on algal growth and the influent loading concentration 

to the pond. Algal growth during the spring season produced a high demand for PO4
3- (Figure 3-5 

(b)), where the lowest concentration of PO4
3- was observed at the beginning of May. PO4

3- 

concentrations increased in the summer because of changes in loading. Hence, more generally, 

effluent PO4
3- concentrations increased in the summer and decreased in the fall. The same trend 

was noted for the influent values (Figure 3-4 (b)). The model predicted the general trends of the 

observed values for all three seasons.  

In a WSP, DO is influenced by photosynthesis and algal respiration (Figure 3-3; (Kayombo et al. 

2000, Sah et al. 2011). Increased algal concentrations during the spring resulted in high DO 

concentrations (> 100% saturation), which were reduced as Chl-a concentrations fell in July 

(Liang et al 2018). The same trends can be seen in the model and observed data (Figure 3-5 (f)).  

 

Figure 3-6 Time series comparing simulated and observed Chl-a at the outlet 
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Figure 3-6 shows modelled Chl-a and measured data including mean values with standard 

deviation error bars. The Chl-a concentration increased in the spring, because of the higher 

temperatures, light availability and nutrients in the wastewater. The spring bloom peaked at the 

beginning of May, corresponding to the lowest PO4
3- concentration due to uptake. Chl-a 

concentrations remained stable throughout the summer, before decreasing in fall. 

3.4.2 Removal efficiency  

To further assess model performance, observed and modelled nutrient and oxygen removal 

efficiencies were compared (efficiencies are the average of the percent change in influent vs. 

effluent state variable concentration on days when observations were collected; Table 3-2).  

Table 3-2: Average change in state variable concentration from influent to effluent (over 

days when observations were collected) and the corresponding removal efficiency 

Parameters Observed 

influent 

concentration 

(mg/L) 

Observed 

effluent 

concentration 

(mg/L) 

Modelled 

effluent 

concentration 

(mg/L) 

Observed 

removal 

efficiency (%) 

Modelled 

removal 

efficiency (%) 

PO4
3- 0.42 0.33 0.35 22 17 

NO3
- 20.96 7.03 8.41 66 60 

NH4
+ 0.047 0.24 0.24 -398 -404 

DO 4.40 10.19 9.06 -130 -105 

 

The PO4
3-, NO3

- and NH4
+ removal efficiencies were modelled to be 17%, 60% and -404%, which 

are comparable to the observed values of 22% (5% error), 66% (7% error) and -399% (5% error). 

NH4
+ removal efficiency shows an increase in NH4

+ concentration (mineralization > (uptake + 

nitrification)) both in the model and measured data, which is in agreement with results reported in 

other studies (Senzia et al. 2002, Sah et al. 2011). DO also increased as a result of algae 

photosynthesis activities by 105%, which was close to the observed 131% (25% error). 

3.5 Discussion  

3.5.1 Stratification and vertical mixing 
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Seasonal changes in water quality, in response to seasonal changes in the driving meteorology, 

were evident in Figure 3-5. To understand what is driving the high-frequency fluctuations in 

water quality in the WSP, there is need to investigate the effects of vertical density stratification 

mixing on water quality. Comparison of surface and bottom temperature near the inlet (Figure 3-7 

(a)) shows a strong diurnal temperature fluctuation at the surface, and density stratified flow (~3 

C over 1.61 m) most of the time. This limits vertical mixing in the pond (Boegman et al. 2008), 

which affects water quality in the upper layers (Gu and Stefan 1995) and has been observed in 

other WSPs (Abis and Mara 2006, Sweeney et al. 2005). 

3.5.1.1 Wind-induced mixing: 

Stratification can be seen to limit vertical mixing of substances from the bottom toward the 

surface weir outlet. For example, model output of PO4
3- concentrations (Figure 3-7 (b)) depicts 

higher concentrations at the bottom, relative to the surface. However, when the 10 m surface wind 

speeds > 5 m/s (Figure 3-7 (b)), mixing occurs and homogenizes the water column, increasing the 

PO4
3- concentrations at the surface outlet. Values of ) less 

than 0.3 gPm-3 (Figure 3-7 (b)) and wind speeds more than 5 m s-1 have been identified as were 

identified as wind mixing events. 
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Figure 3-7 Wind and warmer influent effects on vertical mixing (a) Surface and bottom 

temperature timeseries at the a location near the inlet, (b) Time series of vertical  

over depth (  ) at the outlet. Also shown is timeseries of 

the daily average wind speed. Blue dots indicate 10 m surface winds > 5 m/s (mixing 

threshold) and cyan asterisks indicate when the watercolumn mixes due to wind. (c) 

effluent timeseries and mixing events black circles indicate when the watercolumn 

mixes due to warmer influent (Data are for the surface) 



25 

 

 

3.5.1.2 Plume-induced mixing: 

Examination of Figure 3-7 (b) shows that not all mixing events happened on days with strong 

winds, so other factors must be considered. Here, warmer influent from the WPCS is considered 

creating an unstable situation that mixes stability in the water column. Comparison of hourly 

bottom and surface temperatures, at the location of the influent pipe, identified days with a 

negative temperature difference, indicating mixing (Figure 3-7 (a)). 

When combined, influent-induced and wind-induced mixing could explain the majority of events 

with high surface  (Figure 3-7 (c)) and other nutrients (not shown). 

 

Figure 3-8 Effluent time series of PO4
3- in all scenarios and mixing events (Data are for the 

surface) 
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3.5.2 Effect of pond design on pond performance 

The ability of the model to reproduce WSP treatment efficiency (Table 3.2), as well as the 

temporal changes in 3D circulation and mixing processes (Section 3.4.3 and Rey et al. 2018) 

supports the extension of the model, in a sensitivity analysis, to investigate how pond design 

influences treatment performance. Understanding the complex hydraulic behavior is important in 

providing appropriate design criteria (Safieddine 2007).  

Pond geometry is generally represented by the length to width ratio, depth to the width ratio and 

inlet-outlet configuration (Safieddine 2007). In order to assess the effects of changes in geometry, 

four scenarios were considered (Table 3-3): Scenario B) decreasing length to width ratio by 

removing the baffle, Scenario D) increasing depth to width ratio by doubling the depth, Scenario 

I) changing the inlet location from the bottom to the surface, and Scenario W) wind sheltering by 

decreasing the wind speed by 50% (for example through planting of trees around the pond; e.g., 

Markfort et al 2010).  

Table 3-3 Different pond design scenarios  

Scenarios Description  

B Removing the baffle 

D Increasing the depth by 100% 

I Changing the inlet location from the bottom to the surface 

W Decreasing wind speed by -50% 

3.5.2.1 Removing the baffle (Scenario B) 

Baffles are a popular subject in WSP design studies, with many studies showing that the presence 

of a baffle can improve WSPs removal efficiency (Abbas et al. 2006, Shilton and Mara 2005 and 

Shilton and Harrison 2003). Although, these studies applied first order kinetics for BOD or E. coli 

removal. A 3D model study by Sah et al. (2011), who ran a similar but uncalibrated version of the 

model applied in the present study, reported that the baffle did not improve effluent quality. 

Similarly, the findings of the present study indicate that removing the baffle did not have any 

notable effect on effluent quality (Table 3-4), since effluent nutrient and DO concentrations were 
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nearly identical in both scenarios. This is in agreement with hydrodynamic modelling results, 

showing that the baffle actually decreased the hydraulic retention time (Rey et al. 2018), by 

channelizing the flow to prevent recirculation in dead-zones. 

 

Figure 3-9 NO3
- time series all scenarios (data are for the surface at 9:00 am) 

 



28 

 

Figure 3-10 PO4
3-time series all scenarios (data are for the surface at 9:00 am) 

 

Figure 3-11 NH4
+ time series all scenarios (data are for the surface at 9:00 am) 

3.5.2.2 Increasing the depth (Scenario D) 

Scenario D was applied to investigate the effects of doubling the depth of the pond (increasing the 

average depth from 1.61 m to 3.22 m). The results (Figure 3-9, Figure 3-10, Figure 3-11 and 

Table 3-4) demonstrated notable improvement in the pond efficiency, since PO4
3-, NO3

- and 

NH4
+, total phosphorous (TP) removal efficiencies improved in all three seasons (by 3 to 158%).  

Published studies on the effects of depth on both WSP hydraulics and effluent quality have mixed 

conclusions. An experimental study (Safieddine 2007) showed that changing the depth (h/W ratio 

variation, within the range of 0.04-0.08 had no influence on hydraulics. In a secondary facultative 

ponds study, Pearson. et al. (1995) demonstrated no improvement in effluent quality (BOD, SS 

and E. coli removal). However, a study by Sutherland. et al (2014) on prototype ponds with 

different depths, and showed that removal efficiency increased with increasing depth, in 

agreement with the present study. 
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To understand the processes behind the modelled improvement in water quality with increasing 

depth, the effluent PO4
3- concentration for the base case was compared with that of Scenario D. 

PO4
3- concentration was selected as the model parameter, to compare the effect of each scenario 

to current operational condition, because it responds similarly to the other nutrients. Figure 3-8 

shows the PO4
3-concentrations during vertical mixing events. Since increasing the depth leads to a 

decreased probability of water column mixing (Boegman et al. 2008), effluent concentrations 

were modelled to always be less in Scenario D. Increasing the depth should also increase the 

HRT, but those effects are investigated elsewhere (e.g., Rey et al 2018). 

3.5.2.3 Inlet location (Scenario I) 

To assess the influence of inlet location on the pond efficiency, the inlet location in the model 

was relocated from the bottom to the surface which was about 1.6 m difference. The effluent 

nutrient concentrations in Scenario I were larger than the base scenario (Figure 3-9, Figure 3-10 

and Figure 3-11) and, most of the time, the pond efficiency was reduced (Table 3-4); the PO4
3-, 

NO3
- , NH4

+ and TP removal efficiencies decreased in all three seasons compared to the base 

scenario (by -2 to -27%). 

By again comparing effluent PO4
3- concentrations during mixing events (Figure 3-8), it becomes 

clear that relocating the inlet to the surface prevents vertical stratification of dissolved substances 

leading to the sequestration of influent water near the bottom and associated changes in surface 

water quality during mixing. On days with stable stratification, the surface weir effluent 

concentration in base scenario remained less than scenario I because of the stratified flow (Figure 

3-8). 

3.5.2.4 Wind sheltering (scenario W)  

Decreasing the wind by 50%, results (Figure 3-9, Figure 3-10 and Figure 3-11) yielded nutrient 

concentrations that were sometimes greater and sometimes smaller than the base scenario. Less 

wind speed reduces the number of wind mixing events, which results in lower concentrations at 
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the surface weir effluent compared to the base scenario. However, the generally stronger 

stratification caused higher effluent concentration in during the less frequent mixing events that 

still occur due to stronger wind events and inflows (Figure 3-8). The increased stratification and 

less frequent mixing resulted in nutrient removal efficiencies that increased in all three seasons 

(Table 3-4).  

Table 3-4 Averaged removal efficiency in all scenarios (Values on the brackets are removal 

efficiency of each scenario subtracted from the base scenario in percent) 

Scenarios 
Removal efficiency (%) 

PO4
3- NO3

- NH4
+ TP pH DO 

Spring 

Base 48  43 31 16 -24 -68 

B 48 (0) 43 (0) 32 (1) 16 (0) -24( 0) -68 (0) 

D 64 (16) 50 (7) 34 (3) 35 (19) -24 (0) -94 (-26) 

I 42 (-6) 41 (-2) 29 (-2) 14 (-2) -25 (0) -63 (5) 

W 54 (6) 49 (6) 30 (-1) 18 (2) -25 (-0) -67 (1) 

Summer 

Base 21 68 -513 5 -16 -82 

B 21 (0) 69 (1) -511 (2) 5 (0 -16 (0.03) -82 (0) 

D 27 (6) 73 (5) -456 (58) 14. (9) -15 (1) -66 (16) 

I 18 (-3) 65 (-3) -551 (-38) 4 (-1) -18 (-3) -80 (-2) 

W 23 (2) 70 (2) -503 (10) 8 (3) -15 (1) -82 (9) 

Fall 

Base 4 56 -460 2 -17 -216 

B 4 (0) 56 (0) -458 (2) 2 (0) -17 (0) -216 (0) 

D 2 (3) 60 (4) -301 (159) 7 (5) -17 (0) -213 (-3) 

I 7 (-2) 53 (-3) -487 (-27) 1 (-1) -17 (0) -212 (-4) 

W 7 (3) 60 (4) -440 (20) 4 (2) -16 (1) -213 (-3) 

3.6 Conclusions 

A three-dimensional numerical model was developed to reproduce the effluent water quality of a 

WSP, by simulating the nutrient and DO concentrations, pH and phytoplankton. Model results 

qualitatively reproduced observed seasonal dynamics and quantitatively reproduced nutrient 
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removal (5-7% error). The degree of vertical mixing was shown to be an important factor in 

controlling whether influent was sequestered near the bottom or released at the surface outflow 

weir. Daily wind speeds > 5 m/s and warmer influents could enhance mixing of the water 

column.  

The model was extended to investigate the effect of changes in pond design (inlet location, baffle 

configuration, wind sheltering, depth) on performance. This sensitivity analysis revealed that 

increasing the pond depth and constructing wind sheltering both acted to reduce vertical mixing 

and improve nutrient removal (3-158% and 2-20%), while increasing depth was more efficient 

than decreasing wind. Removing baffles had no impact on removal efficiency and relocating inlet 

to the surface resulted in reduced pond efficiency. The 3D model reproduced effluent properties 

well, furthermore, extended models of different design and environment scenarios on examining 

removal efficiency showed: 1-possetive effect of increasing depth and decreasing wind; 2- 

negative influence of relocating inlet from bottom to the surface; and 3- no specific effect of 

baffle presence. Therefore, it can be concluded that enhanced mixing is not always desirable in 

WSPs.  
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Chapter 4 Comparing the Ability of 0D, 1D and 3DWater Quality 

Models to Predict Effluent Properties 

4.1 Abstract 

For design purposes, wastewater stabilization ponds (WSPs) are typically assumed to be one-

dimensional (1D) plug flow or zero-dimensional (0D) continuously stirred tank reactors (CSTRs). 

Critically, these models neglect three-dimensional (3D) spatial variability in hydrodynamics; 

leading to poor characterization of in-pond variability in residence time, waste dispersion and 

nutrient removal efficiency. This chapter discusses the reliability in using 0D, 1D and 3D models 

to predict WSP effluent water quality. Comparison of model results reveals that 0D and 1D 

models overpredicted surface effluent concentrations, with the exception of pH and dissolved 

oxygen, because they neglect density stratification in the vertical dimension, which was modelled 

in 3D sequestering nutrients near the bottom. During vertical mixing events, from wind and or 

influent dynamics, the three models predictions converge.  

4.2 Introduction  

WSPs systems are an efficient and low cost means of treating wastewater, particularly in rural 

regions (Champagne et al 2016). Ponds must be designed such that their effluent, to a receiving 

natural waterbody, meets environmental discharge regulations. Existing design equations for 

ponds have been developed according to reactor models, such as a completely stirred tank reactor, 

CSTR or plug flow (Figure 4-1). These models consider a WPS to be a homogeneous zero-

dimensional (0D) or a one-dimensional (1D) system, respectively. Critically, these models 

neglect three-dimensional (3D) spatial variability in hydrodynamics; leading to poor 

characterization of in-pond variability in residence time, waste dispersion and removal efficiency 

(Safieddine 2007; Rey et al 2018). Despite the fact that they are inaccurate for design purposes 

or even characterization of pond hydrodynamics, CSTR and plug-flow models are still used for 
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pond design, because of the significant time and cost requirements associated with constructing 

experimental or prototype ponds (Nameche and Vasel 1998).  

Advection diffusion 1D plug-flow models were developed as early attempts to characterize pond 

hydrodynamics, beyond the 0D CSTR. However, 1D models neglect recirculation, dead-zones 

and short-circuiting. These processes may be resolved with two-dimensional (2D) horizontal 

models (Wood et al. 1995) but these do not resolve important vertical circulation processes (Sah 

et al. 2012). For example, as was shown in Chapter 3, vertical mixing from surface wind stress 

affects vertical diffusion and must be considered during water quality simulation. As a result, 

fully 3D models are required to understand pond hydrodynamics and develop better design 

guidelines. 

As circulation models have evolved, from simple empirical hydraulics to 3D Reynolds-averaged 

Navier-Stokes (RANS) equation solvers, they have been coupled with water quality models 

ranging from simple first-order processes to complex differential biogeochemical models which 

describe interactions between multiple state variables (Moreno-Grau et al. 1996, (Kayombo et al. 

2000,  (Senzia et al. 2002, (Bello et al. 2017, (Sah et al. 2011, Schueder 2016). To date, those 

models that include fully 3D hydrodynamics and water quality have lacked comprehensive 

validation against observed field data (Sah et al 2011, Schueder 2016). 

The objective of the present study is to investigate the improved accuracy of using a calibrated 

3D model, to predict WSP effluent water quality; in comparison to simplified 0D and 1D models.  

To do so, the water quality of a WSP has been simulated, for various grid configurations, using a 

3D RANS model coupled to a multi-variable biogeochemical model. Comparing outputs of the 

three models would demonstrated the advantages of a fully 3D model to predict effluent water 

quality properties. 

4.2.1 Comparing 0D, 1D, and 3D models 
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Real flow patterns in WSPs exhibit complex behaviors compared to CSTR and plug flow (Figure 

4-1) (Safieddine 2007). This complex hydraulic behavior results from the formation of flow 

patterns such as recirculating dead zones, short-circuiting and incomplete vertical mixing. The 

recirculating and short-circuiting flow affect hydraulic residence time by increasing or decreasing 

the effective volume (Iasenza 1998). 

 

Figure 4-1 A plug flow system (Chapra 2008) 

Vertical mixing is another difference between a 3D model CSTR and plug flow. For example, 

vertical mixing, from surface wind stress, affects vertical diffusion and must be considered when 

simulating coliform levels (Ukpong 2012).  In 3D models, depth-dependent density gradients can 

prevent complete vertical mixing (Loucks and van Beek 2005), and ignoring incomplete vertical 

will likely lead to inaccurate outputs of 0D and 1D models.  

4.2.2 3D model 

The Delft3D model has several modules including FLOW to simulate hydrodynamics and WAQ 

to model water quality processes. Computed hydrodynamics were applied at each time step to 

solve Equation 3-1 for all computational cells and state variables. In the present application, a 1 

minute time step was used in WAQ module on a grid with 150 x 30 cells, varying in length from 

1 to 4 m, with 4 vertical layers over the depth Figure 4-2; (Rey et al. 2018)). 

The present study does not validate the hydrodynamic flow model. This was done in a companion 

study (Rey et al. 2018), where the modelled water level results closely matched measured values, 
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with an r2 value of 0.91 and a root mean square error (RMSE) of 0.036 m and modelled 

temperatures qualitatively reproduced observations (Alexander Rey, unpublished data). The 

present work extended the hydrodynamic simulation to a different time period, when water 

quality data was available, and implemented the WAQ module.  Hourly surface meteorological 

data, to drive the model, was from the Environment and Climate Change Canada station at 

Kingston Airport, which is 10.8 km from the WSP.  Hourly air temperature, wind speed and wind 

direction for the simulation are given in Appendix C. 

WAQ has a library of biogeochemical reactions that are user-selected based on the processes to 

be considered in a particular study. A conceptual model for the reactions included in the 

simulations is shown in Figure 3-3.  

 

Figure 4-2. WSP-2 schematic showing model grid cells, baffle, inlet, outlet and bathymetric 

depths in meters (Re et al. 2018) 
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The 3D hydrodynamic model was forced with wind, free-surface thermodynamics and hydraulic 

flow (Rey et al. 2018). The output from FLOW was coupled to WAQ at the start of a water 

quality simulation. Twelve variables were chosen to simulate interactions between nutrients, 

algae and dissolved oxygen (following (Leon et al. 2011a)), including four dissolved inorganic 

nutrients: phosphate (PO4
3-), nitrate (NO3

-), ammonium (NH4
+), total inorganic carbon (TIC); 

three dissolved organics (DOC, DON, and DOP) and three particulate detrital organic matter 

groups (POC, PON, & POP); total suspended solid (TSS); and dissolved oxygen (DO) 

concentrations. Since dissolved silica did not change significantly from ~3 gSim-3 it was 

considered constant during the simulation. Green algae, diatoms and flagellates were selected as 

representative phytoplankton (Leon et al. 2011, Wallace et al. 2015). 

 

Water quality data for the WSP effluent (at the outlet) were used for model calibration. These 

data were provided by Loyalist Township. The pond effluent samples were generally collected 

weekly, between 10 am and 12 pm, analyzed and reported by the operators of the Water Pollution 

Control Plant (WPCP). Observed phytoplankton chlorophyll-a (Chl-a) concentrations were also 

collected using a Hach Hydromet Hydrolab© DS5 as part of another study (Schueder 2016).  

4.2.2.1  Initial conditions 

The initial conditions were assumed to be spatially constant and set to the measured values of the 

pond effluent at model initialization. It was expected that the model would take less than the 16-

day hydraulic retention time to spin-up from the initial conditions. Simulations were run from 1 

April to 31 October 2014. 

4.2.2.2 Boundary conditions 

The inflow boundary conditions for the model were the state variable concentrations determined 

from weekly samples collected from the activated sludge facility, located upstream of the pond at 

the WPCP. The boundary condition concentrations of NO3
-, PO4

3-, NH4
+, alkalinity, pH, DO, TSS 
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and flow rate are shown in Figure 3-4.  Phytoplankton effluent concentrations from the activated 

sluge facility were assumed to be negligible. 

4.2.3 1D model (plug flow) 

Plug flow reactors are elongated rectangular basins (Figure 4-1), they are assumed to be well-

mixed laterally and vertically. Therefore, concentrations of substances vary in 1D along the 

longitudinal dimension only (Rajavathsavai 2012). To model the pond as a plug flow reactor, the 

grid in the 3D model (Figure 4-2) was modified to a rectangle1.61 m deep (the mean pond depth), 

740 m long (twice the length of the pond to account for the baffle) by 62 m wide (half the pond 

width) and divided into 25 cells in series. Coupling with FLOW, boundary conditions, parameter 

calibration and the run-time were the same as for the 3D grid.  

4.2.4 0D model (CSTR) 

CSTR is one of the simplest systems that can be used to simulate a natural water body and can be 

an appropriate assumption in a well-mixed water body (Safieddine 2007). To simulate a 0D 

model, the 3D grid was modified to a single cell 370 m by 124 m. and 1.61 m deep (the mean 

pond depth), applied in FLOW module and coupled with WAQ module to simulate 0D water 

quality model of the pond. Coupling with FLOW, boundary conditions, parameter calibration and 

the run-time were the same as for the 3D grid. 

4.3 Results and discussion 

The 3D WAQ model was calibrated in Chapter 3, Here, model results from 3D, 1D and 0D 

simulations are compared to understand the limitations of the CSTR and plug flow assumptions. 

4.3.1 Comparisons of effluent properties: 3D, 1D and 0D models vs. measured  

The modelled state variables, from all three models (0D, 1D and 3D), followed the observed 

seasonal trends; however, the 0D and 1D models overpredicted concentrations of NO3, PO4
3-, 

NH4
+ and alkalinity (Figure 4-3). The lowest concentration of PO4

3- was at the beginning of May 
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(Figure 4-3 (b)), with effluent PO4
3- concentrations increasing during the summer following 

influent values (Figure 3-4 (b)). As with PO4
3-, low concentrations of NH4

+ were expected in the 

spring due to the high algal demand (Figure 4-4). During summer, with rising temperatures, 

mineralization rates and NH4
+ concentrations increased, and then decreased in fall as cooling 

temperatures led to decreasing mineralization (Figure 4-3 (c)). Alkalinity was higher through 

early summer than late-summer and fall. 

The pH and DO simulations from all three models were similar. DO is regulated by atmospheric 

re-aeration, with photosynthesis (Kayombo et al. 2000) leading to supersaturation in spring 

(Figure 4-4 & Figure 4-3 (f)). Both simulated and observed pH values were consistently near 9, 

with increasing algal concentrations elevating pH and decreasing algal concentrations lowering 

pH (Figure 4-3 (e)).  
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Figure 4-3 Effluent time series comparing simulated by 0D, 1D and 3D models with 

observed (a) NO3
-, (b) PO4

3-, (c) NH4
+, (d) alkalinity (3D results are for the surface, 0D, 1D& 

3D result are at 9:00 am) 

Following the trends in nutrient concentrations (Figure 4-3 (a)-(c)), the 0D and 1D models 

produced more Chl-a in their effluent compared to the 3D model. A spring bloom was simulated, 

flowed by decreased algal concentrations through late summer and fall (Figure 4-4). 

 

 

Figure 4-4 Effluent time series comparing simulated by 0D, 1D and 3D models with 

observed state of Chl-a (Data are for the surface at 9:00 am) 

4.3.2 Discussion  

The actual hydraulic regimes of WSPs are complex and do not correspond well to either idealized 

plug flow or CSTR. Horizontal circulation patterns, such as recirculating dead zones and lateral 

short-circuiting flows, as well as vertical thermal stratification will cause a WSP to deviate from 

the idealized models. These deviations from ideal behavior are shown in Figures 4-3 and 4-4. 

Analysis of the results from the hydraulic study of the pond by Rey et al. (2018), revealed that 

dead zones and lateral short-circuiting do not occur in the present WSP when the baffle is present 

to channelize the flow (Rey et al. 2018. As a result, the present 3D model, when depth averaged, 

behaves similarly to plug flow. Therefore, to examine the differences between 0D, 1D and 3D 



40 

 

models (Figures 3-3 and 4-4) the effect of density stratified conditions in the pond was examined 

(see Chapter 3). Figure 4-5 (a) exhibited a density gradient that will limit vertical mixing (e.g., 

Boegman et al. 2008). The result of this incomplete vertical mixing can be seen in the 3D output, 

where nutrient concentrations were larger at the bottom and compared to the surface (Figure 4-6 

(a, b and c)). Given that the influent is at the bottom of the pond and the effluent is at the surface, 

it is not surprising that the 0D and 1D models frequently overestimate the effluent concentration 

and their value lies between outlet surface and bottom concentrations (Figure 4-6). This is 

particularly apparent when there is vertical density stratification in (Figure 4-5 (a)) in the 3D 

model and less apparent when the 3D model domain mixes vertically from wind or influent 

events and the effluent from the three models converge (Figure 4-5 (b)) and section 3.5.1).  
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Figure 4-5 (a) Surface and bottom temperature timeseries at the outlet (b)Three models 

PO4
3- effluent timeseries and mixing events. For details of mixing events see Chapter 3. 

 

 

Figure 4-6 Time series simulated by 0D, 1D, 3D bottom and surface at outlet in models (a) 

NO3
-, (b) PO4

3-, (c) NH4
+, (d) alkalinity (0D, 1D& 3D result are at outlet at 9:00 am) 

It is interesting to note that the DO also shows variation with depth (Figure 4-6 (f)), but there is 

little variation between the 0D, 1D, 3D models and observations. This is likely because the 

effluent DO is in equilibrium with the atmosphere at the temperature-dependent saturation level 

in all three models which is in agreement with observations. However, there were an exceptional 

duration when supersaturated near-bottom water in the 3D model (associated with elevated 

subsurface Chl-a concentrations, (Figure 4-6 (e)) becomes mixed to the surface. The timing of 

these events is close to the days of bloom events in the 1D and 3D models; hence all models tend 
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to agree with observations (Figure 4-5(f)). Chl-a also showed variation with depth in the 3D 

model, with strong growth corresponding to the bottom where nutrients are available (Figure 4-

5(a, b and c)) and also light limitation of near-surface growth. The enhanced Chl-a near the 

bottom cannot be related to the subsurface inflow (as is the case with nutrients), because influent 

Chl-a was assumed to be zero (negligible). The simulated pH showed more consistency with 

depth (Figure 4-7), in agreement with pH observations reported in other years (Figure 4-8). This 

is why the 0D, 1D and 3D model effluent predictions were similar (Figure 4-3(e)). It is not clear 

why there was little vertical variation in pH, given that near-bottom Chl-a concentrations were 

larger than at the surface.  

 

Figure 4-7 pH time series simulated by 0D, 1D, 3D bottom and surface at outlet in models  
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Figure 4-8 pH Profile over depth at the outlet on 26 July, 2016 

4.4  Conclusions 

Two models based on the 0D (CSTR) and 1D (plug flow) assumptions were developed using the 

same reactions and parameters as a 3D model, to assess the effect of these simplified geometrical 

assumptions on water quality simulation. By comparing their effluent properties and considering 

vertical distributions in the 3D model at the outlet, it was revealed that in an WSP with a 

channelizing baffle, vertical stratification will trap influent water near the bed, leading to an 

overestimation of nutrients, Chl-a and alkalinity concentrations in the 0 and 1D model effluent, 

compared to the 3D model. This is because the vertically integrated effluent values in 0D and 1D 

were found to correspond to values between bottom and surface concentrations in 3D. Mixing 

events caused the three models to converge. DO equilibrium with the atmosphere at the 

temperature-dependent saturation level in all three models resulted in predictions that were close 

to each other. pH variation over depth in the 3D model was small and all three models predict 

similar pH effluent. The ability of the 3D model to catch the stratification effect on effluent water 

quality properties led to more accurate prediction by the 3D model compared to the 0D and 1 D 
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formulations.  While 0D and 1D models may be calibrated to give more accurate results, than 

those presented herein, they remain unable to consider processes such as wind effects, baffle 

location, and in-situ gradients in nutrients and mixing.  These processes may only be investigated 

with expensive prototype ponds or 3D models, such as the one developed in this study.  
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Chapter 5 General Conclusions  

In this thesis, 3D coupled hydrodynamic and biogeochemical models (Deflt3D-WAQ) were used to 

evaluate the ability of the model to reproduce circulation and water quality conditions in an Amherstview 

Wastewater Treatment Plant WSP and examine effects of changes in pond design on effluent water 

quality. Then, 0D and 1D models were developed to determine the limitations of applying those simple 

but popular models in comparison to a 3D model. The main conclusions of this study are summarized 

below:  

 The model results were representative of the real situation and demonstrated the important 

processes occurring in the pond. The results qualitatively reproduced observed effluent seasonal 

dynamics and quantitatively reproduced nutrient removal (5-7% error). 

 Unlike most of studies reporting baffles as an improving feature in WSP efficiency, the presence 

of the baffle in the WSP study had no specific impact on removal efficiency in the pond. 

 Results of scenarios with increasing depth showed improvement in effluent properties, nutrient 

removal and DO concentration.  

 Relocating the inlet from the bottom to top deteriorated effluent properties as nutrient removal 

efficiency dropped. 

 Constructing wind sheltering had a positive effect on pond performance with more nutrient 

removal efficiency in the pond.  

 The flow was stratified in the pond, for most days model, where nutrient concentrations increased 

with depth.  

 Wind and warmer influent entering the pond were the origin of the strong vertical mixing in the 

pond. 

 0D and 1D models overpredicted all effluent concentration but pH and DO compared to the 3D 

model. Their values were in between bottom and surface concentrations obtained in the 3D 
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model. The predicted pH of three models were close to each other because, unlike most other 

constituents, pH was consistent throughout the depth in the 3D model.  In addition, DO 

saturation, with the atmosphere, in all three models results in predictions that are close to each 

other. 

5.1 Future work 

The 3D model can be used for further study on understanding the effects of pH variation with depth, as 

well as finding the best baffle scenarios, with respect to number and location, to improve pond efficiency. 

The 3D model is capable to predict the effluent removal efficiency and seasonal variations adequately. 

However, there are some limitations to the model. Macrophytes were not included in the model; 

considering the effect of macrophyte may improve the model prediction ability. Another limitation was 

lack of observed data; there were no measured data throughout the depths or locations rather than surface 

measurements at the outlet, also observed Chl-a was not available during the spring and summer.  

Considering all above points, suggested future works are:  

  To extend the water quality validation of the model to other time periods and other systems so it 

may be used reliably for design 

 To understand why pH is depth invariant in the 3D model 

 To simulate the effect of pond macrophyte on biogeochemical processes and effluent 

 Validate the model against measured Chl-a in three seasons and observed nutrient at different 

depths 

 Use the model to find the best baffle system scenario (number and location) to improve effluent 

quality 
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Appendix A  

Delft 3D WAQ simulation parameters 

This appendix provides an overview on the configuration of Delft 3D WAQ simulation 

parameters.  

Parameter Description Unit Value Source 

FrAutAlg Fraction autolysis algae type  . 0.35 Deltares. 2016c 

FrDetAlg Fraction detritus by Mortality algae - 0.55 Deltares. 2016c 

NCRAlg N:C ratio per algae type gN/gC 0.2 Deltares. 2016c 

PCRAlg P:C ratio per algae type gP/gC 0.02 Deltares. 2016c 

SCRAlg Si:C ratio per algae type gSi/gC 0.02 Deltares. 2016c 

ChlaCAlg Chlorophyll-a:C ratio per algae type gChla/gC 0.03 Calibrated 

PPMaxAlg   Maximum growth rate at 0 dg C for fresh diatoms 

energy type 

1/d 0.1 Calibrated 

PPMaxAlg   Maximum growth rate at 0 dg C for fresh diatomsP/Si 

type 

1/d 0 Calibrated 

PPMaxAlg   Maximum growth rate at 0 dg C for fresh flagelate 

energy type 

1/d 0.1 Calibrated 

PPMaxAlg   Maximum growth rate at 0 dg C for green algae  

energy type 

1/d 0.32 Calibrated 

PPMaxAlg   Maximum growth rate at 0 dg C for green algae  N  

type 

1/d 0 Calibrated 

PPMaxAlg   Maximum growth rate at 0 dg C for green algae  P 

type 

1/d 0 Calibrated 

TcPMxAlg Temperature coefficient for growth for fresh diatoms 

energy type 

- 1.06 Deltares. 2016c 

TcPMxAlg Temperature coefficient for growth for fresh 

diatomsP/Si type 

- 1.054 Deltares. 2016c 

TcPMxAlg Temperature coefficient for growth for fresh flagelate 

energy type 

- 1.05 Deltares. 2016c 

TcPMxAlg Temperature coefficient for growth for green algae  

energy type 

- 1 Calibrated 

TcPMxAlg Temperature coefficient for growth for green algae  N  

type 

- 1 Calibrated 

TcPMxAlg Temperature coefficient for growth for green algae  P 

type 

- 1 Calibrated 

FPMxAlg Temp. dependency PMAX algae type for fresh diatoms 

energy type 

- 1 Deltares. 2016c 

TFPMxAlg Temp. dependency PMAX algae type for fresh 

diatomsP/Si type 

- 1 Deltares. 2016c 

TFPMxAlg Temp. dependency PMAX algae type for fresh 

flagelate energy type 

- 1 Deltares. 2016c 

TFPMxAlg Temp. dependency PMAX algae type for green algae  

energy type 

- 1 Calibrated 

TFPMxAlg Temp. dependency PMAX algae type for green algae  

N  type 

- 0 Deltares. 2016c 
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TFPMxAlg Temp. dependency PMAX algae type for green algae  

P type 

- 0 Deltares. 2016c 

Mort0Alg Mortality rate at 0 ◦C  for fresh diatoms energy type 1/d 0.035 Deltares. 2016c 

Mort0Alg Mortality rate at 0 ◦C  for fresh diatomsP/Si type 1/d 0.045 Deltares. 2016c 

Mort0Alg Mortality rate at 0 ◦C for fresh flagelate energy type 1/d 0.035 Deltares. 2016c 

Mort0Alg Mortality rate at 0 ◦C  for green algae  energy type 1/d 0.035 Calibrated 

Mort0Alg Mortality rate at 0 ◦C for green algae  N  type 1/d 0.045 Deltares. 2016c 

Mort0Alg Mortality rate at 0 ◦C  for green algae  P type 1/d 0.045 Deltares. 2016c 

TcMrtAlg Temperature coeff. for Mortality algae type for fresh 

diatoms energy type 

- 1.08 Deltares. 2016c 

TcMrtAlg Temperature coeff. for Mortality algae type for fresh 

diatomsP/Si type 

- 1.085 Deltares. 2016c 

TcMrtAlg Temperature coeff. for Mortality algae type for fresh 

flagelate energy type 

- 1.08 Deltares. 2016c 

TcMrtAlg Temperature coeff. for Mortality algae type for green 

algae  energy type 

- 1.065 Calibrated 

TcMrtAlg Temperature coeff. for Mortality algae type for green 

algae  N  type 

- 1.085 Deltares. 2016c 

TcMrtAlg Temperature coeff. for Mortality algae type for green 

algae  P type 

- 1.085 Deltares. 2016c 

MRespAlg Maintenance respiration rate algae for fresh diatoms 

energy type 

1/d 0.031 Deltares. 2016c 

MRespAlg Maintenance respiration rate algae   for fresh 

diatomsP/Si type 

1/d 0.031 Deltares. 2016c 

MRespAlg Maintenance respiration rate algae  for fresh flagelate 

energy type 

1/d 0.031 Deltares. 2016c 

MRespAlg Maintenance respiration rate algae   for green algae  

energy type 

1/d 0.031 Deltares. 2016c 

MRespAlg Maintenance respiration rate algae  for green algae  N  

type 

1/d 0.031 Deltares. 2016c 

MRespAlg Maintenance respiration rate algae   for green algae  P 

type 

1/d 0.031 Deltares. 2016c 

TcRspAlg Temperature coeff. for respirationalgae type for fresh 

diatoms energy type 

- 1.072 Deltares. 2016c 

TcRspAlg Temperature coeff. for respirationalgae type for fresh 

diatomsP/Si type 

- 1.072 Deltares. 2016c 

TcRspAlg Temperature coeff. for respirationalgae type for fresh 

flagelate energy type 

- 1.072 Deltares. 2016c 

TcRspAlg Temperature coeff. for respirationalgae type for green 

algae  energy type 

- 1.062 Calibrated 

TcRspAlg Temperature coeff. for respirationalgae type for green 

algae  N  type 

- 1.072 Deltares. 2016c 

TcRspAlg Temperature coeff. for respirationalgae type for green 

algae  P type 

- 1.072 Deltares. 2016c 

VertDisper Vertical dispersion m2/s 1.00E-07 (Schueder 2016) 

Cl Chloride g/m3 2.00E+02 Sampled  

Si Dissolved Silica Si gSi/m3 0.00E+00 Sampled  

ThrAlgNH4 threshold concentration uptake ammonium gN/m3 0.00E+00 Deltares. 2016c 

ThrAlgNO3 threshold concentration uptake nitrate gN/m3 0.00E+00 Deltares. 2016c 

ThrAlgPO4 threshold concentration uptake phosphate gP/m3 0.00E+00 Deltares. 2016c 
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ThrAlgSi threshold concentration uptake silicium gSi/m3 0.00E+00 Deltares. 2016c 

RcDen20 MM-First order denitrification rate in water column @ 

20 deg 

gN/m3/d 0.1 Deltares. 2016c 

RcDen20 MM-First order denitrification rate in water column @ 

20 deg 

gN/m3/d 0.1 Deltares. 2016c 

TcDenWat Temperature coefficient for denitrification - 1.07 Deltares. 2016c 

KsNiDen Half saturation constant for nitrification gN/m3 0.5 Deltares 
(2014c) 

KsOxDen Half saturation constant for denitrification oxygen 

inhibition 

g/m3 1 Deltares 

(2014c) 

CTDEN Critical Temperature for denitrification 0C 2 Deltares 

(2014c) 

Rc0DenOx zeroth order denitrification rate at low temp gN/m3/d 0 Deltares 

(2014c) 

COXDEN Critical oxygen concentration for denitrification g/m3 3 Deltares 
(2014c) 

OOXDEN optimum oxygen concentration for denitrification g/m3 1 Deltares 

(2014c) 

Salinity Salinity g/m3 0.36 Sampled  

DetNS1 DetN in layer S1 gN/m2 1.9 Calibrated 

DetPS1 DetP in layer S1 gP/m2 0.02 Calibrated 

ku_dFdcN20 upper limit mineralization rate fast detr-N 1/d 0.18 Deltares. 2016c 

kl_dFdcN20 lower limit mineralization rate fast detr-N 1/d 0.12 Deltares. 2016c 

u_dFdcP20  upper limit mineralization rate fast detr-P 1/d 0.18 Deltares. 2016c 

kl_dFdcP20 ower limit mineralization rate fast detr-P 1/d 0.12 Deltares. 2016c 

kT_dec temperature coefficient for decomposition - 1.1 Callibrated 

DetNS2 DetN in layer S2 gN/m2 1.3 Calibrated 

DetPS2 DetP in layer S2 gP/m2 0.01 Calibrated  

RcDenSed first-order denitrification rate in the sediment m/d 0.1 Deltares. 2016c 

ExtMacroVl Extinction of light by macrophytes 1/m 0 Deltares. 2016c 

ExtVlDOC Visible light specific extinction coefficient humus m2/gC 0.05 Deltares. 2016c 

ExtVlPOC2 Visible light specific extinction coefficient POC1 m2/gC 0.1 Deltares. 2016c 

ExtVlPOC3 Visible light specific extinction coefficient POC1 m2/gC 0.1 Deltares. 2016c 

V0SedPOC2 Settling velocity for particulate detritus as carbon 

second pool 

m/d 0.05 Deltares. 2016c 

V0SedPOC3 Settling velocity for particulate detritus as carbon third 

pool 

m/d 0.05 Deltares. 2016c 

Latitude - - 44.2   
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Appendix B 

 Delft 3D WAQ Equations (Deltares. 2016a) 

  

  

  

 is time step [d] 

  

 

  

The principles of the constraints are as follows: 

For nutrients,  

 

For energy (light),  
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For growth,  

 

For mortality,  

 

 

stoichiometric constant of nutrient k originating from dissolved inorganic nutrient 

over organic carbon in algae biomass [gN/P/Si gC-1] 

 

algae biomass concentration [gC m-3] 

 

biomass of algae species j at time t1 [gC m-3] 

 

biomass of algae species j at time t2 [gC m-3] 

 

concentration of dissolved inorganic nutrient k [gN/P/Si m-3] 

 

threshold concentration of dissolved inorganic nutrient k [gN/P/Si m-3] 
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concentration of total available nutrient k [gN/P/Si m-3] 

 

specific extinction coefficient of an algae species type [m2 gC-1] 

 

total extinction coefficient of all algae [m-1] 

 

total extinction coefficient [m-1] 

 

minimum extinction coefficient of algae due to background extinction [m-1] 

 

minimum total extinction coefficient due to background extinction [m-1] 

 

maximum extinction coefficient of algae needed to avoid self shading [m-1] 

 

maximum total extinction coefficient to avoid self shading of algae i [m-1] 

 

light efficiency factor [-] 

 

critical light efficiency factor [-] 

 

time step average depth of a water compartment or water layer [m] 

 

critical depth average light intensity [W m-2] 

 

light intensity at the top of a water compartment/layer [W m-2] 

 

potential specific gross primary production rate of the E-phenotype of an algae 

species [d-1] 

 

specific mortality rate of an algae species type [d-1] 

 

specific maintenance respiration rate of the E-phenotype of an algae species 

[d-1] 
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time step [d] 

 

index for algae species type [-] 

 

index for algae species type [-] 

 

index for nutrients, 1 = nitrogen, 2 = phosphorus, 3 = silicon [-] 

 

number of algae species types, maximum allowed is 15 [-] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix C 

 Air temperature and wind data during model  



58 

 

 

(a) Hourly air temperature during the study period; (b) hourly wind speed during the study period; 

and (c) wind rose data showing wind direction. 


