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ABSTRACT 

IMPACTS OF FUTURE CLIMATE AND AGRICULTURAL LAND USE CHANGES ON 

GROUNDWATER NITRATE CONCENTRATIONS IN SOUTHERN ONTARIO 

 

Shoaib Rashid Saleem 

University of Guelph, 2018

                                Advisors: 

                                 Dr. Jana Levison 

                                 Dr. Beth Parker 

 

Contamination of groundwater by nitrate is a critical concern in agricultural subwatersheds 

in southern Ontario. Groundwater quality may further deteriorate due to socio-economic pressures 

and extreme future climate change conditions. The focus of this study was to assess the impacts of 

future climate changes and potential changes in agricultural land use on groundwater nitrate 

concentrations. Three research sites with contrasting hydrogeological settings, located in 

agricultural subwatersheds, were investigated: Norfolk County, Guelph, and Acton. The Norfolk 

(sandy aquifer) and Guelph (fractured bedrock aquifer) sites were examined in the most detail. 

Two different vadose zone models, DRAINMOD-NII and RZWQM2, were evaluated to select the 

most suitable model to represent the soil conditions encountered in southern Ontario. The selected 

vadose zone model, RZWQM2, was used to quantify the shallow nitrate concentrations and leaf 

area index (LAI) under different crop types. These data were used as input to fully integrated 

numerical models, developed using HydroGeoSphere software, for groundwater flow and 

contaminant transport for both sites. The HydroGeoSphere models were calibrated and validated 

for the 2014-2016 period using field data collected at both sites. Following calibration of the 



 

 

 

 

groundwater models, three different climate change models (2040-2059) and three different crop 

rotations (corn-soybean, continuous corn, corn-soybean-winter wheat-red clover) were applied 

(i.e., nine scenarios for each site) to evaluate the potential impact of future climate changes on 

groundwater quality. The selected climate change scenarios yielded less water availability for 

hydrologic processes. There was less impact on groundwater elevations at the Norfolk site 

compared to the Guelph site. The nitrate concentrations were lower significantly during the future 

period at both sites. However, the continuous corn land use scenario had much higher nitrate 

concentrations compared to base case scenario (corn-soybean rotation). Further, the best 

management practices (BMP) scenario (corn-soybeans-winter wheat-red clover rotation) produced 

significantly lower groundwater nitrate concentrations at both research sites. BMPs, such as the 

crop rotation tested herein, should be adopted to reduce the potential negative impacts of future 

climate change on groundwater quality, especially in vulnerable fractured bedrock aquifer settings 

and shallow sandy aquifers. These findings are important for water and land managers in 

agricultural settings, to mitigate future impacts of nutrient transport on groundwater quality under 

a changing climate.  
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1. Introduction 

 Background 

Groundwater is a drinking water source for over two billion people (Glennon 2012). Many 

rural communities throughout the world mainly or completely rely on groundwater for drinking 

and farm use. Nitrate is considered the most widespread contaminant present in fresh water bodies, 

especially in groundwater (Gooddy et al. 2001; Gulis et al. 2002; Lerner and Harris 2009). 

Remediating aquifers for various contaminants has extremely high associated costs and is often 

infeasible (Deschaine et al. 2013). Therefore, minimizing the likelihood of groundwater 

contamination from pollutants such as nitrate is economically as well as environmentally 

beneficial. Important steps towards maintaining clean water supplies are to understand the 

potential sources of nitrate that can impact the water and to develop preventative strategies, with 

a focus on the linkages between different land use and soil types with groundwater quality and 

management practices. The maximum allowable contamination limit (MACL) for nitrate in 

drinking water in Canada and the United States is 10 mg L-1 NO3
--N (USEPA 2007; Health Canada 

2013). Higher nitrate concentrations in drinking water can result in various health problems such 

as methemoglobinemia (blue baby syndrome) in infants and stomach cancer in adults (Knobeloch 

et al. 2000; Mensinga et al. 2003; Powlson et al. 2008). Recent studies indicate a background 

concentration of 0.9 to 2 mg L-1 (Burkart and Stoner 2002; Dubrovsky et al. 2010) in North 

America. Moreover, a comprehensive study in agricultural lands in United States indicated that 

the background concentration for nitrate-nitrogen (NO3
--N) in groundwater is estimated to be 

lower than 3 mg L-1 (Spalding and Exner 1993).  
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The major sources of nitrate impacting groundwater are commercial fertilizers, animal 

manure, septic systems, landfills, and industrial wastes (such as nitroaromatic compounds, the 

cleaning of tanks in dairy factories, pharmaceuticals, wastewaters from nuclear fuel processing) 

(Bleifuss et al. 1998). The amount of NO3
--N in groundwater above the background concentration 

is mainly attributed to farm activities in agricultural regions (Spalding and Exner 1993; Mclay et 

al. 2001; Pierzynski et al. 2005; Rivett et al. 2007; Sutton et al. 2011; Mellander et al. 2014). 

Nitrogen is an essential element for crop growth (Novoa and Loomis 1981) and most agricultural 

land is deficient in terms of the needs of nitrogen-demanding crops (Binder et al. 2000; Zhao et al. 

2005). Chemical fertilizers and animal manure are applied to agricultural fields and legume forages 

are grown in rotation with other crops to overcome nitrogen deficiency (Wang et al. 2007). The 

use of chemical fertilizers has significantly increased since the early 1960s (Roy et al. 2006). 

However, when the applied nitrogen exceeds the plant demand, excess nitrogen can leach to 

groundwater in the form of nitrate (NO3
-) (Rao and Puttanna 2000). NO3

- is highly mobile in the 

soil profile and very little is lost to sorption (Shamrukh et al. 2001).  

Several studies have identified that soil type, water table depth, hydrogeological setting, crop 

type, and climate can substantially influence the amount and extent of NO3
- contamination in 

aquifers (Van Drecht 1993; Sanchez 2000; Kraft and Stites 2003; Levison and Novakowski 2009). 

Sandy soils are more aerated than clayey soils (Waugh 2000) and both ionized and un-ionized 

ammonia from fertilizers or manure can be oxidized to NO3
- in the presence of nitrifying bacteria 

by reacting with dissolved oxygen (DO) (Clark 2015). Denitrification is also an attenuating 

mechanism that controls the amount of nitrate going into the groundwater from the soil surface 

(Martin et al. 1999; Böhlke et al. 2002; Korom et al. 2005). However, denitrification depends on 
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several factors, such as the amount of dissolved organic carbon (DOC), soil organic matter, soil 

temperature, and presence of denitrifying bacteria (Green et al. 2008). Denitrification requires 

anaerobic waters and the presence of electron donors, such as carbon and sulphide, to reduce NO3
- 

to N2 or N2O gas (Clark 2015). Water table depth also plays an important role because the NO3
- 

concentration is typically higher in shallow groundwater (generally < 2 m) due to aerobic 

conditions (Trudell et al. 1986) while a thick vadose zone (> 10 m) with high clay content often 

results in anaerobic conditions that can reduce NO3
- before it reaches deep groundwater (Fenton et 

al. 2009; Baram et al. 2016). The combination of thin overburden soils and underlying fractured 

bedrock aquifers can increase the likelihood of groundwater nitrate contamination (Cey et al. 2006; 

Levison and Novakowski 2009). Nitrate can move quickly through shallow overburden into 

fractured rock aquifers, and upon reaching the groundwater high flow velocities and low organic 

carbon contents can create extensive, widespread plumes (Levison and Novakowski 2009). 

Crop type is another important factor influencing nitrate leaching in agricultural watersheds 

(Simmelsgaard 1998). Fertilizers are applied in different quantities to different crops and some 

crop types have higher potential for nitrate leaching depending upon the crop nitrogen uptake rate 

and time of fertilizer application (Mclellan et al. 1998). Rotations of high nitrogen demanding 

crops, such as corn and wheat, with different low nitrogen demanding crops have lowered nitrate 

leaching rates (Beaudoin et al. 2005). For example, a corn-soybean-rye rotation has the potential 

to decrease nitrate leaching from fields compared to successive corn plantings due to high fertilizer 

application rates for corn crop (Owens et al. 2000). The risk of nitrate leaching from a given crop 

is also dependent on soil and environmental conditions, such as fertility status of the soil, 
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application timing, and dry or wet weather conditions. Fall application is not generally 

recommended in sandy soils, in contrast to clayey soils (McKenzie 2017). 

Climate change can also influence the vulnerability of shallow aquifers by affecting water 

table depth and recharge characteristics (e.g., timing, duration, and frequency of precipitation 

events; drought conditions; antecedent moisture content of the vadose zone; subsurface and 

groundwater temperatures). Understanding climate change effects on groundwater nitrate presents 

challenges due to the dynamic nature of nitrate in the soil environment, which has not been studied 

extensively (Toews and Allen 2009; Green et al. 2011; Stuart et al. 2011; Pulido-Velazquez et al. 

2015). Current research about climate change effects on groundwater uses existing monitoring 

networks (usually comprised of a single well at each monitoring location, rather than multilevel 

systems) and traditional water sampling methods. Groundwater sampling from these monitoring 

networks often misses useful information related to groundwater quality and temperature at 

different depths. In contrast, depth-discrete, high resolution groundwater monitoring networks and 

robust datasets over extended time periods are needed to study the effect of complex stressors such 

as climate change on groundwater quality, due to multiple interdependent processes. Overall, the 

combination of soil type, water table depth, vadose and groundwater zone hydrogeologies, crop 

type, timing and intensity of rainfall relative to fertilizer application, and temperature can play 

significant roles in nitrate contamination of groundwater (Kerr-Upal et al. 1999; Kraft and Stites 

2003; Beyaert et al. 2007).  

Evaluation of the impact of different land uses on crop productivity and nitrate losses 

through the root zone can be very laborious and time consuming (Cameira et al. 1998). Many 

numerical models have been developed over the past two decades to simulate flow and transport 
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through the vadose zone and groundwater. These numerical models have demonstrated to be useful 

tools to provide further insights into flow and transport dynamics from agricultural fields in 

addition to field-based studies (Hutson and Wagenet 1991; Harbaugh et al. 2000; Diersch 2005; 

Graham and Butts 2005; Simunek et al. 2005; Therrien et al. 2010; Ma et al. 2012). RZWQM2 

(Root Zone Water Quality Model) (Ma et al. 2012), DRAINMOD-NII (Youssef et al. 2005), 

leaching estimation and chemistry model (LEACHM) (Hutson and Wagenet 1991), and HYDRUS 

(Simunek et al. 2005) are the main vadose-zone one-dimensional (1-D) models currently in use to 

simulate flow and transport through the root zone from different cropping systems. RZWQM2 and 

DRAINMOD-N have been tested for various soils and cropping systems in southern Ontario 

(Singh et al. 1994; Ahmed et al. 2007; Yang et al. 2007; Zebarth et al. 2009; Lu 2015; 

Golmohammadi et al. 2016). These studies have shown that both 1-D models, RZWQM2 and 

DRAINMOD-N, can provide accurate estimation of soil, plant, and subsurface flow and transport 

parameters based on different field conditions and field parameters collected to calibrate the 

models especially under tile drained fields. MODFLOW (Harbaugh et al. 2000), MIKE SHE 

(Graham and Butts 2005), FEFLOW (Diersch 2005), HydroGeoSphere (HGS) (Therrien et al. 

2010), and various other numerical models can simulate three-dimensional (3-D) flow and 

contaminant transport through groundwater. MIKE SHE and HGS are fully integrated models that 

can simulate both surface and groundwater flow and transport (Hansen et al. 2014; Frey et al. 2016; 

Praamsma 2016).  

The advanced integrated models such as MIKE SHE and HydroGeoSphere require detailed 

information regarding leaf area index (LAI), rooting depths at different growth stages, and other 

crop parameters to accurately simulate nitrate movement through groundwater. Vadose zone 
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models such as DRAINMOD-NII and RZWQM2 can be useful tools to provide daily nitrate 

concentrations and LAI values as inputs for groundwater models. Very little research has been 

done on a subwatershed scale to develop fully integrated models with different land uses to 

simulate both water flow and agricultural nitrate transport for different hydrogeological settings 

(De Jong et al. 2008; Bonton et al. 2012; Paradis et al. 2016). To plan for and to mitigate future 

rural water quality issues, it is necessary to understand the leaching and transport of nitrate into 

groundwater under different cropping systems and for different hydrogeologies, combined with 

how future climate changes can impact our groundwater resources under agricultural lands. Thus, 

the goal of this research is to quantify nitrate leaching and transport considering different 

hydrogeologies in agricultural subwatersheds, to ultimately investigate the impacts of climate and 

land uses changes on groundwater quality and to provide future direction on how these valuable 

groundwater resources can be protected. This is achieved through the development, calibration and 

simulation of integrated models using field data collected from three contrasting research sites in 

southern Ontario. 

 Specific Objectives 

The overall objective is to quantify the transport of excess nutrients, specifically nitrate 

related to cash crop modifications and future climate changes, into groundwater considering 

different hydrogeologies to anticipate and mitigate potential water quality impacts. No 

groundwater numerical modelling study has been previously published conducted for the in 

southern Ontario context to examine the impacts of land use and climate changes on nitrate 

concentrations in groundwater contributing from agricultural lands. The field sites used for this 
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study are located in southern Ontario (Norfolk County, near the City of Guelph, and near the Town 

of Acton). The specific objectives to achieve this are described herein as follows: 

1. Quantify nitrate losses for different cropping systems with three distinct soil types and 

vadose zone conditions using vadose zone models; 

2. Quantify nitrate losses for different hydrogeological settings under agricultural lands 

using a fully integrated numerical model; and 

3. Determine the impacts of climate change and varied land use on groundwater nitrate 

concentrations for contrasting hydrogeological settings 

 Contributions 

This research is conducted by integrating output from  a vadose zone model into a 

groundwater model to evaluate the impacts of various cropping systems and their rotations on 

groundwater quality in southern Ontario. How the future climate and land use changes will impact 

NO3
--N losses from agricultural lands is assessed. 

The main contributions of this thesis are summarized as follows: 

1. Evaluation of two vadose zone models (RZWQM2 and DRAINMOD-NII) in naturally 

drained sandy soils in southern Ontario; 

2. Coupling of RZWQM2 and fully integrated model HydroGeoSphere at the watershed 

scale; 

3. Simulation of the impacts of future climate changes on groundwater nitrate concentrations 

in various settings in southern Ontario; and 
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4. Simulation of the combined impacts of future climate changes and land use changes on 

groundwater quality in agricultural settings. 

 Thesis Organization 

Chapter 2 provides a literature review of the topics relevant to the study objectives.  Also, a 

GIS-based case study is presented in this Chapter 2, where a relationship between the impact of 

crop and soil types on groundwater nitrate concentrations is developed. Also delineated are crop 

and soil settings vulnerable to nitrate contamination in southern Ontario. 

Chapters 3, 4 and 5 are stand-alone manuscripts. These will be submitted for publication. 

Chapter 6 summarizes the conclusions and recommendations.  

1.4.1 Chapter 3 – Quantification of nitrate losses for different cropping systems with three 

distinct soil types and vadose zone conditions using vadose zone models  

This chapter has two subsections. In the first section, two vadose zone models 

DRAINMOD-NII and RZWQM2 are evaluated in Norfolk County under sandy soil condition to 

quantify nitrate losses through the root zone. Suction lysimeters were installed below root zones 

to collect field data quantifying nitrate-nitrogen losses. Groundwater elevation data was also 

collected from monitoring wells. Both models were evaluated to select one vadose zone model 

that performed well in southern Ontario soil conditions. In the second section, the selected vadose 

zone model was used to quantify nitrate losses also at the other two research sites: Guelph and 

Acton.  
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1.4.2 Chapter 4 – Quantifying nitrate losses for different hydrogeological settings under 

agricultural lands using a fully integrated numerical model 

A fully integrated numerical model, HydroGeoSphere (HGS), was used to simulate 

groundwater flow and nitrate transport under agricultural lands for two different hydrogeological 

settings. The models were calibrated using field data from the Norfolk site and Guelph site. The 

total area of the Norfolk site is 155 km2 and agricultural crops (corn, soybean, oats, tobacco, and 

specialty crops) cover the majority of the subwatershed while the total area of Guelph site is 24.18 

km2 and forest, pasture/forages, and agricultural crops (corn, soybean, forages, and pasture) cover 

most of the research site. Climate data and the nitrate outputs from different cropping systems 

determined using field data and the vadose zone model, RZWQM2, (Chapter 2) were used as input 

to the HGS models at both research sites. The models were calibrated and executed for current, 

observed conditions (2014-2016).  

1.4.3 Chapter 5 – Impacts of climate change and varied land use on groundwater nitrate 

concentrations for contrasting hydrogeological settings  

Little research has been conducted to examine the impacts of climate change on nitrate losses 

to groundwater under different land uses. In this chapter, three climate change scenarios and three 

land use changes scenarios were selected, to produce nine future scenarios. Future (predicted) 

changes (2040-2059) in nitrate concentrations at the Norfolk and Guelph sites in southern Ontario 

were simulated using calibrated groundwater models developed using the fully integrated HGS 

software (Chapter 4). The combined effect of different climate change parameters on nitrate 

concentrations in groundwater were evaluated under three different land use scenarios. A total of 

54 model runs were completed at both research sites for reference (1986-2005) and future periods.  
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2. Review of Literature 

 Canada’s Water Resources  

Water is an essential requirement for living organisms and about 60% of the human body 

contains water (ECCC 2016). Water also covers three quarters of the earth in the forms of surface 

water, groundwater and atmospheric water (ECCC 2016). Oceans cover most of the surface water 

resources; however, fresh surface water resources are generally present in the forms of glaciers, 

rivers, and lakes. Canada has the largest area (7.6% of 10 million km2) in the world covered by 

lakes, with 563 lakes larger than one hundred square kilometers. The Great Lakes located between 

United States and Canada contain 18% of the world's fresh lake water (ECCC 2013a). The surface 

water along with groundwater provides the human, ecological and industrial water needs.  

There is a growing concern over the past few decades to manage and protect water resources 

worldwide especially in developed countries (Carley and Christie 2017). However, there are many 

countries where the decisions about management of water resources are dependent on economic 

conditions (Poff et al. 2016). In Canada, the average usage of water is about 37,892 million cubic 

meters with major proportions used in utilities, manufacturing, households, and agriculture (Fig. 

2.1) (ECCC 2017a). Utilities (power generation) (70%), manufacturing (11.4%), household 

(8.4%), and agriculture (5.3%) are major industries withdrawing water from both groundwater and 

surface water bodies (Fig. 2.1) (ECCC 2017a). However, most of these water withdrawals are 

returned locally to the watersheds. The water consumption chart shows that total water used in 

2013 was 3,621 million cubic meters. The agriculture industry is responsible for highest water 
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consumption (44.2%) followed by manufacturing (11.4%) and power generation industries (11%) 

(Fig. 2.2) (ECCC 2017b).  

 

Figure 2.1: Percentage water withdrawals by different industries in Canada (ECCC 2017a). 

Domestic water consumption in Canada is about 8.3% (Fig. 2.2) (ECCC 2017b). Water 

consumption in the agriculture industry is also one of the highest in many countries world-wide 

where agriculture accounts for about 70% of water consumption followed by industry (19%) and 

household water consumption (12%) (FAO 2016). The high consumption of fresh water for 

industries such as agriculture, manufacturing, domestic use can lead to quality and quantity issues.   

 

Figure 2.2: Percentage water consumptive use by different industries in Canada (ECCC 2017b). 
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Groundwater is used for about 20% of global water consumption (FAO 2016) and is 

considered to be less affected qualitatively by anthropogenic activities compared to surface water 

due to different geological materials that act as filters overlying aquifers (Van Drecht et al. 2003). 

Some aquifers are also protected by confining layers which reduce the impact of the surficial 

activities (Stempvoort et al. 1993). About two billion people worldwide are dependent on 

groundwater as their drinking water source (Glennon 2012) and about 30% of Canadians depend 

on groundwater (ECCC 2013b). Rural communities and small towns away from surface water 

bodies such as the Great Lakes or major river systems are entirely dependent on groundwater as 

their drinking water source (ECCC 2013b). Widespread occurrence of groundwater resources and 

good quality of drinking water makes groundwater often cheaper to use as compared to surface 

water (Zaporozec 2004). Groundwater is also a major source of water for irrigation purposes in 

Canada. Protection of aquifers, both in terms of water quality and quantity, is becoming a major 

concern (ECCC 2017a). The Permit To Take Water (PTTW) program, delineation of well head 

protection areas (WHPA), and other regulations have been developed in Ontario, Canada (with 

similar initiatives in other provinces) to protect these valuable resources from exploitation (Gray 

et al. 2001; Kreutzwiser et al. 2004). Agricultural land use percentages and high nutrient inputs in 

agricultural watersheds has become a major concern for groundwater quality. The usage of 

agrochemicals has significantly increased in the past few decades to meet the global food demand 

and increase farm profitability (FAO 2011) as compared to total harvested land area that has only 

slightly increased since 1961 (Fig. 2.3).   
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Figure 2.3: Global crop intensification and global average yields for major cereals (figures are 

adopted from (FAO 2011)) 

 

High rates of fertilizer application in agricultural areas is a major source of non-point pollution 

(nutrient leaching to deeper soil layers and groundwater discharges excess nutrients in surface 

runoff). In rural (or non-serviced) locations, point source pollution (septic systems) is also a 

concern (Carpenter et al. 1998). There is a growing concern in rural populations to implement 
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better crop and soil management techniques to meet production goals, reduce input costs, as well 

as protect these water resources.   

 Nitrogen Cycle 

Nitrogen (N) is an essential element for all living organisms. About 78% of earth’s 

atmosphere comprises N. N in the earth system is naturally balanced between reactive and element 

form. The element form of N (N2) occurs naturally in non-reactive form and does not impact 

environmental quality, and the reactive forms of N are organic nitrogen (Norg, nitrate (NO
3

-
), nitrite 

(NO
2

-
), ammonium (NH

4

+
), and nitrous oxide (N

2
O) (Burt et al. 1993). In the natural cycle, Norg 

from animal manure enters the N cycle and it is unavailable for plant uptake. However, 

mineralization converts Norg into various compounds through soil microbes. The first product of 

mineralization of Norg is NO2
-
 and NH4

+ which is converted to NO3
- through oxidation. Both NO3

- 

and NH4
+ are generally available for plant uptake.  Synthetic N fertilizers are also added (e.g., 

urea, diammoinium phosphate etc.) to the N cycle to enhance plant growth, sometimes creating an 

imbalance in the N cycle (Fig. 2.4).  

In the hydrologic cycle, the presence of N compounds in groundwater is important due to 

long residence times, especially for nitrate. NO3
- enters in the groundwater system through 

leaching and does not significantly adsorb or react with sediments. NH4
+ also can enter in aqueous 

form into hydrological system; however, higher adsorption to sediments and presence of oxidizing 

conditions often converts it to NO3
- before reaching the water table. N from the soil system also 

goes through a reverse process (immobilization) in which nitrogenous compounds NO3
- and NH4

+ 

are converted back to atmospheric N2 through microbial activities. In case of NO3
- , anoxic 
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conditions, dissolved organic carbon (DOC) and presence of microbes converts it to N2; this 

process is called denitrification. Denitrification is an important phenomenon and can be helpful to 

reduce groundwater nitrate concentrations.  

 

Figure 2.4: Different components of the nitrogen cycle and pathways within an agricultural 

production system 

The main anthropogenic sources for NO3
- are industrial effluents, septic tanks, landfills, 

manure, and synthetic N fertilizers (Ostrom et al. 1998; Pastén-Zapata et al. 2014). However, 
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elevated nitrate concentrations in groundwater are often attributed mostly to agricultural activities 

likely due to the large surface application of nutrient to increase crop production (Almasri and 

Kaluarachchi 2004; Pastén-Zapata et al. 2014). Farmers have applied fertilizers in past few decades 

uniformly in fields at high rates to enhance crop production and increase farm profitability without 

always considering the soil and plant nutrient requirements (Robertson et al. 2008; Jat et al. 2015). 

The yield response to fertilizer application is quadratic and profitability can decrease at high rates 

since the fertilizer can no more increase crop yield (Jat et al. 2015). The excess applied nitrogen 

can leach downwards in the form of nitrate and pollute groundwater. The drinking water maximum 

allowed concentrations for NO3
--N is 10 mg L-1 in North America (Health Canada 2013). Elevated 

concentrations of resulting nutrients (especially nitrogen and phosphorous based compounds) can 

cause many health and environmental problems such as blue baby syndrome and eutrophication 

of water bodies (Carpenter et al. 1998; Powlson et al. 2008). Therefore, it is very important to 

implement better farming techniques to reduce the risks of groundwater nitrate contamination and 

improve farm profits.  

The following section (2.3) provides a comprehensive review of studies conducted in 

Canada, especially in southern Ontario, about nitrate occurrence in groundwater and how it has 

evolved over time. Later in section 2.6, a GIS-based case study is presented to: 1) delineate 

vulnerable areas in southwestern Ontario based on different soil texture types and land use types; 

and 2) to compare the delineated vulnerable areas to groundwater monitoring wells with elevated 

nitrate concentrations (discussed in section 2.3). This provides context for the three field sites 

examined in this thesis. 
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 Southern Ontario Groundwater Nitrate Studies 

Various studies have been conducted across Canada to highlight the widespread presence of nitrate 

in groundwater wells (summarized in Tables 2.1 and 2.2). The earliest reported study in Ontario 

revealed that 13.8% of 484 wells had groundwater quality samples above the nitrate MACL 

(Johnston 1955). Forty years later, an Ontario-wide study for NO3
--N in drinking water at 1212 

farmstead wells yielded a similar result: samples from 14% of the wells were above the MACL 

(Goss et al. 1998). Results from other investigations also had a significant proportion (11 to 55%) 

of groundwater wells with nitrate concentrations above the MACL (Table 2.1). These studies were 

conducted at the county-wide or provincial scale; however, detailed spatial information about the 

sampled wells was not provided. These wells were existing domestic and for farm use, so no 

attempt to evaluate impact to the groundwater resources as a whole but rather existing water wells.  

Two provincial-scale investigations have been conducted in Ontario (Table 2.2). The first is 

the Provincial Groundwater Monitoring Network (PGMN) that has measured ambient 

groundwater levels and chemistry conditions across Ontario since 2000 (Rogojin 2015). The 

PGMN features 474 conventional monitoring wells located on both private and public lands. The 

coordinates of PGMN wells located on private land were unavailable and therefore only the NO3
-

-N data from the 355 drilled wells located on public lands that have precise coordinates are 

considered for the present study. Of these 355 PGMN wells in southern Ontario, samples from 

only six wells were above the MACL while samples from 31 wells were between 3 and 10 mg L-

1 NO3
--N (Table 2.2). Overall, the mean NO3

--N concentration was 0.99 mg L-1 with a maximum 

reported value of 31.1 mg L-1. The other recently completed study at the provincial scale involved 
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Table 2.1: Previous Canadian studies about nitrate-N (mg L-1) presence in groundwater (without spatial coordinates). 

Study Year Province No. of sites  % of sites above 10 

mg L-1 

Johnston (1955) 1950-1954 Ontario 484 13.8 

Hill (1982) 1980-1981 Ontario 164 40 

Novakovic (1985) 1984-1985 Ontario 63 21 

Howard and Falck (1986) 1985 Ontario 45 25 

Ecobichon et al. (1990) 1985-1986 New Brunswick 300 20.2 

Richards et al. (1990) 1988 New Brunswick 47 20 

Frank et al. (1991) 1986-1987 Ontario 183 21 

Lee-Han and Hatton (1991) 1991-1992 Ontario 566 11.7 

Fleming (1992) 1991 Ontario 301 15 

Wei et al. (1993) 1989 British Columbia 100 23 

Moerman and Briggins 

(1994) 

1989-1993 Nova Scotia 237 12.6 

Goss and Goorahoo (1995) 1991-1992 Ontario 1300 14 

Wassenaar (1995) 1993 British Columbia 117 54 

Goss et al. (1998) 1991-1992 Ontario 1212 14 

Rudolph et al. (1998) 1991-1992 Ontario 137 23 

Thompson (2001) 1995-2000 Saskatchewan 3425 13.5 

Bonton et al. (2010) 2005-2007 Quebec 837 40 
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Table 2.2: Descriptive statistics of nitrate-N (mg L-1) for different studies in southern Ontario (spatial coordinates available). 

Study 
No. of 

sites 

Nitrate-N (mg L-1) 

<0.5  0.5-3 3-10 >10 Mean Minimum Maximu

m 

Standard 

Deviation 

Haslauer (2005)† 54 9 12 10 23 6.83 0.1 16.1 5.50 

Levison and Novakowski (2009)†  25 7 13 5 0 1.86 0.07 8.28 1.90 

Hollingham (2011) 13 8 0 4 1 3.78 N.D. 23.1 6.65 

Brook (2012)† 21 1 0 4 16 10.5 0.06 13.3 3.19 

Opazo (2012)† 49 12 10 23 4 4.29 0.04 19.95 4.25 

Best (2013)† 6 2 1 1 2 5.89 N.D. 15.6 6.93 

Hamilton_OB‡ (2015) 635 568 50 16 1 0.30 N.D. 14.6 1.10 

Hamilton_OB§ (2015) 402 256 66 58 22 2.01 N.D. 47.1 4.55 

Rogojin (2015)† 355 266 52 31 6 0.99 N.D. 31.1 2.783 

Total 1560 1125 206 154 75     

† The mean, minimum, and maximum were based on the average of multiple samples taken at each sampling site.  

N.D. = Non-detects 

‡ Bedrock well samples in Hamilton (2015). 

§ Overburden well samples in Hamilton (2015). 
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mapping ambient groundwater hydrochemistry data for southern Ontario based on 2300 water 

samples, providing comprehensive groundwater quality screening information across the province 

(Hamilton 2015). The samples were collected from both overburden and bedrock wells (both 

domestic/farmstead wells and monitoring wells) from 2007 to 2013. A total of 1037 samples within 

the study area had detailed NO3
--N data and only these samples were considered; 402 were 

collected from overburden wells and 635 from wells drilled into fractured bedrock (Table 2.2). 

The NO3
--N concentrations in 22 samples from overburden wells were above the MACL while 

only 1 sample from the bedrock wells was above the MACL. 

A plausible explanation for the very low nitrate concentrations observed in these studies is 

related to the depths and screen (open)-interval lengths of the monitoring wells, which varied 

greatly from location to location for both investigations. The monitoring depth in the PGMN wells 

varies from 3 m below ground surface (bgs) to 179 m bgs at different locations in Ontario, which 

is similar to the range of 1.5 to 152 m bgs reported by Hamilton (2015). These variations in well 

depth (or monitoring interval) can significantly affect the observed nitrate concentrations in 

groundwater samples irrespective of local crop type or soil type. Other important factors that 

should be considered during groundwater nitrate investigations are monitoring well screen length, 

crop type, hydrogeological setting, soil texture, and the timing and frequency of sampling. These 

factors are discussed in detail in following sections (2.6.1 to 2.6.4).  

The field-scale investigations reviewed also indicate that well depth can significantly impact 

the nitrate values observed in the groundwater samples. Haslauer (2005) conducted a major field-

scale study of NO3
--N at the Thornton Well Field in Woodstock, Oxford County, Ontario (Table 
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2.2). The research area is about 111 hectares in size and the surficial geology consists mainly of 

Zorra Till, a stiff, stony silt till about 30 to 80 m thick deposited by an ice lobe that came from the 

Huron-Georgian Bay area (Cowan 1975). The primary source of contamination is considered to 

be intensive agricultural operations (high fertilizer inputs, continuous cash crops) around the 

Thornton Well Field. A total of 86 samples (NO3
--N ranging from non-detects (N.D.) to 16.8 mg 

L-1) were collected in 2003 to 2004 at 54 different sampling locations from cluster-type multilevel 

monitoring wells (three or more individual monitoring wells at different depths at the same 

location) and conventional monitoring wells (Table 2.2). All of these monitoring wells were in 

corn and soybean fields. The results indicated that wells intercepting groundwater at shallow 

depths were more susceptible to nitrate contamination compared to deeper wells. Similar trends 

were observed in another study (Brook 2012) conducted at the Thornton Well Field in which a 

total of 145 groundwater samples (NO3
--N ranging from N.D. to 16.3 mg L-1) were collected from 

21 monitoring sites from 2009 to 2010 (Table 2.2) and well depth ranged from 3 to 18.3 m bgs. 

The number of samples at the Thornton Well Field above the MACL was very high compared to 

other studies. Although best management practices in the form of a corn-soybean-wheat rotation 

have been implemented in the study area since 2007, the nitrate concentrations at this research site 

remained high compared to previous studies (Brook 2012). The possible reasons for higher nitrate 

concentrations were described as accumulated nutrients below the root zone in soil layers and DO 

values that result in low denitrification in the study area (Brook 2012)  

An investigation of nitrate in a crystalline bedrock aquifer (Canadian Shield) with thin 

overburden protection was conducted in eastern Ontario from 2005 to 2006 at a 5-ha research site 

in the Tay River watershed near Perth, Lanark County, Ontario (Levison and Novakowski 2009). 
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25 sampling locations (multilevel monitoring wells) were sampled monthly for groundwater NO3
-

-N concentrations. A total of 298 samples (NO3
--N ranging from N.D. to 15.1 mg L-1) were 

collected from these sites with a mean NO3
--N concentration of 1.9 mg L-1 (Table 2.2). The wells 

ranged in depth from 6.1 to 56 m. A primary reason for lower nitrate concentrations at this site 

compared to the Thornton well field is that this site was located in a hay (alfalfa) field and the 

main source of nitrate was cow manure from cattle pastured upgradient of the monitoring wells as 

opposed to intensive manure and fertilizer application. However, certain monitoring wells at the 

Tay river research site typically had higher nitrate concentrations than others located in close 

proximity (< 100 m apart). Also, certain mid-depth monitoring intervals had higher nitrate 

concentrations than the shallowest intervals at the same well location. The highest concentrations 

were not always observed in the shallower monitoring intervals since the source was at a distance 

and potentially affected by fracture flow paths. These pertinent observations were attributed, 

respectively, to the highly variable and complex contaminant transport pathways in the crystalline 

fractured bedrock aquifer setting and to the distant, disperse nitrate source.  

Opazo (2012) and Best et al. (2015), respectively, investigated the Silurian dolostone 

bedrock aquifer and overlying glacial-derived sediments in Guelph, Ontario. Similar to the 

majority of the research described previously, they used depth-discrete monitoring systems and 

observed higher concentrations in their multilevel monitoring studies compared to deeper wells. 

Opazo (2012) used different shallow piezometers and well clusters to sample groundwater with 

well depths ranging from 5 to 55 m bgs while Best et al. (2015) used CMT multilevel wells with 

seven ports with well depths ranging from 7 to 30 m bgs.   
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The above reviewed studies conducted in southern Ontario highlight that crop settings and 

surficial and bedrock geologies may vary yet monitoring well depth is a critical overall factor in 

resulting NO3
--N concentrations in groundwater. A higher number of shallow monitoring (<15 m 

bgs) well locations in field-scale studies (Haslauer 2005; Levison and Novakowski 2009; Opazo 

2012; Brook 2012; Best 2013; Opazo et al. 2016) resulted in a higher mean nitrate concentration 

compared to provincial-scale studies (Hamilton 2015; Rogojin 2015). Also, the field-scale research 

sites were strategically selected to focus on groundwater research including nitrate contamination. 

Also, one of the biggest uncertainties in all these NO3
--N studies is use of poorly designed wells 

for monitoring impacts of agricultural activities to groundwater resources and comparing results 

from variably designed wells makes the relation to crop and geology only approximate. 

Another important factor highlighted in the field-scale studies is the timing of sample 

collection. The multiple sampling rounds (e.g., monthly or bimonthly) undertaken at the same 

locations illustrated that nitrate concentrations in groundwater varied from season to season 

(Haslauer 2005; Levison and Novakowski 2009; Brook 2012; Opazo 2012; Best 2013; Best et al. 

2015; Opazo et al. 2016). The nitrate concentrations reported in the provincial-scale studies were 

based only on single samples, collected once a year. Nitrate concentrations in groundwater can be 

highly dependent on seasonal variations and once-a-year sampling may not capture maximum (or 

minimum) nitrate concentrations in a monitoring well (Levison and Novakowski 2009; Macdonald 

2015). The research summarized herein highlights need to develop a comprehensive sampling 

regime in which samples are collected at different depths and at different times of the year in 

various hydrogeologies to evaluate the impacts of agricultural activities on groundwater quality. 
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Detailed field data is necessary in order to develop conceptual models to conduct groundwater 

modelling studies using various vadose zone and groundwater modelling tools.  

 Numerical Modelling 

There are several models developed in order to simulate water flow and contaminant 

transport through the root zone and into the groundwater. The main models currently being used 

are RZWQM2, HYDRUS, DRAINMOD-NII, MIKE SHE, MODFLOW, HGS and FEFLOW. 

Every model works better in some soil and/or crop environments and hydrogeological conditions 

compared to others. For this research, described in Chapters 3, 4 and 5, two vadose zone models, 

RZWQM2 and DRAINMOD-NII, were chosen and one fully integrated model, HGS, was chosen. 

The following section will highlight different studies conducted in Canada focusing on the 

application of numerical modelling especially for these three models. 

2.4.1 Vadose Zone Modelling Studies in Ontario 

DRAINMOD-NII is 1-D field-scale model design to simulate the effect of drainage on the 

hydrology of agricultural areas and especially poorly drained soils (Skaggs et al. 1995). 

DRAINMOD-NII models works on a water balance approach for a soil column of unit surface 

area that is placed in between adjacent drains. DRAINMOD-NII (Youssef et al. 2005) uses 

multipool approach using CENTURY (Parton et al., 1993) sub-model to simulate N dynamics. 

RZWQM2 (Ma et al. 2012) is a fully integrated model and simulation of soil moisture based on 

Richards equation, plant growth, and soil carbon and nitrogen dynamics are based on mass balance. 

The major feature of this model is its ability to simulate various agricultural management practices 

and their effects on water quality and crop production. The detailed comparison of functional 

differences between DRAINMOD-NII and RZWQM2 is provided in Chapter 3 (section 3.3). 
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2.4.1.1 DRAINMOD-NII  

Several studies have been conducted to evaluate DRAINMOD-NII in various soil 

conditions across Canada especially Ontario (Singh et al. 1994; Skaggs et al. 1995; El-Sadek et al. 

2001; Helwig et al. 2002; Yang et al. 2007; Dayyani et al. 2009; Cordeiro and Ranjan 2015; 

Satchithanantham and Ranjan 2015; Shedekar et al. 2015; Golmohammadi et al. 2016).  Singh et 

al. (1994) tested DRAINMOD-NII in clay loam soil in southern Ontario under corn plantation to 

evaluate the performance of DRAINMOD-NII to predict the water table depth under different tile 

drainage systems. The results suggested that DRAINMOD-NII can predict water table depth under 

tile drainage accurately in the clay loam soils in southern Ontario. Yang et al. (2007) also evaluated 

DRAINMOD-NII to simulate the nitrate movement under four different tillage practices at same 

research site used in Singh et al. (1994). The results suggested that DRAINMOD-NII simulated 

nitrate in drainage water accurately under all four tillage practices and the model can be used in 

similar field types in southern Ontario.  

A study conducted in eastern Ontario on modelling the impacts of tillage practices on water 

table depth, drain flow, and nitrogen loses in loamy soil using DRAINMOD-NII suggested that 

DRAINMOD-NII simulated hydrology accurately; however, the nitrogen was over estimated in 

the drain outflow (Golmohammadi et al. 2016). Dayyani et al. (2009) tested DRAINMOD-NII in 

cold climatic conditions of southern Quebec in silty clay loam soil under corn plantation. The 

results suggested that DRAINMOD-NII simulates the hydrology under tile drainage in cold 

climate regions with satisfactory accuracy. Another study in fine sandy loam soil field in Quebec 

under corn plantation showed that DRAINMOD-NII simulated hydrology accurately and over 

predicted the nitrate in drainage flows and suggested changes in N cycle components of the 
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DRAINMOD-NII (Helwig et al. 2002). DRAINMOD-NII also simulated accurately both 

hydrology and potato yield in sandy loam soil in a southern Manitoba field under tile drainage 

(Satchithanantham and Ranjan 2015).  

DRAINMOD-NII has also been evaluated in combination with different surface and 

groundwater models. A combination of DRAINMOD-GIS with the MIKE 11 model was used in 

Belgium to evaluate the model performance on nutrient loading at the catchment outlet (El-Sadek 

et al. 2001). The results suggested that the combined model (GIS-DRAINMOD-MIKE 11) 

predicted nutrient load fairly accurately at the catchment outlet. Golmohammadi et al. (2016) 

developed a numerical model, SWATDRAIN, using combination of DRAINMOD-NII and Soil 

and Water Assessment Tool (SWAT) model. The model performed satisfactory in predicting water 

table depth in a tile-drained watershed in Ontario. All these studies used tile drainage systems to 

simulate hydrology and nitrate in subsurface.   

A study in loamy soil under corn plantation in Manitoba used DRAINMOD-NII to simulate 

tile drain spacing effect on crop yield (Cordeiro and Ranjan 2015). The different tile spacing 

DRAINMOD-NII models were compared to a DRAINMOD-NII model with no artificial drainage 

and results suggested drain spacing can impact the crop yield significantly.  A study conducted in 

sandy loam soil in North Carolina using the impact of different drain spacing on nitrate losses 

suggested that natural drainage conditions can be achieved with increased drain spacing and 

decrease drainage intensity to minimize the impact of drain flow (Skaggs et al. 1995). Another 

study in Ohio used the same approach in which drain spacing was increased to engineer a “no 

drainage” scenario with very shallow drain depth and minimum drainage intensity (Shedekar et al. 
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2015) to model a untiled field. A similar approach is used in the present research while simulating 

hydrology and nitrate transport using DRAINMOD-NII (Chapter 3). 

2.4.1.2 RZWQM2 

There have been many studies conducted over the last several years in Canada to evaluate 

the performances of vadose zone models for various soil and crop settings (Akhand et al. 2003; 

Ahmed et al. 2007; Lu 2015). Ahmed et al. (2007) used RZWQM2 to evaluate two different 

artificially drained fields in southern Ontario under corn, soybeans and wheat production. The soil 

type at both sites was silt loam. The results suggested that the RZWQM2 performed well in 

simulating tile-drain flow and nitrate concentrations under silt loam conditions. Ahmed et al. 

(2007) conducted another study of long term nitrogen management impact on crop yields and 

subsurface water quality on two different soil types under artificial drainage, silt loam and sandy 

loam, and found that nitrate loads reduced in tile drains in silt loam soil compared to sandy loam 

soil when crop rotations were changed from corn-soybeans to corn-soybeans-soybeans rotation. 

Lu (2015) also evaluated RZWQM2 in clay loam soil under corn-soybean rotation fields in 

southern Ontario. The result suggested that RZWQM2 work well with regular drainage compared 

to control drainage. Akhand et al. (2003) also tested RZWQM2 in Nova Scotia in sandy loam soil 

to simulate drainage under corn-barley rotation and results suggested RZWQM2 successfully 

modelled the hydrology at the research site. All of the above mentioned studies were conducted 

on fields with tile drainage while simulating the nitrate and hydrology using RZWQM2 in Canada. 
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2.4.2 Groundwater Modelling Studies in Canada 

  Many groundwater studies have been conducted in the recent past using various modelling 

tools in different hydrogeologies to simulate flow and nitrate transport on field and watershed 

scales (Styczen et al. 1999; Thorsen et al. 2001; Levison 2009; Bonton et al. 2012; Ruidisch et al. 

2013; Sousa 2013; César et al. 2014; Wijesekara et al. 2014; Cornelissen et al. 2016; Paradis et al. 

2016; De Schepper et al. 2017; van der Zanden 2017; Zipper et al. 2017). A few studies used HGS 

to simulate nitrate flow and transport in agricultural watersheds (César et al. 2014; De Schepper et 

al. 2017); however, these studies did not incorporate seasonal variation in nitrate concentrations 

into the modelling regime. Although, a couple of studies used variable leaf area index (LAI) and 

rooting depth to simulate flow in agricultural catchment (Cornelissen et al. 2016; De Schepper et 

al. 2017; Yang et al. 2018), only Bonton et al. (2012) in a well capture zone used the Agriflux 

model (Banton and Larocque 1997) to incorporate seasonal trends of different cropping system 

into a HGS model to simulate nitrate transport in groundwater. Few studies have used different 

vadose zone models in combination with the MIKE SHE model to simulate nitrate transport in 

agricultural watersheds (Refsgaard et al. 1999; Styczen et al. 1999; Thorsen et al. 2001; Hansen et 

al. 2014). The seasonal variation in crop growth is very important to accurately simulate the nitrate 

transport at a subwatershed scale. The present research focuses on incorporating daily nitrate 

concentrations and LAI modelled using a vadose zone model as a concentration input function into 

a model developed using HGS to accurately simulate groundwater flow and nitrate transport.   
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 Research about Climate Change Impact on Nitrate Transport in Groundwater in 

Canada 

Few studies have been conducted in recent years to simulate the impact of climate change 

on nitrate transport in water resources in Canada (De Jong et al. 2008; Dayyani et al. 2012; Paradis 

et al. 2016). A study in Prince Edward Island (PEI) used four climate change scenarios projected 

for 2040-2069 and six management adaptation scenarios (De Jong et al. 2008). Four management 

scenarios were selected based on changes in crop areas and two management scenarios were 

selected based on changes in number of livestock. The results suggested that agricultural 

intensification scenarios have negative impact on nitrate leaching compared to climate change and 

economic condition (De Jong et al. 2008), i.e., more nitrate leaches to the subsurface.  

Another study used the same climate and nine different land use scenarios in a different 

subwatershed in PEI to predict the impact of future climate and management scenarios changes on 

groundwater quality using the FEFLOW model. The results suggested  climate change alone would 

account for an increase of only 0 to 6% (less recharge compared to baseline scenario, same nitrogen 

level in soil), whereas agricultural adaptation would generate an increase of 14 to 21% (less 

recharge compared to baseline scenario in future and increased nitrogen level in soil) (Paradis et 

al. 2016). A combination of DRAINMOD-NII and WARMF (Chen et al. 2001), DRAIN-WARMF 

(Dayyani et al. 2010), was used to simulate climate change impact on nitrate loads in a tile drained 

watershed in St. Esprit, Quebec (Dayyani et al. 2012). A Canadian regional climate model 

(CRCM) was used to simulate changes in monthly and annual tile drain flow and nitrate loading 

under same land use scenario for periods of 1961-1990, 2011-2040, 2041-2070, and 2071-2100. 

The results suggested that with increases in precipitation and decreases in total evapotranspiration, 
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the tile flow will increase in the future, and also nitrate load increases drain flows (Dayyani et al. 

2012).  

 GIS-based Case Study  

A GIS-based case study was conducted based on the results of the eight provincial scale 

and field scale studies previously carried out in Ontario (Table 2.2). The data for NO3
--N 

concentrations from these eight Ontario-based studies (Table 2.2; 1560 sampling locations) were 

combined and kriging interpolation used in ArcGIS 10.2 software (ESRI, Redlands, Calif.) to 

produce a NO3
--N distribution map. Geostatistical analysis was performed using GS+ Geostatistics 

for the Environmental Sciences Version 9 software (Gamma Design Software, LLC, Plainwell, 

Mich.) to measure nugget, sill, and range of influence. These semivariogram parameters were used 

in the kriging interpolation technique to generate a smooth krigged map (Fig. 2.5). This NO3
--N 

distribution map illustrates that most of the regions in southern Ontario have low (less than 3 mg 

L-1 NO3
--N) nitrate concentrations.  

The areal distribution also shows that higher nitrate concentrations occur in southwestern 

Ontario in regions under intensive agricultural operations (Murray 1997). The impacts of different 

soil types and different crop types on nitrate concentrations in groundwater for southern Ontario 

are discussed in the following sections (2.6.1 and 2.6.2). 
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Figure 2.5: Areal distribution of NO3
--N concentrations in groundwater in southern Ontario. This 

map was generated from the data collected from all Ontario groundwater-based studies with 

known spatial coordinate information (studies summarized in Table 2.2). 



 

 

32 

 

2.6.1 Impact of Different Soil Types on Groundwater Nitrate Concentration  

Soil data for southern Ontario were obtained (Geological Survey Ontario 2010) and 

imported into ArcGIS 10.2. Soil textures in southern Ontario include clay, clay loam, fine sand, 

fine sandy loam, gravel loam, gravel sand, gravel sandy loam, loam, loam fine sand, loam sand, 

organics, sand, sandy loam, silty clay, silty loam, and variable soil. These soil textures were 

combined into sandy, loamy, clayey, and other soil types (Table 2.3). The groundwater monitoring 

locations (points) were overlaid on the soil data to quantify the number of samples present in each 

soil type in ArcGIS. One-way analysis of variance (ANOVA) was performed to test the 

significance of different soil types from each other at probability (P) of 5%. Means comparisons 

were conducted using a least significant difference (LSD) for significantly different treatments 

(P<0.05). Sandy soils were more susceptible to groundwater nitrate contamination in general and 

the highest percentage (16.9%) of samples above the MACL for NO3
--N was in sand (Table 2.3). 

Overall, higher percentages of NO3
--N in groundwater samples were observed in sandy and loamy 

textural type soils. Similar trends for samples between 3 to 10 mg L-1 NO3
--N were seen in sandy 

and loamy textural type soils. 

Many studies have also indicated that sandy soils with natural drainage are more prone to 

nitrate contamination compared to clay- or silt-rich soils with poor drainage (Van Drecht 1993; 

Liaghat and Prasher 1997; Rudolph et al. 1998). The presence of higher percentages of macropores 

in sandy soils. Irrigation is applied to fulfill crop water requirements in these production systems 

(Kraft and Stites 2003; Beyaert et al. 2007). The combination of high fertilizer application, sandy 

soils, and heavy irrigation could lead to groundwater contamination of shallow aquifers (Beyaert 

et al. 2007).
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Table 2.3: Descriptive statistics of groundwater nitrate-N (mg L-1) in different soil types in southern Ontario (all data from studies 

reported in Table 2.2). 

Soil Type Soil Texture 
No. of 

Sites 

Nitrate-N (mg L-1) (%) Nitrate-N (mg L-1) 

<0.5 0.5-3 3-10 >10 Mean Min. Max. StDev 

Sanda 

Sand 83 33 (39.8) 21 (25.3) 15 (18.1) 14 (16.9) 2.13 N.D. 22.9 1.93 

Gravel Sand 13 6 (46.2) 4 (30.8) 3 (23.1) 0 (0.0) 0.63 0.05 6.32 0.53 

Fine Sand 45 28 (62.2) 9 (20.0) 8 (17.8) 0 (0.0) 1.41 N.D. 9.11 2.81 

Loam Sand 95 49 (51.6) 19 (20.0) 16 (16.8) 11 (11.6) 2.76 N.D. 23.1 1.83 

Loam Fine Sand 10 4 (40.0) 3 (30.0) 3 (30.0) 0 (0.0) 0.92 N.D. 7.6 2.12 

Loamb 

Gravel Loam 15 12 (80.0) 2 (13.3) 1 (6.7) 0 (0.0) 1.36 N.D. 9.81 2.98 

Gravel Sandy Loam 32 17 (53.1) 11 (34.4) 4 (12.5) 0 (0.0) 0.91 N.D. 6.95 1.67 

Sandy Loam 185 116 (62.7) 27 (14.6) 23 (12.4) 19 (10.3) 2.24 N.D. 20.9 3.10 

Fine Sandy Loam 87 71 (81.6) 5 (5.7) 6 (6.9) 5 (5.7) 1.60 N.D. 13.7 4.89 

Loam 203 139 (68.5) 25 (12.3) 28 (13.8) 11 (5.4) 1.67 N.D. 35.2 3.95 

Silty Loam 191 137 (71.7) 23 (12.0) 18 (9.4) 13 (6.8) 1.56 N.D. 14.8 2.51 

Clay Loam 190 172 (90.5) 11 (5.8) 7 (3.7) 0 (0.0) 0.32 N.D. 9.2 1.12 

Clayc 
Silty Clay 36 28 (77.8) 4 (11.1) 3 (8.3) 1 (2.8) 1.90 N.D. 47.1 7.78 

Clay 121 107 (88.4) 7 (5.8) 4 (3.3) 3 (2.5) 0.59 N.D. 14.2 2.2 

Otherc 

Organics 38 27 (71.1) 6 (15.8) 4 (10.5) 1 (2.6) 1.74 N.D. 31.1 5.28 

Other 83 65 (78.3) 11 (13.3) 7 (8.4) 0 (0.0) 0.63 N.D. 6.05 1.28 

Rock 4 3 (75.0) 1 (25.0) 0 (0.0) 0 (0.0) 0.61 N.D. 2.1 1.00 

Unknown Soil 121 101 (3.5) 15 (12.4) 4 (3.3) 1 (0.8) 0.59 N.D. 17.04 1.76 

Variable Soil 8 6 (75.0) 2 (25.0) 0 (0.0) 0 (0.0) 0.31 N.D. 1.14 0.51 

ANOVA 

Effect  DF F-Value P-Value 

Soil Type  3 8.4 <0.0001 

Error  1557   
Soil Types followed by different letters are significantly different at a significance level of 0.05.  

Significant at P < 0.05 
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Many studies on nitrate migration (both in leachates and groundwater) through the sandy 

soils have been conducted in Canada  (Hill 1982; Egboka 1984; Wei et al. 1993; Mclellan et al. 

1998; Kerr-Upal et al. 1999; Burton and Ryan 2000; Bruin and Capell 2010)Also, better aeration 

in sandy textural soils results in higher DO values that can restrict denitrification in deeper 

groundwater (Gillham and Cherry 1978). Another factor is nutrient holding capacity in different 

textural soils, which depends on soil organic matter. Séquaris et al. (2002) showed that a slight 

decrease in organic matter in sandy soils compared to clayey soils can result in a significant 

decrease in nutrient holding capacity, up to an order of magnitude.  

Most sandy and loamy soils under agricultural production are in southern or southwestern 

Ontario, and many studies have linked the sandy soils and excessive fertilization to the presence 

of nitrate in groundwater (Hill 1982; Mclellan et al. 1998; Kerr-Upal et al. 1999; Bruin and Capell 

2010). Hill (1982) showed that extensive farming results in higher nitrate concentrations in shallow 

groundwater and the nitrate concentration decreased with depth below the water table. Similar 

trends in nitrate movement through the sandy soils in southern Ontario were determined by 

Rudolph et al. (1998), Bekeris (2007), and Bruin et al. (2010).  

2.6.2 Agricultural Land Use Impact on Groundwater Nitrate Concentration 

Besides soils, land use can also significantly affect nitrate loading to groundwater. Crops 

are grown in agricultural fields to fulfill human and livestock dietary needs. The increase in world 

population in recent years has increased the world food demand. Manure or synthetic fertilizers 

are applied to agricultural fields to supply a continuous chain of essential nutrients to crops for 

higher yields (Rudel et al. 2009). The spatial variability in soils can lead to under- or over-
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application of fertilizers in fields. The excessive nutrients on crop lands can leach in the form of 

NO3
--N and pollute groundwater (Vitousek et al. 2009). The data for different land use types in 

southern Ontario were accessed from the Agriculture and Agri-Food Canada website (AAFC 

2017) and imported into ArcGIS 10.2. The crop data collected and used in the GIS analysis were 

based on crops planted for the specific monitoring period of each study site; crop rotations and 

previous crop data were not considered. The challenge was to determine the well source area and 

then identify the relevant major crop type. The well source areas, defined as the area from which 

well water originates as recharge (Equation 2.1), for each of the monitoring wells were created 

following Harter et al. (2002):  

L = dMW×gd/R        (2.1) 

where L is the upgradient linear extent of the monitoring well source area, R [m/s] is the 

net recharge rate in the source area, gd [m/s] is the average groundwater discharge rate per unit 

cross-sectional area, and dMW [m] is the depth of the monitoring interval below the water table. 

The major limitation of this method relates to the scale of the study area. The recharge and 

discharge values were obtained on a watershed scale, which only provides an estimate of the source 

area size (Conservation Ontario 2013); a more accurate delineation of the source area could be 

obtained by determining recharge and discharge values on a subcatchment scale. However, the 

watershed scale values are used due to the limitation of inadequate subwatershed scale data. Once 

source areas were defined for each well, crop types were identified and joined in ArcGIS.  

The highest percentage of groundwater NO3
--N samples above the MACL were from wells with 

source areas located in orchards (22.2%) (Table 2.4). Groundwater underlying berries (10.0%), 
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potatoes (12.5%), vegetables (16.7%), and corn (6.2%) also exhibited notable percentages of 

samples with NO3
--N concentrations above the MACL (Table 2.4). Another important finding is 

the number of wells (3.3%) with nitrate above the MACL in urban areas. Primary sources for these 

higher nitrate concentrations in urban areas are typically septic plumes. Many researchers have 

studied nitrate contamination of groundwater under different crop types (Zebarth et al. 1998; 

Benson et al. 2006; Roy et al. 2006; Bruin and Capell 2010). Kraft and Stites (2003) in the central 

US showed that shallow groundwater was contaminated with nitrate under different vegetable 

crops; potatoes require more nitrogen application than other vegetables and, correspondingly, 

nitrate loading from potato fields was the highest. The nitrate concentration in groundwater 

exceeded 10 mg L-1 under potato production in Alliston, Ontario (Hill 1982). Benson et al. (2006) 

related the impact of different land use types on groundwater quality in PEI, with results suggesting 

that potato fields had the highest nitrate loading with groundwater nitrate concentrations as high 

as 28 mg L-1. Similarly, Jiang et al. (2012) showed considerable nitrate loss from potato fields in 

PEI. Leaching from ginseng and cucumber fields in Norfolk County, Ontario was high due to large 

nitrogen-based fertilizer application rates (Bruin and Capell 2010). Although none of the samples 

in this study collected from wells installed in vegetable fields had a nitrate concentration above 10 

mg L-1, three out of six samples were above 3 mg L-1 (Table 2.4). More data collection from wells 

located in vegetables fields will help to explain the effect of different vegetable crops on 

groundwater quality. Other field crops such as corn, wheat, and soybeans also have the potential 

to contaminate groundwater (Kerr-Upal et al. 1999) under different soil types.    
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 Table 2.4: Descriptive statistics of groundwater nitrate-N (mg L-1) in different land use types (all data from studies reported in Table 2.2).   

Land Use Type 
No. of 

Sites 

Nitrate-N (mg L-1) (%) Nitrate-N (mg L-1) 

<0.5  0.5-3 3-10 >10 Mean Min. Max. 
St. 

Dev. 

Barren 44 34 (77.3) 5 (11.4) 5 (11.4) 0 (0.0) 0.60 N.D. 7.35 1.83 

Berries 10 5 (50.0) 2 (20.0) 1 (10.0) 1 (10.0) 2.10 N.D. 10.23 1.49 

Corn 322 226 (70.2) 45 (14.0) 31 (9.6) 20 (6.2) 1.99 N.D. 47.1 3.18 

Forage 254 177 (69.7) 31 (12.2) 31 (12.2) 15 (5.9) 1.08 N.D. 31.1 3.53 

Forest 265 210 (79.2) 28 (10.6) 19 (7.2) 8 (3.0) 1.00 N.D. 19.9 4.38 

Fruits 16 10 (62.5) 5 (31.3) 1 (6.3) 0 (0.0) 0.80 0.05 3.70 0.62 

Orchards 9 2 (22.2) 2 (22.2) 3 (33.3) 2 (22.2) 2.14 0.05 12.1 2.20 

Potato 8 4 (50.0) 2 (25.0) 1 (12.5) 1 (12.5) 1.68 N.D. 13.2 2.89 

Rye 18 16 (88.9) 2 (11.1) 0 (0.0) 0 (0.0) 0.31 N.D. 0.80 0.90 

Shrubland 81 45 (55.6) 22 (27.2) 11(13.6) 3 (3.7) 1.31 N.D. 14.6 3.11 

Soybeans 256 196 (76.6) 27 (10.5) 21 (8.2) 12 (4.7) 0.78 N.D. 16.1 2.71 

Urban 121 87 (71.9) 16 (13.2) 14 (11.6) 4 (3.3) 1.08 N.D. 17.0 2.52 

Vegetables 6 2 (33.3) 1 (16.7) 2 (33.3) 1 (16.7) 3.99 N.D. 10.2 3.47 

Water 3 3 (100.0) 0 (0.0) 0 (0.0) 0 (0.0) 0.00 N.D. 0.00 0.00 

Wetland 8 4 (50.0) 3 (37.5) 1 (12.5) 0 (0.0) 0.69 N.D. 18.7 2.78 

Wheat 139 104 (74.8) 15 (10.8) 12 (8.6) 8 (5.8) 1.72 N.D. 17.2 3.10 
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2.6.3 Focused Investigation: Norfolk and Oxford Counties 

The impacts of land use and soil types on groundwater nitrate concentrations discussed in 

sections 2.6.1 and 2.6.2 established that nitrate concentrations in groundwater wells near some 

crops and soil types were higher than other crops and soil types. This section provides an ArcGIS 

based analysis to evaluate the combined effect of soil and crop types and delineate areas vulnerable 

to nitrate contamination. For this purpose, two counties in southern Ontario (Norfolk and Oxford) 

were selected with a focus on pertinent soils and agricultural land use based on the results of Tables 

2.3 and 2.4.  

The soil types encountered in Norfolk and Oxford Counties are mostly sand and loam, 

respectively (Lauer 1985), and earlier analysis showed that sandy and loamy soils are more prone 

to nitrate contamination compared to other soil types (Table 2.3). Also, intensive agricultural 

operations at these locations require substantial nitrogen fertilizer inputs, which can result in 

elevated NO3
--N concentrations in groundwater. Corn, tobacco, and soybean are the main 

agricultural crops in these areas (Fig. 2.6(a)). The raster maps for agricultural land use and soil 

types were produced in ArcGIS 10.2 from AAFC (2017) and Ontario Geological Survey (2010) 

datasets, respectively. The soil types (Fig. 2.6 (b)) were classified into sand, loam, clay, and other 

soil types. Weighted overlay was used in ArcGIS to delineate vulnerable areas (Fig. 2.7). Equal 

weights were assigned to both surficial geology and agricultural land use since both can play an 

important role in NO3
--N contamination of groundwater. Based on the results of Table 2.3, sandy 

soils were assigned a scale value of 3, loam soils were assigned a scale value of 2, and all other 

soil types were assigned a scale value of 1. A higher scale value represents a soil type that is more
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Figure 2.6: Distribution of NO3
--N concentrations greater than 3 mg L-1 in Norfolk and Oxford Counties related to (a) agricultural land 

use (AAFC, 2013) and (b) soil type (Ontario Geological Survey, 2010). 

(a) (b) 
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Figure 2.7: Flow chart representing different steps involved in the weighted overlay analysis using 

ArcGIS 10.2. 

likely to contribute to groundwater contamination. Similarly, a scale value of 3 was assigned to 

corn, vegetables, orchards, berries, and wheat, a scale value of 2 was assigned to forest system, 

forage, and soybeans, and rye, while all other land use types were assigned a value of 1 based on 

the results of Table 2.4. 

The weighted overlay map delineated areas with low, medium, and high vulnerability on 

the basis of assigned weights (Fig. 2.8). These vulnerable areas were compared with the values of 

NO3
--N in groundwater above 3 mg L-1. Most of the wells (95.2%) having samples above the 
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MACL and 3 mg L-1 were present in high and medium vulnerability areas delineated using this 

GIS analysis. These results show that GIS is a useful tool to prioritize where to conduct detailed 

monitoring investigations. However, several factors such as well depth, screen lengths, soil organic 

matter, and others can impact the results of GIS analysis. The importance of these factors is 

discussed in detail in the following section (2.6.4). 

 
Figure 2.8: Weighted overlay map showing vulnerable areas with low, medium, and high indices.  
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2.6.4 Effect of Well Depth and Screen Length on Measured Groundwater Nitrate 

Concentrations 

As previously discussed, well depth and screen lengths play an important role in the amount 

of NO3
--N determined in groundwater samples. Deeper wells (greater than 50 m bgs) tend to have 

lower NO3
--N concentrations compared to shallow wells (0 to 50 m). Well depth information from 

Rogojin (2015), Hamilton (2015), Haslauer (2005), Levison and Novakowski (2009), Hollingham 

(2011), Brook (2012), Opazo (2012), and Best (2013) was gathered and then divided into three 

classes (<15 m, 15 to 50 m, >50 m bgs) on the basis of sample depth (Table 2.5). One way ANOVA 

was performed to test the significance of different well depths from each other at probability (P) 

of 5%. Means were compared using a LSD for significantly different treatments (P<0.05). The 

largest percentage (16.2%) of samples with NO3
--N concentrations above the MACL was from 

wells less than 15 m bgs deep. Of the 905 samples taken from wells more than 50 m deep, only 

four were above the MACL (Table 2.5). The intensive agricultural operations across southern 

Ontario, located in proximity to the examined wells, are likely the reason for higher concentrations 

in shallow wells. Hill (1982) showed that wells installed more than 6 m bgs deep had lower nitrate 

concentrations compared to shallower wells. Similarly, a study on groundwater quality in Iowa, 

USA showed that porewater nitrate concentrations in shallow wells (less than 4.6 m bgs deep) 

were very high compared to deeper ports (Cambardella et al. 1999). Rudolph et al. (1998) using 

multilevel monitoring wells in southern Ontario found that shallow wells (less than 5 m bgs deep) 

were more prone to nitrate contamination compared to deep wells. Simpson (2004) also related 

nitrate concentrations to well depth and found that shallow wells (less than 3 m bgs deep) had 

higher nitrate concentrations compared to deep wells (more than 10 m bgs deep).  
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Another important factor mostly overlooked in most agriculture-based groundwater studies 

is the length of monitoring screen intervals. Figure 2.9 shows the relationship between screen 

length and nitrate for the 1560 sampling points (Table 2.2) investigated in this research. Clearly, 

higher nitrate concentrations are mostly observed in samples collected from monitoring intervals 

with shorter screen lengths compared to longer screen lengths (or long open boreholes in fractured 

rock). The screen length varies from a few cm to tens of meters. In fact, all of the concentrations 

above the MACL were from monitoring screen lengths less than 5 m long. Few concentrations 

were even above half of the MACL for monitoring screen lengths longer than 30 m. No 

concentrations above background levels were reported for screens longer than 35 m (Fig. 2.9).  

Longer open intervals can result in misrepresentation of actual field conditions due to 

unknown blending of groundwater of expected varying water quality and hydrochemistry as 

demonstrated by depth-discrete groundwater studies (Opazo 2012; Best 2013; Chapman et al. 

2015; Malenica 2015; Best et al. 2015; Opazo et al. 2016). Thus, screen length of monitoring wells 

is another important factor for accurately determining the concentration of nitrate in groundwater 

(Fig. 2.9). Monitoring well screen lengths are installed based on the hydrogeology of the site or 

the researcher’s knowledge of field conditions and can result in misrepresentation of field 

conditions. State-of-the-art high resolution multilevel monitoring wells such as those constructed 

using continuous multichannel tubing (CMT) (Malenica 2015; Best et al. 2015), for  example, can 

help to determine the nitrate plume location with respect to depth and provide accurate nitrate 

concentrations at research sites. 
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Table 2.5: Descriptive statistics of groundwater nitrate-N (mg L-1) based on well depths.   

Well Depth 

(m) 

No. of 

Sites 

Nitrate-N (mg L-1) (%) Nitrate-N (mg L-1) 

<0.5 0.5-3 3-10 >10 Mean Min. Max. StDev. 

<15a 185 92 (49.7) 26 (14.1) 37 (20.0) 30 (16.2) 3.56 N.D. 23.1 5.09 

15-50b 419 232 (55.4) 87 (20.8) 82 (19.6) 18 (4.3) 2.16 N.D. 35.2 4.05 

>50c 905 795 (87.8) 81 (8.9) 25 (2.8) 4 (0.4) 0.41 N.D. 47.1 1.99 

ANOVA 

Effect DF F-Value P-Value 

Soil Type 2 86.23 <0.0001 

Error 1558   

Well Depths followed by different letters are significantly different at a significance level of 0.05. 

Significant at P < 0.05 
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Figure 2.9: Relationship between monitoring well screen lengths and NO3

--N concentrations. 

2.6.5 Discussion  

Nitrate-N concentrations in groundwater at 14.6% of the reviewed sampling sites (229 out 

of 1560 sampling locations) in southern Ontario were above the background concentration and 

groundwater samples at 4.8% of the monitoring sites were above the MACL. Different province-

wide and field-scale studies were examined and integrated to investigate the trends related to 

groundwater nitrate contamination in Ontario. The analysis of all studies considered showed that 

mean NO3
--N concentrations were lower than previous field-based studies conducted in Ontario 

and other provinces (Table 2.1). The lower NO3
--N concentrations observed are attributed to the 

significant proportion of data used in this study that were from deep wells with typically long open 



 

 

46 

 

sampling intervals. Previous site-specific investigations that mainly focused on shallow wells in 

southern Ontario (e.g., Haslauer 2005; Hollingham 2011; Brook 2012) show significant 

proportions of groundwater nitrate samples above the MACL (Table 2.2). Observed nitrate 

concentrations are generally higher in shallow wells due to fertilization and manure spreading. 

Denitrification can occur in deeper wells in suitable conditions and can significantly lower the 

amount of nitrate for a variety of reasons, including depletion of DO, availability of organic matter 

and DOC, and the presence of denitrifying bacteria. However, the introduction of multilevel 

monitoring wells such as well clusters helped to provide a general understanding of nitrate 

variation with depth. A study conducted in southern Ontario also showed that DO is significantly 

depleted with depth in four different watersheds, potentially leading to denitrification (Gilham and 

Cherry, 1978). Although the monitoring wells located throughout the province (Hamilton 2015; 

Rogojin 2015) are also used for other water quality monitoring purposes, monitoring wells in 

agricultural settings should target shallower depths (< 20 m) to observe the impact of agricultural 

activities on nitrate in groundwater. However, monitoring wells are generally installed based on 

researcher’s knowledge of the hydrogeology of sites, often for a variety of uses, and are not 

necessarily focused on nitrate plume location.  

The placement of well screen intervals targeting a specific plume is very important to 

understand and monitor nitrate movement through groundwater. The relationship between 

monitoring screen lengths and nitrate concentrations provides useful insight into the 

representativeness of samples from certain screen intervals. Shorter screens target small areas and 

can capture the actual concentrations, without dilution, if the plume is moving through that zone 

of the aquifer. Longer screen lengths can misrepresent field conditions if the plume is only moving 
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though a certain portion or thickness of the well screen; mixing of non-contaminated water with 

contaminated water can result in lower nitrate concentrations in that well and also blend the 

parameters that influence nitrate attenuation. Also, wells with longer screen may be capturing and 

blending concentrations from more than one nitrate source area, complicating the understanding 

of observed concentrations. As illustrated in Figure 2.9, screen lengths greater than 5 m (16 feet) 

never had concentrations above the MACL and field-focused research studies illustrate that 

vertical zones of nitrate contamination have widely varying concentrations within these long 

vertical intervals, making results from wells with long screens uninformative in terms of predicting 

impacts to varying water supply wells or surface water as receptors. However, the disadvantage of 

short screen intervals is that the nitrate plume could be completely missed if certain elevations are 

not targeted, especially if the source area footprint is small (i.e., point source such as a septic 

system or a small field rather than large agricultural fields where nutrients are applied). Nelson et 

al. (1995) showed that nitrate plumes from point sources are narrow, and therefore screen lengths 

and screen placement should be carefully selected for future nitrate studies. High resolution 

multilevel monitoring systems (MLS), such as Westbay, FLUTe, or CMT, for example, which 

offer numerous (seven or more) monitoring ports with depth for one monitoring well (e.g., 

Einarson 2006; Best 2013; Chapman et al. 2015; Malenica 2015), are recommended to capture 

nitrate concentrations with minimal dilution and improve the understanding of nitrate plumes and 

the impacts on groundwater attributable to land use, soil types, and best management practices 

(BMPs).  

Other important considerations for designing future investigations to quantify nitrate in 

groundwater are soil texture and crop type and/or their combination. Soil textural types also play 
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an important role in transport of nitrogen, with sandy and loam soils being more prone to nitrate 

contamination compared to silty and clay soils (Table 2.3). Also, the relationship observed in this 

study between crop type and groundwater quality illustrate that field crops such as corn, wheat, 

vegetables, and orchards are mainly associated with higher nitrate concentrations (Table 2.4). 

Previous research regarding nitrate concentrations in leachates and groundwater below these crops 

supports the results of this study (Hill 1982; Kraft and Stites 2003; Benson et al. 2006; Bruin et al. 

2010; Jiang et al. 2012). The acreage of certain crop types can affect the total amount of nitrate in 

groundwater and overall nitrate dynamics in the study area due to the nitrogen requirements and 

management of these crops. The combination of sandy soils with crops with a higher nitrogen 

application rate can result in high nitrate concentrations in groundwater and also affect the 

denitrification rates. Visual observations from two specific counties (Norfolk and Oxford) (Fig. 

2.6) revealed that groundwater nitrate concentration coincides with various soil and crop types 

identified as being more prone to nitrate contamination (e.g., corn, wheat; sand, sandy loam) 

compared to other soil and crop types (e.g., rye; silty, clayey). More detailed information about 

nitrate dynamics in different soil textural types and different crop types is required to delineate 

areas vulnerable to nitrate contamination in a watershed. 

The delineation of vulnerable areas can help to implement BMPs to reduce nitrate loadings 

in groundwater. Several researchers have evaluated different BMPs adopted to reduce nitrate 

loading from agricultural fields (Alva et al. 1998; Schumann et al. 2006; Bekeris 2007; Saleem et 

al. 2013). Owens et al. (2000) suggested that a corn-soybean-rye rotation has the potential to lower 

nitrate leaching from fields compared to continuous corn cropping. However, crop rotation 

sometimes results in higher nitrate in groundwater depending upon the amount of fertilizer inputs 
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and the cropping systems (Alva et al. 1998; Owens et al. 2000). A lysimeter study about nitrate 

leaching determined conclusively that planting rye substantially lowered nitrate leaching by 67% 

compared to corn and winter wheat planted in rotation (Martinez and Guiraud 1990). Variable rate 

fertilization has also been adopted in agricultural fields as a BMP to overcome nutrient leaching 

and in wild blueberry fields has been shown to reduce nitrate loading to the subsurface water 

without affecting crop yield (Saleem et al. 2013). These studies emphasize wide-scale 

implementation of BMPs in different field and horticultural cropping systems.   

In southern Ontario, many studies have been conducted to evaluate the impact of BMPs on 

groundwater contamination (Harman et al. 1998; Bekeris 2007; Koch 2009; Brook 2012). Corn 

and alfalfa rotation compared to a continuous corn monocrop resulted in significantly lower (and 

continually decreasing) nitrate concentrations at Strathmere Lodge Farm, London, Ontario 

(Harman et al. 1998). The Bekeris (2007) study at Thornton Well Field, Oxford County, Ontario 

was based on a field (111 hectares) evaluation of enhanced agricultural management practices 

using a novel unsaturated zone nitrate mass loading approach. Agricultural BMPs using a corn, 

soybean, and winter wheat rotation system were compared to continuous corn monocrop and 

resulted in a 6 to 11% decrease in nitrate loading to groundwater. Koch (2009) extended the work 

of Bekeris (2007) to upscale the study domain to evaluate BMP impacts outside the study area. 

Koch (2009) evaluated regional aquifer vulnerability and BMP performance in an agricultural 

environment using a multi-scale data integration approach and revealed that numerous years of 

agricultural BMP implementation (using crop rotations and different fertilizer application rates) 

within the capture zone of the Thornton Well Field has produced positive results. Interestingly, 

significant reductions in nitrate mass flux and loading to the water table have been identified due 
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to a steady decrease in stored nitrate mass and porewater nitrate concentrations within the 

unsaturated zone (Koch 2009). These studies to evaluate BMPs can help to reduce adverse 

environmental impacts on groundwater resources; however, as discussed previously, longer 

sampling intervals (well screens) and deep screened intervals at study locations where BMPs are 

implemented are less useful with respect to informing BMP effectiveness compared to study 

locations with advanced monitoring well infrastructure. Future studies of groundwater resource 

quality would benefit from the use of monitoring wells with sample intake lengths commensurate 

with the spatial variability of the sources and variables of the study that could also inform the 3-D 

flow system. A rigorous monitoring approach is required to truly improve the BMPs and associated 

groundwater protection.  

The temporal variation in nitrate dynamics is also often overlooked in groundwater 

monitoring studies, especially at provincial scales in agricultural areas. Seasonal variations can be 

significant and important information can be overlooked if only a single sample is collected on a 

yearly basis. The collection and analysis of seasonal groundwater data in addition to crop and soil 

types can provide more insight regarding the impact of crop type on groundwater quality. Seasonal 

or temporally detailed nitrate water quality data can also address the gaps in evaluating the impacts 

of climate change on groundwater quality in agricultural fields. Sustainable agricultural production 

is very much dependent on climatic stability (De Jong et al. 2008). The combined effects of 

increased temperatures, drought, heavy rainfall, and increased probability of extreme events are 

expected to cause significant changes in crop yields (Lemmen and Warren 2004; Bootsma et al. 

2005). A long drought period during the cropping season and heavy rainfall after harvest could 

impact the soil nitrogen budget. A slight change in rainfall amount can result in an increase of 5 to 
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30% nitrate leaching in a non-growing season (De Jong et al. 2008). Hill (1982) concluded that 

rainfall in the early fall season resulted in large amounts of percolation and leaching below rooting 

depths. Identification of vulnerable conditions and planning adaptation strategies can be improved 

through understanding the spatial variability of the response of groundwater systems to climate 

change. Although numerous studies have investigated the impact of climate change on 

groundwater quantity and flow dynamics (Jyrkama and Sykes 2007; Music and Caya 2007; Scibek 

et al. 2007; Levison et al. 2014a; Levison et al. 2014b), no known study has been conducted to 

investigate the impact of heavy rainfall and drought events after fertilizer application on nitrate 

leaching through agricultural fields to groundwater. GIS-based delineation of vulnerable areas can 

provide useful insights in designing groundwater modelling studies. However, groundwater 

modelling tools can be coupled with climate models in future studies to investigate the potential 

impacts of climate change. Future research should focus on collecting and modelling high 

resolution groundwater data and more detailed crop and soil information combined with climate 

models to predict nitrate concentrations in groundwater and to delineate the settings vulnerable to 

nitrate contamination.    

 Summary 

Canada has one of the largest fresh water reserves in the world and both surface water and 

groundwater are used to fulfill drinking water requirements and industrial consumption. 

Groundwater is the primary source of drinking water for 30% of Canadians and rural areas are 

often completely dependent on groundwater as the only drinking water source. Groundwater is 

also being used as source of irrigation water for agriculture fields and for livestock (e.g., drinking 

water). Therefore, it is very important to protect groundwater quantity and quality while 
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considering the effect future climatic changes may have on the hydrologic cycle and subsequent 

nutrient transport.  

Intensification in agricultural practices over the last few decades to meet crop production 

targets and increase farm profitability has increased the usage of agrochemicals. The excess 

fertilizers use can leach down with rainfall or irrigation water and potentially pollute the 

groundwater. Nitrate is considered to be one of the most important pollutants present in 

groundwater in agricultural areas, and nitrogen-based fertilizers are associated with elevated levels 

of nitrate in groundwater. Several field studies have been conducted in southern Ontario to evaluate 

the impact of agricultural practices on groundwater quality in the past couple of decades. These 

studies elucidate that that many of the drinking water wells have elevated levels of nitrate and that 

groundwater quality is deteriorating.  

Development of various vadose zone models has enabled researchers to evaluate the impacts 

of different management techniques on crop productivity and subsurface water quality. These 

models (e.g., RZWQM2, DRIANMOD) have been extensively used in recent years in southern 

Ontario to test best management practices especially in tile drained areas. Few groundwater 

modelling tools (FEFLOW and MODFLOW) or integrated groundwater-surface water models 

(HGS and MIKE SHE) have been used to evaluate the impact of land use activities on groundwater 

flow and nitrate transport in groundwater. However, the results of the existing modelling studies 

do suggest that these numerical models can be used to simulate nitrate transport if accurate land 

use, hydrogeological, and other inputs are available from field-collected data sets. Also, these 

modelling tools can be used to predict the impact of future climate change on groundwater quality 
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using inputs from climate models. Different land use management scenarios and climate change 

scenarios can be tested to predict the hydrogeologies vulnerable to nitrate contamination.  

A GIS-based case study (section 2.6) to: 1) delineate vulnerable areas in southwestern 

Ontario based on different soil texture types and land use types; and 2) to compare the delineated 

vulnerable areas to the groundwater monitoring wells with elevated nitrate concentrations, 

revealed that overall, 4.8% of 1560 groundwater sampling sites in southern Ontario were above 

the MACL for NO3
--N. The results showed that wells underneath sandy and loam soils were more 

prone to nitrate contamination compared to other soil types. Areas planted with corn (6.2%), 

orchards (22.5%), potatoes (12.5%), and vegetables (16.7%) also had a larger percentage of 

samples above the MACL for NO3
--N compared to other land use types. The maximum percentage 

(16.2%) of samples with NO3
--N above the MACL were taken from wells less than 15 m deep. 

Wells greater than 50 m deep had lower nitrate concentrations, with 0.4% of samples with NO3
--

N above the MACL (Table 2.5). Higher nitrate concentrations were observed in shorter monitoring 

screen intervals (<5 m) (Table 2.5). The results of the ‘weighted overlay’ ArcGIS analysis showed 

that groundwater samples with more than 3 mg L-1 NO3
--N were primarily within the delineated 

vulnerable areas based on the developed criteria. These results provide useful insights into nitrate 

dynamics in different crop and soil types and identify nitrate trends with depth in groundwater 

across southern Ontario.  

The primary focus of the examined field-scale studies was nitrate, and the well depths were 

generally shallow compared to the provincial-scale studies, which targeted many types of 

contaminants from wells that were generally very deep. Denitrification and other phenomena 
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occurring in deeper subsurface layers can significantly affect the nitrate dynamics and measured 

nitrate concentrations can be misleading. Besides well depths, many limitations in the data should 

be acknowledged and addressed in future studies.  

Depth-discreet sampling techniques and high-resolution multilevel wells should be used 

more widely in monitoring well networks to identify nitrate plume locations and extents in 

groundwater, for an improved understanding of the state of the groundwater resource. This review 

and GIS analysis can be used as a starting point for planning future targeted groundwater sampling 

regimes, land use changes, and intensity thresholds for agriculture or specific crops. However, 

careful selection criteria based on well depths, screen lengths, crop types and management, and 

land use are needed to properly use monitoring data from these types of past studies to provide 

better assessment capabilities. Existing monitoring wells should be more frequently sampled for 

groundwater quality to detect changes with time. More advanced multilevel monitoring wells 

should be installed to evaluate the movement of nitrate with groundwater depth. The continuous 

monitoring of existing and multilevel wells will help to overcome data gaps for climate change 

studies.   

Transition to Chapter 3 

Chapter 2 provided a comprehensive literature review of groundwater usage in various 

industries and how agricultural activities can impact groundwater quality in Ontario. Also, various 

vadose zone and groundwater modelling studies were discussed in detail to determine the 

knowledge gaps in the research and to design the current study. A case study was also presented 

and discussed in Chapter 2 based on various field-scale and provincial-scale studies conducted in 

southern Ontario to evaluate anthropogenic impacts (focusing on agricultural impacts) on 
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groundwater nitrate concentrations. The GIS-based case study helped to delineate soil and crop 

types that can contribute most to the groundwater contamination from agricultural lands.  

In Chapter 3, two different vadose zone models are evaluated to determine the temporal and 

spatial impacts of various cropping systems on nitrate losses below root zone. Both RZWQM2 and 

DRAINMOD-NII are 1-D models widely used by researchers in different soil and crop 

environments in agriculturally based vadose zone modelling studies. Soil sample, crop 

information, soil leachate concentrations and groundwater monitoring wells are used to quantify 

nitrate losses in naturally drained soils in southern Ontario. Chapter 3 will be submitted for 

publication in a vadose zone journal.  
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3. Evaluation of two vadose zone models for agricultural fields with 

sandy soils in Southern Ontario 

Abstract 

Fertilizers are applied to agricultural fields to meet crop nutrient requirements and improve 

crop productivity. However, excess nutrients, especially nitrate, can leach from agricultural fields 

polluting groundwater used for potable drinking water supply and agricultural irrigation. 

Infiltration rates and redox chemical reactions control the attenuation of nitrate in vadose zone 

porewater and subsequent concentrations reaching the groundwater flow system. Hence, 

simulating the hydrological processes and associated nitrate leaching through the vadose zone is 

imperative to quantify impacts to groundwater quality. A research site comprising two corn fields 

was selected in Norfolk County, in southern Ontario, Canada, a location known for sandy soils 

and intensive agricultural practices. Suction lysimeters were installed to collect soil leachate 

samples on a monthly basis which were analyzed for nitrate concentrations. Analysis results were 

compared to outputs from two vadose zone models, DRAINMOD-NII and RZWQM2. These 

models, constructed using measured parameters, were used to simulate the hydrological and nitrate 

loading conditions of the two examined fields. The models were evaluated and compared for 

produced groundwater elevation, soil moisture, and nitrate concentrations using various statistical 

parameters. Following hydrological calibration and validation, both models were used to simulate 

daily soil nitrate concentrations at 40 cm depth in the vadose zone. The RZWQM2 model 

performed well in simulating the hydrology and nitrate concentrations in both corn fields 

suggesting that it can be used to simulate nitrate concentrations in sandy soil conditions using 
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accurately measured soil and plant parameters. Based on these results, vadose zone model outputs 

can therefore be used in combination with groundwater models to predict the fate and transport of 

nitrate in groundwater.  

 Introduction 

Canada is the world’s fifth largest exporter of agriculture and agri-food products and over 

64 million hectares are under crop production in the country (AAFC 2018).  Crop production in 

the last four decades has increased two times as a result of better seed quality, better management 

practices, and higher nutrient application rates (Tilman et al. 2002). Nitrogen-based synthetic 

fertilizers along with animal manure and forage legumes are the main sources to meet plant 

nitrogen demand. Fertilizers are often applied uniformly in agricultural fields without considering 

variable soil nutrient deficiencies (Carr et al., 1991; Ostrom et al., 1998; Robertson et al., 2008; 

Jat et al., 2015). Under-application of required nutrients for crop growth can result in lower crop 

productivity while over application can cause nutrients to potentially leach and pollute 

groundwater (Kirchmann and Thorvaldsson 2000; Saleem et al. 2013).  

Residual soil nitrogen levels in Canadian agricultural lands have increased significantly 

since the mid-1990s due to increasing use of fertilizers and manure (Yang et al., 2012; AAFC, 

2016; Triberti et al., 2016). The most common nitrogen-based contaminant is nitrate nitrogen 

(NO3
--N), a water-soluble nutrient. It is transported to shallow groundwater as a leachate (Spalding 

and Exner 1993; Welch et al. 2011). Elevated NO3
--N concentrations have been a worldwide 

concern for water bodies, especially groundwater, for the past four decades (Rivett et al., 2008; 

Burow et al., 2010). The maximum allowable contamination limit (MACL) for NO3
--N in drinking 

water in Canada and many other jurisdictions is 10 mg L-1 (Health Canada 2013). Higher nitrate 
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concentrations may cause stomach issues as well as diseases, such as methemoglobinemia (blue 

baby syndrome) (Knobeloch et al. 2000; Mensinga et al. 2003; Powlson et al. 2008). Furthermore, 

it is not economical to exceed the nitrogen demand of agricultural land. Therefore, it is important 

to quantify the NO3
--N losses from agricultural lands that can lead to groundwater contamination.  

Many field-based studies have been conducted in Canada, especially in southern Ontario, to 

quantify the NO3
--N losses below the root zone (Elmi et al., 2004; Gordon et al., 2005; Ahmed et 

al., 2007; Jayasundara et al., 2007; Liu et al., 2011; Liu et al., 2014; Petrone et al., 2006; Rasouli, 

2013; Rasouli et al., 2014; Zebarth et al., 2009). The field evaluation of management practice 

impacts on crop productivity and nitrate losses below the root zone requires an intensive soil 

sampling routine and can be very labor and time intensive (Cameira et al. 1998; Moral et al. 2010). 

Various numerical models have been developed over the past two decades to simulate the transport 

and fate of nutrients through the vadose zone. These vadose zone models have proven to be useful 

tools and the calibration process requires fewer soil and leachate samples, compared to solely field-

based studies, to evaluate crop and soil variability impacts on crop production and environmental 

quality (Hutson and Wagenet, 1991; Prasad, 1999; Simunek et al., 2005; Youssef et al., 2005; Ma 

et al., 2012). If properly validated, vadose zone modelling tools are a fast and cost-effective way 

of estimating nitrate leaching under different agricultural management practices and soil/crop 

conditions, and for different hydrological regimes (e.g., changing recharge conditions) (Xu et al. 

2013). Agronomists and soil scientists can work together with farmers to use the available 

modelling tools to determine appropriate fertilizer application rates for different crops to avoid 

over fertilization and nutrient leaching. Vadose zone models can also be used to predict the impact 

of future climate change on crop productivity and groundwater quality, in turn providing policy 
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maker tools to identify agricultural best management practices (BMPs) (Stuart et al. 2011). 

However, the increasing use of vadose zone models for studying the impact of different 

management practices and cropping systems on crop productivity and water quality makes model 

evaluation an important endeavor.   

The main vadose zone models currently in use to quantify nitrate losses from agricultural 

lands are root zone water quality model (RZWQM2) (Ma et al. 2012), DRAINMOD-NII (Youssef 

et al., 2005), leaching estimation and chemistry model (LEACHM) (Hutson and Wagenet 1991), 

nitrate leaching and economic analysis package (NLEAP) (Prasad 1999), and HYDRUS (Simunek 

et al. 2005). Two vadose zone models, RZWQM2 and DRIANMOD-NII have been extensively 

used in agricultural systems in the last decade (Zhao et al. 2000; Ahmed et al. 2007; Ma et al. 

2007; Thorp et al. 2007; Cordeiro and Ranjan 2015). 

RZWQM2 is based on integrated physical, biological and chemical processes that simulate 

water and contaminant movement through the root zone and plant growth for different agricultural 

cropping systems (Malone et al. 2001). Detailed data concerning crop growth, soil moisture, soil 

physical and chemical properties, and meteorological parameters (daily minimum and maximum 

temperature, hourly wind speed, and solar radiation) are inputs into RZWQM2 to simulate 

contaminant transport using a 1-D solution of the Richards’ equation and the advection-dispersion 

equation (Hanson et al. 1998). Ahmed et al. (2007) evaluated RZWQM2 to quantify nitrate losses 

and crop yield from agricultural fields in different watersheds in southern Ontario. Most of the 

RZWQM2-based studies conducted to model nitrate losses from agricultural fields used soil 

moisture content, tile drainage flow, nutrient losses in drainage flow and nutrient concentrations 

in soil and shallow groundwater to calibrate the model (Ma et al. 2007; Thorp et al. 2007; Zebarth 



 

 

60 

 

et al. 2009). Very few studies are focused on calibrating the model using groundwater elevation 

data, which is the target in the current study, and is important for incorporation in groundwater 

modelling tools.  

The DRAINMOD-NII model also simulates water and nitrate movement and can also predict 

crop yield. Hydrological processes are simulated based on a water balance approach (Skaggs 

1980). Nitrate simulation is based on advection dispersion processes and nitrogen transformations, 

such as denitrification, plant nitrogen uptake, fertilizer dissolution, net mineralization, and surface 

and subsurface drainage losses (Zhao et al. 2000; Youssef et al. 2005). However, evaluations of 

DRAINMOD-NII performance using field-collected parameters (soil and plant) are mostly limited 

to agricultural fields with tile drains present to control the water movement (Ma et al. 2007; Oyarce 

et al. 2017; Craft et al. 2018). Very few studies have examined nitrate losses estimated under 

natural drainage (Skaggs et al. 1995; Cordeiro and Ranjan 2015; Shedekar et al. 2015).  

The objective of this study is to apply and compare RZWQM2 and DRAINMOD-NII for 

different cropping systems to determine which model best simulates both groundwater levels and 

nitrate losses through the root zone in a sandy soil setting, such as that encountered in southern 

Ontario. Predicted nitrate losses from the chosen model can be used in an integrated surface water 

– groundwater model in future studies (Chapters 4 and 5) to simulate nitrate movement through 

different hydrogeological settings in southern Ontario.  
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 Materials and Methods 

3.2.1 Study Site  

The study was conducted at a research site comprising two agricultural fields near the town 

of Simcoe (Norfolk County), Ontario, during the year 2015. The soil type at all selected fields is 

predominately sand (Fox Soils underlain by Norfolk sand plains) with good natural drainage 

(Present and Acton 1984). The selected fields have been under a corn-soybean rotation for the past 

six years. Simcoe has an average daily temperature of 7.8 °C and an average total annual 

precipitation of 970 mm from 2013 to 2015 (ECCC 2017c). Metrological data from 2013 and 2014 

was used to initiate the models for the purpose of hydrological calibration. The annual precipitation 

in 2015 was 920 mm and the daily mean temperature was 8.1 °C (Fig. 3.1) (ECCC 2017c). 

 

Figure 3.1: Weather data for Norfolk research site 
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3.2.2 Field Data 

Soil samples were collected from each field to determine soil texture and gravimetric 

moisture content. Soil samples were collected using a hand auger from 0-15 cm and 15-30 cm 

below ground surface (bgs) at each sampling point to obtain a representative soil for each field 

(area; 2-3 ha). The gravitational moisture content was determined by heating 20 g of soil from 

each sample at 105 ºC in an electric oven (ASTM 2007). Remaining soil samples were air-dried 

for a week. The air-dried soil samples were ground using a mallet and passed through a 2 mm 

sieve. The soil texture was determined using a hydrometer according to the USDA soil textural 

analysis method (USDA 1987).  

A double ring infiltrometer was used at each of the soil sampling site locations to quantify 

the infiltration rate of soil and estimate the type of soil in the unsaturated zone (Eijkelkamp 2012). 

The data collected from the field was used to build an infiltration curve from which the average 

infiltration rate (Eijkelkamp 2012) and soil type was determined using representative soil sample 

(average of 5 soil cores). Undisturbed soil cores were also collected at 0-15 cm bgs, 15-30 cm bgs, 

and 30-60 cm bgs from each soil sampling location to determine the soil bulk density (Black 1965), 

saturated hydraulic conductivity (Ks), and saturated moisture content (θs) (USEPA 1986). These 

undisturbed cores were dried in electric oven at 105 °C, weighed and then placed in a muffle 

furnace at 800 °C to determine soil organic content (OM) (ASTM 2007). Measured physical 

characteristics of the soil profile for both fields are presented in Table 3.1.  

Three suction lysimeters were installed randomly, 15 m apart, in each field to collect soil 

leachate samples. The ceramic cup was placed at 40 cm depth below ground surface to collect 

leachate leaving the root zone. A vacuum of 0.8 bar (80 kPa) was created in the suction lysimeters 
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every month (after rainfall events) and leachate samples were collected after 24 to 48 hours in 125 

mL Nalgene polypropylene sampling containers. The samples were immediately stored in a 

freezer, to prevent volatilization of analytes, until they were analyzed. The leachate samples were 

collected once a month from June 2015 to October 2015 and were analyzed for NO3
--N using an 

auto-flow analyzer (USEPA 2007). Soil samples were also collected on monthly basis from each 

lysimeter location to determine soil moisture content. Groundwater table elevation was measured 

every month in the nearest monitoring well.  

Table 3.1: Soil properties for both fields estimated from collected soil samples. 

3.2.3 DRAINMOD-NII and RZWQM2 Models and Their Functional Differences  

3.2.3.1 Hydrology 

DRAINMOD-NII is a 1-D field-scale model designed to simulate the effect of drainage on 

the hydrology of agricultural areas. Hydrological simulations in DRAINMOD-NII are based on a 

water balance approach, which considers runoff, for a soil column of unit surface area that is placed 

 Soil Depth  

(cm) 

Sand  

(%) 

Silt  

(%) 

Clay  

(%) 

Bulk 

Density  

(g cm-3) 

Ks  

(cm hr-1) 

θs OM  

(%) 

Field 1 

0 – 15  95 05 00 1.75 5 0.31 2.86 

15 – 30   90 08 02 1.70 9 0.31 2.63 

30 – 60  88 07 05 1.65 10 0.35 2.49 

60 – 850  90 08 02 1.45 12 0.37 1.4 

Field 2 

0 – 15  90 08 02 1.70 6 0.32 2.52 

15 – 30   90 07 03 1.68 7 0.32 2.43 

30 – 60  89 07 04 1.63 9 0.36 1.49 

60 – 980  88 10 02 1.50 9 0.39 1.35 
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between adjacent drains. The lower boundary is usually an impending soil layer. RZWQM2 is an 

integrated physical, chemical and biological process model in which hydrological processes such 

as infiltration, runoff, plant uptake and evapotranspiration are based on a mass-conservative 

numerical solution of the Richards equation. Surface storage is provided in DRAINMOD-NII 

while surface storage is not accommodated in RZWQM2. However, RZWQM2 and DRAINMOD-

NII both use the Green and Ampt (1911) equation to calculate infiltration rates. Potential 

evapotranspiration (PET) in DRAINMOD-NII is calculated using Thornthwaite (1948) or a user 

inputted PET file, while Shuttleworth and Wallace (1985) is used in RZWQM2. Soil water 

retention in DRAINMOD-NII is estimated by implementing hierarchical pedotransfer functions 

(PTFs) (Schaap et al. 2001) based on soil physical properties. RZWQM2 uses the Brooks-Corey 

equation (Brooks and Corey 1964) to estimate the soil water retention curve also based on soil 

texture. Water distribution above the water table in DRAINMOD-NII is controlled by a drained to 

equilibrium mechanism while RZWQM2 uses the Richards equation to calculate water 

redistribution in the unsaturated zone. The Darcy equation is implemented in RZWQM2 and 

DRAINMOD-NII to compute lateral and vertical seepage.  

3.2.3.2 Nitrate and Crop Modelling  

RZWQM2 (Ma et al. 2012) is an integrated field-scale model that can simulate nitrogen 

and carbon transport and fate within the soil profile and at the soil surface. The available processes 

that can be simulated are nitrification, denitrification, mineralization, volatilization, and crop 

nitrogen uptake using a multi-pool approach in which process-rate equations are used for each 

pool. These process-rate equations are solved in the OMNI (Shaffer et al. 2000) sub-model and 

are based on first-order chemical kinetic equations that are controlled by microbial population, soil 
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temperature, pH, and soil water content, informed by site derived measurements (Ahuja et al. 

2000). Solute transport in soil media is based on partial piston displacement and mixing within the 

soil matrix to account for adsorption/desorption processes. DRAINMOD-NII (Youssef et al., 

2005) is also a field-scale model that simulates soil nitrogen transport and fate in various crop and 

soil settings. Similar to RZWQM2, DRAINMOD-NII simulates mineralization, nitrification, 

denitrification, volatilization, atmospheric deposition, nitrate losses in surface runoff, and plant 

nitrogen uptake. The fate of nitrogen in unsaturated soil is also based on the multi-pool approach 

and DRAINMOD-NII uses the modified CENTURY (Parton 1996) sub-model to quantify nitrogen 

fate for different components of nitrogen cycle in soil media. Solute transport in DRAINMOD-

NII is based on the advection-dispersion-reaction equation. Tillage algorithms are incorporated in 

both RZWQM2 and DRAINMOD-NII. Crop yields in RZWQM2 and DRAINMOD-NII are 

estimated by DSSAT crop models and an empirical yield model, respectively. The empirical yield 

model in DRAINMOD-NII predicts crop yield in response to excess and deficit water stresses, soil 

salinity and planting.  

3.2.4 Model Inputs 

The models were evaluated using field data collected in 2015. Four soil horizons were 

selected for both fields (<15 cm; 15-30; 30-60; >60). Model initialization was based on 2013 and 

2014 weather data. The daily precipitation and temperature data used in the study were recorded 

at the Simcoe, Ontario weather station (ECCC 2017c).  
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3.2.4.1 DRAINMOD-NII 

Calibration of DRAINMOD-NII was based on weather, soil, fertilizer and manure inputs, 

as well as crop, drainage system design, and tillage parameters. Most of the inputs related to soil 

(soil texture, organic matter (OM), saturated moisture content (θs), and saturated hydraulic 

conductivity (Ks)), tillage, and nutrient input (fertilizer rates and timings) were based on field 

measurements at the study sites. Other input parameters (soil microbial population, soil 

temperature, etc.) for model calibration were either based on literature values (e.g., Ale et al. 2009; 

Luo et al. 2010; Ale et al. 2012) or default values were used. Daily precipitation was uniformly 

distributed over 5 h, from 6 pm to 11 pm using a DRAINMOD-NII weather data generation utility. 

Geological information was gathered from drilled monitoring wells and the clay layer with very 

low hydraulic conductivity was used as the restrictive layer at 8.5 m depth (AquaResource 2009). 

The groundwater elevation from these monitoring wells were also recorded during the study 

period.  

Since there was no artificial drainage system installed at the research sites, drainage system 

design parameters (drain spacing, drainage intensity, maximum surface storage and Kirkham’s 

depth for flow to drains) (Table 3.2) were calibrated to minimize the impact of the artificial 

drainage parameters on natural water flow through the vadose zone. The drain spacing and 

drainage intensity, were set to 1,000,000 cm and 0 cm d-1, respectively (Cordeiro and Ranjan 2015; 

Shedekar et al. 2015). Groundwater elevation data was used as a calibration target for the 

hydrological modelling component and lateral seepage was used as calibration parameter. Most 

soil parameters were measured in-field (Table 3.2); however, residual water content and saturated 

water content was estimated using the Rosetta model (Schaap et al. 2001).  
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Table 3.2: Main input parameters used in DRAINMOD-NII models for both fields. 

Input Category Input Parameter Value 

  Field 1 Field 2 

Drainage 

Drain deptha (cm)  20 20 

Drain spacinga (m)  10000 10000 

Effective drain radiusa (cm) 0.1 0.1 

Depth to impeding layerb (cm) 850 1000 

Drainage coefficienta (cm d‐1) 0 0 

Restricting layer thicknessb (cm) 205 300 

Restricting layer conductivityb (cm h‐1) 0.0006 0.0047 

Soil Temperature 
Soil temperature at bottom of profilea (ºC) 8 9 

Average snow melting temperaturea (ºC) 0.1 0.1 

Crop 

Fertilizer application rate (kg ha-1)b 190 169 

Harvest indexa 0.54 0.54 

Root-to-shoot ratioa 0.1 0.1 

aCalibrated values  

bField measured values 

Soil temperature parameters, which influence freeze-thaw and snowmelt processes in the 

cold climate of the study area, were based on literature values (OMAFRA 2017a). Other 

parameters, including threshold air temperatures for snowfall, accumulation, and melt as well as 

the snow melt coefficient and critical ice content (above which infiltration stops), were obtained 

from calibration (Table 2). PET was estimated using Thornthwaite (1948) method. 

Model N-related inputs, including fertilizer application rates and timing, tillage practices 

and potential crop yield (Table 2) were based on measurements/practices at the study area. 

Parameters obtained through model calibration included two crop parameters for corn (harvest 

index and root-to-shoot ratio) and two parameters controlling the simulated nitrate transport 
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mechanisms (longitudinal dispersivity and tortuosity). Parameters characterizing rates of 

nitrification and denitrification were also calibrated. Plant inputs including grain nitrogen, shoot 

and root nitrogen, and shoot and root carbon contents for corn were set to model default values. 

C:N ratios and potential decomposition rates of OM pools were also set to the default. 

3.2.4.2 RZWQM2 

Similar to DRAINMOD-NII, the RZWQM2 model was calibrated for soil hydraulic 

properties, soil nutrients, and plant growth parameters. Soil data measured in-field and estimated 

using the Rosetta model were used to calibrate the soil hydraulic properties. High water table 

presence was selected in the hydraulic control section of RZWQM2 and minimum inputs technique 

(saturated hydraulic conductivity and field capacity water content) was used in the soil hydraulics 

section of RZWQM2. The water table leakage rate was used as a calibration parameter for 

hydraulic processes. The soil OM data was used to calibrate the nitrate concentrations in the soil 

leachates. The measured organic matter data was used in the residue state for calculation of the 

different residue pools, such as slow and fast soil humus pools, and different microbial pools.  

Crop growth parameters such as (shoot height, root depth, and total overland biomass etc) 

were used during the calibration of the crop growth component of RZWQM2, as suggested by 

different researchers (e.g., Hanson et al. 1998; Ahmed et al. 2007). The RZWQM2 model default 

values of OM decay, nitrification, denitrification, and volatilization rates were used (Ahuja et al. 

2000). Crop nitrogen uptake rates were estimated based on data available from nutrient 

management planning (NMAN) software (OMAFRA 2017b). Site-specific crop parameters were 

calibrated using an objective function based on field-measured values of grain yield and soil water 

content at different layers.  
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3.2.5 Model Calibration and Validation 

The models were evaluated based on hydrology and nitrate concentrations for each of the 

examined fields. Groundwater elevations and soil moisture content (30 cm depth) were calibrated 

using monitoring well and soil sample data from each site.  Once the model was calibrated for 

hydrology, nitrate concentrations in soil leachates were calibrated using monthly data collected 

from the suction lysimeters installed in each field.  

Groundwater data was collected on daily basis from September 2014 to December 2015. 

The observed groundwater elevations in meters above sea level (masl) for the first nine months 

were used to calibrate the models. The following seven months of observed groundwater 

elevations (masl) were used to validate the models. Measured, transient groundwater elevation 

data was compared to the modelled data using Nash-Sutcliffe Efficiency (NSE), percent bias 

(PBIAS), index of agreement (d), root mean square error (RMSE), percent error (PE), and 

coefficient of determination (R2). NSE compares the model residual variance with observed data 

residual variance and indicates how well the plot of observed versus model simulated data fits the 

1:1 line.  NSE is computed as follows (Equation 3.1): 

𝑁𝑆𝐸 =  1 −
∑ (𝑂𝑖−𝑀𝑖)2𝑛

𝑖=1

∑ (𝑂𝑖−�̅�)2𝑛
𝑖=1

    (3.1) 

where Oi is the ith observation, Mi is ith simulated value, Ō is the mean of observed data 

for parameter being evaluated and n is the total number of observations. NSE ranges from −∞ to 

1 with NSE value of 1 demonstrating perfect fit, and values between 0 and 1 generally indicating 

acceptable levels of performance. Negative values indicate the model is not well-reproducing the 
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observed data. PBIAS is computed using Equation 3.2. A positive value indicates model 

underestimation while a negative value indicates model overestimation.  

𝑃𝐵𝐼𝐴𝑆 =  
∑ (𝑂𝑖−𝑀𝑖)∗100𝑛

𝑖=1

∑ (𝑂𝑖)𝑛
𝑖=1

   (3.2) 

The index of agreement, d, is computed following Equation 3.3. The value of d varies from 

0 to 1, with 0 showing no correlation and 1 indicating perfect correlation between observed and 

modelled data. 

𝑑 =  1 −
∑ (𝑂𝑖−𝑀𝑖)2𝑛

𝑖=1

∑ (|𝑀𝑖−�̅�|+|𝑂𝑖−�̅�|)2𝑛
𝑖=1

    (3.3) 

The RMSE (Equation 3.4) and PE (Equation 3.5) are computed as:  

𝑅𝑀𝑆𝐸 =  √
∑ (𝑂𝑖−𝑀𝑖)2𝑛

𝑖=1

𝑛
   (3.4) 

𝑃𝐸 =  
∑ 𝑀𝑖−∑ 𝑂𝑖

𝑛
𝑖=1

𝑛
𝑖=1

∑ 𝑂𝑖
𝑛
𝑖=1

× 100    (3.5) 

Soil moisture samples and soil leachate nitrate concentrations were collected once a month 

from June 2015 to October 2015. The collected field data were used to calibrate the vadose zone 

model. Since soil moisture and nitrate leachate concentrations were measured monthly, only 

RMSE, PE, and mean absolute error (MAE) (Equation 3.6) were compared for the date on which 

soil leachate and soil samples were collected. 

 𝑀𝐴𝐸 =  
1

𝑛
∑ |𝑂𝑖 − 𝑀𝑖|

𝑛
𝑖=1 × 100   (3.6) 
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 Results and Discussion 

3.3.1 Groundwater Elevation 

Time series data shows that simulated groundwater elevation using both models showed a 

good agreement with measured groundwater elevation data for Field 1 (Fig. 3.2). The measured 

groundwater elevations in Field 1 varied from 220.1 to 220.8 masl while models simulated 

groundwater elevation varied from 220 to 221.1 masl during the 2013 to 2015 simulation period 

(Fig. 3.2).  

 

Figure 3.2: Time-series comparison of measured, DRAINMOD-NII and RZWQM2 predicted 

groundwater elevations during the calibration period and validation period for Field 1. 

Both RZWQM2 and DRAINMOD-NII were more responsive to rainfall events than field 

data. Scatter plots of measured and simulated groundwater elevations for the calibration period 

illustrate over estimation for DRAINMOD-NII and under estimation for RZWQM2 (Fig. 3.3). 

Calibration 

Period 

Validation 

Period 

Model initialization 
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However, scatter plot results for the validation period in Field 1 show poor agreement 

between the measured and DRAINMOD-NII modelled groundwater elevations as the best-fit line 

was largely deviating from the 45 degree (1:1) line (Fig. 3.4) while the RZWQM2 shows good 

agreement as the line of best-fit was more often close to the 45 degree line (Fig. 3.4). 

   

(a)      (b) 
Figure 3.3: Scatter plots of: a) measured vs DRAINMOD-NII and b) measured vs RZWQM2, for 

the calibration period for Field 1. 

     

(a)      (b) 
Figure 3.4: Scatter plots of: a) measured vs DRAINMOD-NII and b) measured vs RZWQM2, for 

the validation period for Field 1. 
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 The statistical evaluation parameters for groundwater elevation during the calibration 

period for Field 1 indicate that both DRAINMOD-NII and RZWQM2 perform satisfactorily (Table 

3.3). PBIAS results for both models show positive bias. This indicates under estimation of 

modelled groundwater elevations compared to the measured values. The index of agreement and 

PE results were similar for both models during the calibration period (Table 3.3). For validation 

period, the RZWQM2 model showed satisfactory results for all statistical parameters in Field 1 

(Table 3.3). The NSE and R2 values for DRAINMOD-NII during validation period indicate that 

satisfactory results were not produced, although, the RMSE for DRAINMOD-NII (0.065 m) was 

lower than for RZWQM2 (0.157 m) (Table 3.3).  

Table 3.3: Comparison of different statistics for both DRAINMOD-NII and RZWQM2 models for 

Field 1. 

 Calibration Period Validation Period 

Statistic DRAINMOD-NII RZWQM2 DRAINMOD-NII RZWQM2 

NSE 0.54 0.43 0.03 0.77 

Index of agreement (d) 0.88 0.87 0.91 0.92 

PBIAS 0.01 0.01 -0.02 0.006 

R2 0.74 0.67 0.11 0.78 

PE -0.01 -0.01 -0.02 -0.005 

RMSE (m) 0.071 0.088 0.065 0.157 

The results of simulated and measured groundwater elevations for both models were 

similar in Field 2 (Fig. 3.5). Temporally, the simulated groundwater elevations for both RZWQM2 

and DRAINMOD-NII show a rapid response to rainfall events. However, the measured 

groundwater elevations have small fluctuations to rainfall events, typical of sandy soils 

(Sophocleous 1992).  
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Figure 3.5: Time-series comparison of measured, DRAINMOD-NII and RZWQM2 predicted 

groundwater elevations during the calibration period and validation period for Field 2. 

Measured groundwater elevations were well-reproduced with both models for Field 2, 

having good agreement during the calibration period with both models show slight over estimation 

of groundwater elevations (Fig. 3.6). Similar to Field 1, scatter plots for the validation period in 

Field 2 also indicate poor performance of DRAINMOD-NII and better performance of RZWQM2 

in estimating groundwater elevations (Fig. 3.7).   

The statistical evaluation results for the Field 2 calibration period indicate that both 

DRAINMOD-NII and RZWQM2 perform well in predicting groundwater elevations (Table 3.4). 

DRAINMOD-NII had a slight positive PBIAS value indicating under-estimation of groundwater 

elevations compared to a slight negative PBIAS for RZWQM2, indicating over-estimation of 

modelled groundwater elevations (Table 3.4). The validation period results for Field 2 showed that 
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Period 

Model Initialization 
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NSE values were satisfactory for both models (Table 3.4). However, the R2 value for 

DRAINMOD-NII was only 0.23, indicating poor correlation between measured and modelled 

groundwater elevations.  

     

 (a)      (b) 
Figure 3.6: Scatter plots of: a) measured vs DRAINMOD-NII and b) measured vs RZWQM2, for 

the calibration period for Field 2. 

 

     
(a)      (b) 

Figure 3.7: Scatter plots of, a) measured vs DRAINMOD-NII and b) measured vs RZWQM2, for 

the validation period for Field 2. 
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All statistical parameters were satisfactory for RZWQM2 for the validation period in Field 

2 (Table 3.4).  Overall model evaluation results for both fields indicate that RZWQM2 better 

simulated groundwater elevation in the sandy conditions of Norfolk County compared to 

DRAINMOD-NII. The possible reasons for this could be the absence of drains in both fields and 

the DRAINMOD-NII is not intended to performs good in soils with good drainage (Qi et al. 2015).  

Table 3.4: Comparison of different statistics for both DRAINMOD-NII and RZWQM2 models for 

Field 2. 

 Calibration Period Validation Period 

Statistic DRAINMOD-NII RZWQM2 DRAINMOD-NII RZWQM2 

NSE 0.71 0.80 0.53 0.64 

Index of agreement (d) 0.94 0.94 0.82 0.89 

PBIAS 0.02 -0.01 -0.02 0.004 

R2 0.76 0.86 0.23 0.64 

PE -0.02 -0.01 0.02 -0.004 

RMSE (m) 0.11 0.091 0.12 0.10 

 

3.3.2 Soil Moisture Content 

Simulated soil moisture content using both DRAINMOD-NII and RZWQM2 models 

shows a good agreement with measured soil moisture content data after rainfall events (Fig. 3.8). 

Soil moisture content simulated by RZWQM2 has a greater response to rainfall events compared 

to that of DRAINMOD-NII. This may be due to the inability of RZWQM2 to allow surface 

ponding for more than 24 hours (Cameira et al. 1998).  Field 2 also shows similar trends in 

simulating soil moisture content as Field 1 (Fig. 3.9). The overall results suggest that both models 

provide good estimates of soil moisture content in both fields.    
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(a)      (b) 
Figure 3.8: Comparison of measured soil moisture content with: a) DRAINMOD-NII and b) 

RZWQM2, predicted soil moisture contents for Field 1. 

 

 

(a)      (b) 
Figure 3.9: Comparison of measured soil moisture content with: a) DRAINMOD-NII and b) 

RZWQM2, predicted soil moisture contents for Field 2. 

All statistical parameters showed similar results for DRAINMOD-NII and RZWQM2 in 

both fields indicating that the models can predict soil moisture content accurately near the soil 

surface (30 cm bgs) (Table 3.5).   



 

 

78 

 

Table 3.5: Comparison of statistics for measured and simulated soil moisture contents for both 

fields. 

 Field 1 Field 2 

Statistic DRAINMOD-NII RZWQM2 DRAINMOD-NII RZWQM2 

R2 0.76 0.77 0.82 0.86 

PE (%) -3.9 -3.5 -2.3 -2.1 

MAE (m) 0.016 0.015 0.007 0.009 

RMSE (m) 0.040 0.039 0.019 0.020 

 

3.3.3 Soil Nitrate Concentrations 

Monthly measured soil leachate nitrate concentrations after major rainfall events matches 

well with modelled nitrate concentrations in soil water for both DRAINMOD-NII and RZWQM2 

models in Field 1 (Fig. 3.10). Similar trends for measured and modelled soil water nitrate 

concentrations were observed in Field 2 (Fig. 3.11). Higher soil water nitrate concentrations were 

observed following large recharge events in April and October in both fields (Fig. 3.10; Fig. 3.11). 

The peak of soil water nitrate concentrations was observed in June for both modelled and measured 

data (Fig. 3.10; Fig. 3.11), following fertilizer application in May. Similar to moisture content 

modelling results, RZWQM2 was more responsive to the fluctuation in nitrate concentrations 

compared to DRAINMOD-NII (Fig. 3.10; Fig. 3.11).   

Statistical parameters for RZWQM2 compared to those for DRAINMOD-NII indicate that 

RZWQM2 performed better for the simulation of soil water nitrate concentrations (Table 3.6). 

Similar trends for all statistical parameters were observed in Field 2 for both models (Table 3.6). 

Overall modelling results for simulating soil water nitrate concentrations in both fields showed 

that RZWQM2 is a better choice in sandy soil conditions in southern Ontario. Improved 



 

 

79 

 

performance of RZWQM2 is possibly due to more detailed crop parameters available in the 

DSSAT crop model. However, intense evaluation of both models is required in different fields 

with multiple years of soil and crop data before reaching a definite conclusion.  

 

 

(a)      (b) 
Figure 3.10: Comparison of measured soil leachate NO3

--N concentrations at 40 cm bgs with: a) 

DRAINMOD-NII and b) RZWQM2, predicted soil leachate NO3
--N concentration for Field 1. 

 

(a)      (b) 
Figure 3.11: Comparison of measured soil leachate NO3

--N concentrations at 40 cm bgs with, a) 

DRAINMOD-NII and b) RZWQM2, predicted soil leachate NO3
--N concentration for Field 2. 
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Table 3.6: Comparison of different statistics for measured soil leachate NO3
--N concentrations and 

simulated soil NO3
--N concentrations for both fields. 

 Field 1 Field 2 

Statistic DRAINMOD-NII RZWQM2 DRAINMOD-NII RZWQM2 

R2 0.56 0.93 0.78 0.90 

PE (%) 1.47 1.63 -0.55 -1.51 

MAE (mg L-1) 4.73 1.75 4.99 4.40 

RMSE (mg L-1) 12.61 5.04 12.50 10.65 

 Conclusions and Recommendations 

Models developed using DRAINMOD-NII and RZWQM2 were tested for the first time 

under natural drainage conditions (untiled) in sandy soils for two corn fields in Norfolk County, 

Ontario. The modelling results show that the RZWQM2 model simulates groundwater elevations 

more accurately compared to the DRAINMOD-NII model. Calibrating groundwater elevation are 

important for coupling with groundwater models in future studies. Soil moisture simulations 

suggest similar performance of both vadose zone models in the two examined fields. The 

limitations of DRAINMOD-NII to perform poorly in soils with good drainage and the absence of 

subsurface drains in the fields could explain the poorer simulation of groundwater elevations. Soil 

water nitrate simulation results also indicate better performance of the RZWQM2 model in 

predicting concentrations at 40 cm depth bgs compared to the DRAINMOD-NII model, which 

could be explained by the advanced parameters available in DSSAT model to simulate plant 

nitrogen uptake. Overall modelling results suggest that RZWQM2 should be used to simulate 

hydrology and leached nitrate concentrations compared to DRAINMOD-NII in sandy soils, such 

as those encountered in southern Ontario. However, it is recommended that both models be tested 

in various field settings, using multiple years of data to support this conclusion. Once accurately 
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calibrated, the model outputs for soil leachate nitrate concentrations can be coupled with 

groundwater models to predict the transport and fate of nitrate in groundwater.  

Transition to Chapter 4 

In Chapter 3, two vadose zone models, RZWQM2 and DRAINMOD-NII were evaluated for 

the first time in naturally drained soil of southern Ontario. RZWQM2 model performance was 

better compared to DRAINMOD-NII, and thus RZWQM2 was used to quantify the nitrate 

concentrations below root zone at all three different research sites.  

In Chapter 4, a coupled RZWQM2 and HGS modelling approach is used to quantify the nitrate 

concentrations in groundwater on a subwatershed scale in two distinct hydrogeologies encountered 

in southern Ontario. HGS (Aquanty Inc. 2015) is one of the few 3-D fully integrated surface and 

groundwater model available. The primary reason for selection of HGS is its numerical capabilities 

and ability to simulate flow and transport in fractured bedrock hydrogeologies. HGS is widely 

used in various industries and is not specifically designed for agricultural systems. RZWQM2 

outputs helped to better use HGS in agricultural subwatersheds to simulate groundwater flow and 

nitrate transport. The groundwater elevation and nitrate concentration data used in the execution 

of HydroGeoSphere were collected from field sampling conducted from April 2014 to July 2016. 

The field sampling results are discussed in Gardner (2017).    
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4. Quantifying nitrate losses for different hydrogeological settings 

under agricultural lands using a fully integrated numerical model  

Abstract 

Groundwater is a major source of water supply for more than 30% of Canada’s population, 

especially in smaller cities and rural communities. Agricultural intensification in the last few 

decades and the potential for nitrate contamination has become a threat to groundwater quality. 

Groundwater nitrate concentrations were quantified in two contrasting hydrogeologies under 

agricultural lands in southern Ontario, Canada. Groundwater elevation and nitrate concentration 

data from several monitoring wells were collected at two research sites in southern Ontario; 

Norfolk County and Guelph.  Surface flow data was collected from Water Survey of Canada 

gauging stations present at both sites. A 1-D vadose zone model, RZWQM2, was used to quantify 

nitrate concentrations at 40 cm depth below ground surface for major crop types. Shallow zone 

nitrate concentrations predicted by RZWQM2 were used as input to HydroGeoSphere (HGS) 

models to simulate three-dimensional, variably-saturated surface and groundwater flow and nitrate 

transport. The HGS models were calibrated by reproducing surface water flows measured from 

2012 to 2016 as well as groundwater elevations and nitrate concentrations measured from 2014-

2016. Surface flows were reproduced well at the Norfolk site while the Guelph site had more 

fluctuation in modelled surface flows compared to observed flows. The groundwater elevations 

and nitrate concentrations at both sites were well calibrated and validated. The modelling results 

indicate that accurate and detailed crop information can improve HGS performance in simulating 

the groundwater elevations and nitrate concentrations. The calibrated and validated HGS models 
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can be used to assess the impact of climate change and land use changes in agricultural watersheds 

in southern Ontario. 

 Introduction 

Groundwater contamination in agricultural areas is primarily linked to the application of 

fertilizers (Bleifuss et al. 1998; Johnsson et al. 2002). The use of fertilizers has significantly 

increased in the past few decades to increase crop production in a growing season. Excess fertilizer 

application on agricultural lands can  cause nutrient leaching via rainfall and irrigation water 

resulting in groundwater pollution (Rivett et al. 2007; Sutton et al. 2011; Mellander et al. 2014). 

Nitrate is identified as the most widespread contaminant linked to use of nitrogen-based fertilizers 

in agricultural fields (Jackson et al. 2008; Sutton et al. 2011). The residence times of any 

contaminant in groundwater can vary between days to a few decades; thus remediation of 

contaminated groundwater systems may require high capital expenditures (e.g., King et al. (2012). 

Elevated nitrate concentrations in drinking water can also have health implications, such as 

methemoglobinemia (Powlson et al. 2008). Moreover, elevated levels of nitrate can lead to 

environmental problems, such as eutrophication (Sutton et al. 2011). Therefore, it is very important 

to understand nitrate fate and transport in groundwater systems with regards to fertilizer 

application on agricultural lands.  

There are many factors controlling the fate and transport of nitrate in the subsurface from 

agricultural lands. These factors can be categorized as atmospheric; soil physical, chemical and 

biological properties; hydrogeological settings; and crop type (Van Drecht 1993; Sanchez 2000; 

Kraft and Stites 2003; De Schepper et al. 2017). Atmospheric factors, including the timing, 

magnitude and spatiotemporal distribution of precipitation as well as temperature fluctuations, can 
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impact aquifer recharge and runoff amounts from agricultural lands (De Schepper et al. 2017). Soil 

type also plays a vital role in nitrate fate and transport in the subsurface. Soil texture, porosity, 

bulk density, pH, electrical conductivity, dissolved organic carbon, and various bacteria can 

influence nitrate concentrations in groundwater (Waugh 2000; Clark 2015). Water table depth, 

aquifer material, and regional flow system characteristics are main hydrogeological factors that 

affect nitrate concentrations (Trudell et al. 1986; Fenton et al. 2009; Baram et al. 2016). Crop type, 

fertilizer application rates, crop rotation and tillage practices are the primary crop-related 

parameters that can influence the fate and transport of nitrate in groundwater systems 

(Simmelsgaard 1998; Mclellan et al. 1998; Owens et al. 2000; Beaudoin et al. 2005). For example, 

crop rotations of high nitrogen demanding crops (corn and wheat) with different low nitrogen 

demanding crops (e.g., rye) have lowered nitrate leaching rates (Owens et al. 2000; Beaudoin et 

al. 2005). These factors require careful investigation to develop management tools that can 

minimize risks of aquifer pollution.  

  Vadose zone numerical models have provided researchers a useful tool for evaluating the 

impacts of different cropping systems and management practices on crop production and 

subsurface water quality (Li et al. 2008; Cornelissen et al. 2016). These numerical models can 

reduce the cost of intensive soil and groundwater sampling routines (Skaggs et al. 1995; Cordeiro 

and Ranjan 2015); however, adequate field data is required for accurate model calibration. Field 

data can provide information on spatial and temporal parameter variation in nutrients availability 

as well as denitrification potential. One of the main processes that impact nitrate fate and transport 

in the subsurface is denitrification (Martin et al. 1999). Denitrification depends on various factors, 

such as organic matter content, dissolved oxygen concentrations, redox conditions, bacteria 
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composition, and soil temperature (Böhlke et al. 2002; Korom et al. 2005).  High quality field data 

can help researchers develop reliable field- and watershed-scale vadose zone and groundwater 

models. Vadose zone models can also provide information on daily Leaf Area Index (LAI) and 

daily nitrate concentrations in the root zone. This information is required to develop groundwater 

models that can simulate spatiotemporal variation in subsurface nitrate (Bonton et al. 2012). 

The use of integrated hydrological models, such as MIKE SHE (Graham and Butts 2005), 

FEFLOW (Diersch 2005) and HGS (Therrien et al. 2010), has considerably increased in the last 

decade primarily due to advancement in computing power and parallelization capabilities. These 

integrated hydrological models can accurately simulate both surface and subsurface flow processes 

allowing for seamless examination of nitrate transport between domains from agricultural lands.  

Little research has been conducted on a subwatershed scale to simulate both flow and nitrate 

transport under different hydrogeological and land use conditions in agriculturally-dominated 

environments  (De Jong et al. 2008; Jiang and Somers 2009; Bonton et al. 2012; Dayyani et al. 

2012; Paradis et al. 2016). Therefore, the main objective of this study was to simulate the seasonal 

variations in surface and subsurface flow regimes at a subwatershed scale and to also simulate the 

impact of spatiotemporal changes in land use on nitrate concentrations in groundwater. The vadose 

zone model, Root Zone Water Quality Model (RZWQM2) (Ma et al. 2012), was coupled with 

HGS to simulate and compare the nitrate concentrations in two agriculturally-dominated 

subwatersheds in southern Ontario, Canada having different hydrogeological settings. 
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 Materials and Methods 

4.2.1 Site Descriptions 

4.2.1.1 Norfolk Site 

The Norfolk research site, located in Norfolk County (southwestern Ontario), is part of the 

Lynn River subwatershed. The total area investigated is 155 km2 and agricultural crops cover the 

majority of the subwatershed. The average annual precipitation for the 2010–2016 period was 1009 

mm (ranging between 830 and 1349 mm). Both surface water and groundwater flow from 

northwest to southeast in this sub watershed. The river outlet is located at the southeastern 

boundary of the modelled domain and the surface elevation varies from 188 to 265 meters above 

sea level (masl) (Fig. 4.1). The topsoil (0-50 cm), from the Holocene period, is well drained and 

underlain by a sandy aquifer. The Norfolk sand plain is a major aquifer unit from the Port Huron 

Stade glacial period (Singer et al. 2003). The interstadial sediment lenses are mainly sand, fine 

sand and gravel. The Paleozoic bedrock is very deep (> 30 m bgs) and acts as an aquitard (Singer 

et al. 2003) (refer to geologic cross section in section 4.2.5). The Norfolk site is dominated by 

cultivated crops (mainly corn, soybeans, and specialty crops) except near the southwestern 

boundary where forest covers large areas of the research site (Fig. 4.2).  
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Figure 4.1: Model domain boundary and elevation map for the Norfolk site (ONMNRF 2017). 
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Figure 4.2: 2012 land use map for the Norfolk site (AAFC 2017). MW and associated red symbols 

indicate the location of monitoring wells used in this study. 

4.2.1.2 Guelph Site 

The Guelph research site, located in the City of Guelph (southern Ontario), is part of the 

Eramosa River subwatershed and the total investigated area is 24.18 km2. Forest, pasture/forages, 

and agricultural crops (corn, soybean, forages, and pasture) cover the majority of the subwatershed 

at Guelph site. The Guelph site received an average annual precipitation of 987 mm between 2010–

2016 (ranging between 866 and 1275 mm). The groundwater flow direction at the Guelph site is 
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from northeast to southwest and the river outlet is located at the western boundary. Surface 

elevation varies from 307 to 374 masl (Fig. 4.3). 

  

Figure 4.3: Model domain boundary and elevation map for the Guelph Site (ONMNRF 2017). 

 



 

 

90 

 

Overburden thickness varies from 3-30 m bgs and is mainly characterized as glaciofluvial 

deposits (sandy/gravelly deposits) from glacial retreat (Holocene period) (Sadura et al. 2006). The 

till deposits are underlain by dolostone fractured bedrock (Singer et al. 2003). Detailed geology at 

the study location is described in Best et al. (2015). Forested area dominates the north and 

northeastern side of the Guelph site, while the south and southwestern side is mainly comprised of 

developed areas (e.g., residential subdivisions). The main crops are pasture and forages, corn, and 

soybeans (Fig. 4.4). 

 

Figure 4.4: 2012 land use map for the Guelph site (AAFC 2017). Monitoring wells used for this 

study are indicated by red symbols. 
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4.2.2 Numerical Modelling 

A fully integrated (surface-subsurface) HGS model was used to simulate groundwater flow 

and transport of nitrate at the study site. The model uses the Richards’ equation to calculate three-

dimensional subsurface flow in variably saturated media and the Two-Dimensional (2-D) wave 

approximation of Saint Venant equation (Viessman and Lewis 1996) for surface flow. The applied 

flow stresses include daily rainfall, snowmelt, evapotranspiration, and pumping. 

Evapotranspiration, affecting both the surface and subsurface domains, is modelled as a 

combination of plant transpiration and evaporation following the approach described in Kristensen 

and Jensen (1975). The rate of transpiration from the modelling domain depends on LAI, root 

distribution function, and variability in available soil moisture content. Transpiration nonlinearly 

depends on soil moisture content and wilting point (θwp), field capacity (θfc), oxic limit (θo), and 

anoxic limit (θan). Maximum rooting depths and root extraction functions are also important factors 

in simulating evapotranspiration. A dual node approach (2-D surface flow domain follows the 

uppermost node layer of the subsurface domain) was used for the implementation of the surface 

domain. The details of model setup are discussed in sections 4.2.3, 4.2.4, and 4.2.5. 

4.2.3 Spatial and Temporal Input Data 

The model simulation period was from January 2010 to December 2016. Precipitation, 

snowfall, and temperature data were downloaded from the Delhi, Ontario Environment and 

Climate Change Canada (ECCC) climate station for the Norfolk site (ECCC 2017c) and the 

Guelph, Ontario ECCC climate station for the Guelph site (ECCC 2017d). Solar radiation data for 

both sites was downloaded from NASA at a spatial resolution of 0.5º x 0.5º (Stackhouse, Westberg, 
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Hoell, Wi S Chandler, et al. 2017). Potential Evapotranspiration (PET), calculated using the 

Penman-Monteith equation (Allen et al. 1998), was applied to the surface domain of the model. 

Land use data for both sites was downloaded from Agriculture and Agri-food Canada 

(AAFC) (AAFC 2017). PET zones were delineated based on different land uses. A digital 

elevation model (DEM) provided by the Grand River Conservation Authority (GRCA), at a spatial 

resolution of 1 m × 1 m, was used for the Norfolk site while a DEM for the Guelph site was 

downloaded from the Ontario Ministry of Natural Resources and Forestry (MNRF) (ONMNRF 

2017).  

Borehole data from monitoring wells installed for a Tier 3 source water protection study 

(water budget and local risk assessment) were used to create hydrogeological layers for the Norfolk 

site (AquaResource 2009) and Guelph site (MatrixSolutions 2017). Borehole data from the 

piezometers and Continuous Multichannel Tubing (CMT) wells installed at the Guelph site were 

also incorporated (Best 2013; Best et al. 2015). Surface flow data from the Water Survey of Canada 

(WSC) Lynn River and Eramosa River stations were compiled for the Norfolk and Guelph sites, 

respectively (WSC 2017a; WSC 2017b). The one-dimensional (1-D) vadose-zone RZWQM2 was 

used to simulate crop growth and quantify the amount of nitrate leaving the root zone at 40 cm 

depth. Details of the RZWQM2 simulations for different crop types at both the Norfolk and Guelph 

research sites are described in Chapter 3. Nitrate concentration output from the RZWQM2 was 

applied to the HGS model. The RZWQM2 for LAI was also used as an input to the HGS model 

for PET calculations. Literature values were applied to all other evapotranspiration parameters at 

the beginning of the simulation. Table 4.1 summarizes the spatial and temporal resolution of input 

data used for the simulations.  
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Table 4.1: Data types, with spatial and temporal resolution, used in model simulations at both 

research sites. 

Data Type Spatial 

Resolution 

Temporal 

Resolution 

Measurement 

Station 

Data Source 

Norfolk Site 

Climate Data Weather Station Daily Simcoe ECCC (2017c) 

Solar Radiation 

Data 

0.5º x 0.5º Daily POWER Project  Stackhouse et al. 

(2017) 

DEM 1 m × 1 m - - GRCA 

Subsurface 

Geology 

Local - Monitoring wells 

(borehole logs) 

AquaResource 

(2009) 

Outflow Outflow Station Daily Lynn River WSC (2017a) 

Guelph Site 

Climate Data Weather Station Daily Guelph ECCC (2017d) 

Solar Radiation 

Data 

0.5º x 0.5º Daily POWER Project  Stackhouse et al. 

(2017) 

DEM 10 m × 10 m - - ONMNRF (2017) 

Subsurface 

Geology 

Local - Monitoring wells 

(borehole logs) 

MatrixSolutions 

(2017)/Best (2013) 

Outflow Outflow Station Daily Eramosa River WSC (2017b)  

 

4.2.4 Surface Domain 

The surface domain was discretized with a 2-D mesh generated in Algomesh 

(HydroAlgorithmics 2017). The mesh was refined near the surface water channels and monitoring 

wells. The refined 2-D mesh at the Norfolk site had 7200 nodes and 13900 triangular elements 
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(Fig. 4.5a) while the 2-D refined mesh at the Guelph site had 8135 nodes and 14848 triangular 

elements (Fig. 4.5b). 

  

(a)  
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(b)  

Figure 4.5: 2D mesh geometry generated using Algomesh at (a) Norfolk site and (b) Guelph site. 

Overland flow properties, appropriate for predominant agricultural land use, were assigned 

to the surface domain (Table 4.2). The Saint Venant equation, used to quantify surface flow, 

requires Manning’s coefficients to calculate friction slopes and a specified rill storage height to 

determine the amount of water stored in surface depressions. Rill storage is an important factor in 

rural settings and influences the surface runoff generated from the study site. Another important 

parameter for the surface flow simulation is the coupling length between the surface and subsurface 

domains (Aquanty Inc. 2015). All the overland flow properties were assumed to be uniform 

throughout the study area (Table 4.2).  
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Table 4.2: Overland flow properties applied to the surface domain at both the Norfolk and Guelph 

sites. 

Parameter Value Source 

Manning’s roughness coefficient, n (s m-1/3) 0.025 Chow (1959) 

Rill storage height, Hd (m) 0.01 Cochand (2014) 

Coupling length 0.01 Goderniaux et al. (2009) 

The literature values used for the initial evapotranspiration parameters were slightly 

modified for the Norfolk and Guelph research sites to meet calibration targets. The residual and 

field capacity moisture content at the Norfolk site were 0.04 and 0.19, respectively. These values 

were determined based on collected field data. The minimum and maximum evaporation limiting 

saturations were set equal to the residual and field capacity moisture content, respectively (Table 

4.3). The values for oxic and anoxic moisture content were both set at 1.0 to have maximum 

evaporation for developed and wetlands areas. Table 4.3 summarizes all parameters used in 

calculating evapotranspiration at the Norfolk site. On average, agricultural land covers 63% of the 

catchment. The other main land uses are forest (28.3%) and developed urban land (Town of 

Simcoe, 6.5%).   

For the Guelph site, the residual and field capacity moisture content calculated using field 

data were 0.08 and 0.22, respectively (Table 4.4). On average, the main land uses were forest 

(33.2%), forages and pasture (29.5%), developed (subdivision housing, 24.2 %), soybeans (6.3%), 

and corn (5.4%) (Table 4.4). These values were used for 2010 and 2011 since crop inventory data 

was not available for this period. Actual crop inventory data was used from 2012 to 2016. The 

percentages for crop coverage in other years (2012-2016) were similar to the average crop values 
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Table 4.3: Land use type and evapotranspiration parameters used at the Norfolk site. 

 Land Use Type 

Parameter Cereals Corn Forest Other 

Crops 

Soybeans Wetlands Developed 

Land use (%) (e.g., 2012) 0.05 16.3 28.3 21.7 25.3 2.0 6.5 

Evaporation Depth (m) 0.21 

LAI Daily (RZWQM2) 3.02 Daily (RZWQM2) 6.342 25.03 

Root Depth (m) 1.25 1.85 3.04 1.35 1.25 - - 

Root and Evaporation Distribution 

Function 

Quadratic - - 

Transpiration Fitting Parameters 

(c1, c2, c3) 

0.37, 0.157, 

5.97 

0.36, 0.26, 

20.06 

0.38, 0.48, 

108 

0.37, 0.27, 

10.07 

0.36, 0.26, 

20.06 

0.37, 0.27, 

1.07 

0.36, 0.26, 

20.06 

Transpiration Limiting Saturations 

(θwp, θFC, θo, θao)  

0.04, 0.19, 0.61, 0.81 0.04, 0.19, 0.769, 0.99 0.04, 0.19, 

0.61, 0.81 

0.04, 0.19, 1.0, 1.0 

Evaporation Limiting Saturations 

(min, max)  

0.04, 0.19 

Canopy Storage (mm) 0.056 2.53 0.83 0.056 1.53 15.03 15.03 
1Default values from Aquanty Inc. (2015) 
2Scurlock et al. (2001) 
3Cornelissen et al. (2016) 
4Canadell et al. (1996) 
5Mean values based on RZWQM2 outputs 
6Li et al. (2008) 
7Kristensen and Jensen (1975) 
8Andersen et al. (2002) 
9Ebel et al. (2009) 
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Table 4.4: Land use type and evapotranspiration parameters used at the Guelph site. 

 Land Use Type 

Parameter Pasture and 

Forages 

Corn Forest Other 

Crops 

Soybeans Wetlands Developed 

Land use (%) (e.g., 2012) 29.5 5.4 33.2 0.70 6.3 0.70 24.25 

Evaporation Depth (m) 0.21 

LAI Daily (RZWQM2) 3.02 Daily (RZWQM2) 6.342 25.03 

Root Depth (m) 1.25 1.85 3.04 1.35 1.25 - - 

Root and Evaporation Distribution 

Function 

Quadratic - - 

Transpiration Fitting Parameters 

(c1, c2, c3) 

0.37, 0.27, 

10.07 

0.36, 

0.26, 

20.06 

0.38, 0.48, 

108 

0.37, 0.27, 

10.07 

0.36, 0.26, 

20.06 

0.37, 0.27, 

1.07 

0.36, 0.26, 

20.06 

Transpiration Limiting Saturations 

(θwp, θFC, θo, θao)  

0.08, 0.22, 0.61, 0.81 0.08, 0.22, 0.769, 0.99 0.08, 0.22, 

0.61, 0.81 

0.08, 0.22, 1.0, 1.0 

Evaporation Limiting Saturations 

(min, max)  

0.08, 0.22 

Canopy Storage (mm) 0.056 2.53 0.83 0.056 1.53 15.03 15.03 
1Default values from (Aquanty 2015) 
2Scurlock et al. (2001) 
3Cornelissen et al. (2016) 
4Canadell et al. (1996) 
5Mean values based on RZWQM2 outputs 
6Li et al. (2008) 
7Kristensen and Jensen (1975) 
8Andersen et al. (2002) 
9Ebel et al. (2009) 
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at both sites. All other evapotranspiration parameters were similar to the evapotranspiration 

parameters used at the Norfolk site (Table 4.4).  

4.2.5 Subsurface Domain  

4.2.5.1 Norfolk Site 

Hydrostratigraphic layers in the subsurface domain at the Norfolk site were delineated 

based on a number of geologic cross-sections with a DEM forming the top surface of the model 

(Fig. 4.6; Fig. 4.7). Complete cross-sections for the Norfolk site are in Appendix-B (Figs. B1-B4). 

A total of nine hydrogeological layers were generated to develop a 3-D model with 222363 nodes 

and 415560 elements (Fig. 4.8, Table 4.5). A critical depth boundary condition was applied at the 

subwatershed outlet. All other outer boundaries were no flow at the Norfolk site. 

 

Figure 4.6: Horizontal cross-sections (shown in plan view) to generate vertical cross sections for 

model development at the Norfolk site. 
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Figure 4.7: Vertical cross-section (E-E’) showing different hydrostratigraphic units at the Norfolk 

site. 

 

Figure 4.8: 3-D view of the Norfolk site model. 
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Table 4.5: Field estimates and calibrated values of hydraulic conductivity for different stratigraphic 

units at the Norfolk site. Field data values are from AquaResource Inc. (2009). 

Hydrostratigraphic Units Calibrated Kxy 

(m s-1) 

Calibrated Kz 

(m s-1) 

Field Data Range 

K  

(m s-1) 

Top Soil 3.60×10-6 4.10×10-7 

3.60×10-7 to 5.50×10-4 Norfolk Sand 2.98×10-6 4.20×10-6 

Norfolk Fine Sand  5.26×10-6 9.60×10-7 

Interstadial Coarse Sediments 1.32×10-6 1.00×10-6 
9.80×10-8 to 1.70×10-3 

Interstadial Fine Sediments 1.89×10-6 9.60×10-7 

Port Stanley Till 2.80×10-7 2.80×10-7  

Erie Phase Till 1.35×10-7 1.35×10-7  

Catfish Creek Till 1.35×10-8 1.35×10-8  

Palezoic Bedrock 2.00×10-9 2.00×10-9  

 

4.2.5.2 Guelph Site  

Horizontal cross-sections were selected on the basis of monitoring well locations and 

associated well log data was used to delineate hydrostratigraphic units (Fig. 4.9; Fig. 4.10). 

Supplementary cross-sections for the Guelph site are in Appendix-B (Fig. B5). The DEM and 

hydrostratigraphic layers were used in HGS to delineate the subsurface domain at the Guelph site. 

The 3-D model developed for the Guelph site had 10 hydrostratigraphic layers with 235915 nodes 

and 4157444 elements (Fig. 4.11, Table 4.6). The Guelph formation and the Middle Gasport 

formation were the main aquifers. A constant head boundary condition was applied on the 

northeast and southwest boundaries corresponding with major watershed limits (Fig. 4.9). The 

direction of surface drainage is towards the Eramosa River. Therefore, a critical depth boundary 

was applied at the subwatershed outlet (Fig. 4.5b).  



 

 

102 

 

 

Figure 4.9: Horizontal cross-sections (shown in plan view) to generate vertical cross sections for 

model development at the Guelph site. 

 

 
Figure 4.10: Vertical cross-section (A-A’) showing different hydrostratigraphic units at the Guelph 

site. 
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Figure 4.11: 3-D view of the Guelph site model.  

 
Table 4.6: Field estimates and calibrated values of hydraulic conductivity for different stratigraphic 

units at the Guelph site. Field data values are from Golder Associates (2011). 

Hydrostratigraphic Units Calibrated Kxy 

(m s-1) 

Calibrated Kz 

(m s-1) 

Field Data Range 

K  

(m s-1) 

Sana and Gravel Aquifer 4.2×10-5 5.0×10-5 1.0×10-4 to 5.0×10-4 

Lower Till Aquitard 4.5×10-6 4.8×10-8 5.0×10-9 to 1.0×10-4 

Guelph Formation  1.0×10-7 5.0×10-6 4.0×10-7 to 6.0×10-4 

Eramosa Formation  

Reformatory Member 2.5×10-7 6.7×10-8 2.0×10-7 to 2.0×10-4 

Vinemount Member 7.0×10-6 1.3×10-8 5.0×10-7 to 3.0×10-5 

Goat Island Formation 7.1×10-6 3.0×10-7 9.0×10-8 to 4.0×10-4 

Upper Gasport Formation 3.1×10-6 1.7×10-7 9.0×10-8 to 4.0×10-4 

Middle Gasport Formation 1.8×10-6 3.7×10-4 2.0×10-8 to 5.0×10-4 

Lower Gasport Formation 2.0×10-8 2.0×10-8 2.0×10-6 to 1.0×10-2 

Cabot Head Formation 2.0×10-8 2.0×10-8 2.0×10-8 to 5.0×10-4 
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4.2.6 Model Calibration and Validation 

For initial conditions, a spin up period (1000 years) was used to obtain reasonable hydraulic 

head and flow values and avoid inappropriate initial conditions. These initial conditions were 

based on average rainfall and PET (1990-2009) and average values for nitrate concentrations from 

different land use types generated in RZWQM2. Once the initial heads and concentrations were 

obtained, the model was calibrated for steady state conditions. PEST software package (Doherty 

and Hunt 2010) was used to calibrate the hydraulic conductivities and average outlet flow for the 

study area.  Transpiration and evaporation limiting saturations and canopy storage parameters were 

also calibrated to match the evapotranspiration generated by RZWQM2. Once the steady state flow 

calibration was performed, transport parameters, such as horizontal dispersivities, vertical 

dispersivities, tortuosity, porosity, and zonal decay constant conditions, were calibrated.  

The calibrated steady state model was adapted to run for transient conditions to evaluate 

the model’s ability to simulate surface flow at the WSC flow station as well as groundwater 

elevation and nitrate concentrations at the selected monitoring wells (16 wells at Norfolk site and 

8 wells at Guelph site). Daily input data with adaptive model time stepping were used for transient-

state runs at both sites. The HGS and RZWQM2 model stability was tested by using the same 

datasets and running it back to back in transient state to examine if the model is producing the 

same results. RZWQM2 models for different land use types were also run on a daily time-step 

basis to obtain nitrate concentrations at 40 cm depth bgs. Detailed procedures for the RZWQM2 

modelling is described in Chapter 3. Flow data for 2010 and 2011 was used as an initialization 

period and was not used during calibration. Flow data from 2012 to 2014 was used for surface 

water flow calibration at both sites. Groundwater elevation (hydraulic head) in the monitoring 
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wells was calibrated and validated spatially due to a lack of available temporal data during the 

entire study period.  

At the Norfolk site, continuous groundwater elevation data (collected using pressure 

transducers deployed in late 2015) is available for monitoring wells MW 07 (Shallow (S)) and 

(Deep (D)) and MW04 (S) and (D) (Gardner 2017). Groundwater nitrate data collected on a bi-

monthly basis, from June 2014-July 2016, is also available from these wells (Gardner 2017).  

Groundwater elevation at MW 07 (S) and MW04 (S) and nitrate concentrations at MW 07 (S and 

D) and MW04 (S and D) were used as transient state calibration targets at the Norfolk site. Flow 

and transport parameters, such as porosity and specific storage, were adjusted during the transient 

state calibration. The final calibrated values for different flow and transport parameters for the 

Norfolk site are summarized in Table 4.7. The calibrated model was validated using surface water 

flow data from 2015 and 2016 and groundwater elevation and nitrate concentrations at MW 14 

and MW 18.  

For the Guelph site, since only a small section of the Eramosa River watershed was 

incorporated in the modelling domain, the generated surface runoff was expected to be much 

smaller at the outlet compared to the surface runoff generated by the entire Eramosa River 

watershed. For the purposes of simulating surface water flow, it was assumed that the observed 

river flow will be uniformly generated over the entire watershed. Therefore, an estimated observed 

flow generated at the outlet of the Guelph site was calculated by dividing the flow by the Eramosa 

River watershed drainage area (231 km2) and multiplying it by the Guelph site drainage area (24.18 

km2). Groundwater elevations and nitrate concentrations were measured from June 2014 until July 

2016 on bi-monthly basis (Gardner 2017) and were used for calibration and validation purposes.  
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Table 4.7: Final values for different flow and transport parameters used for the transient state 

model at the Norfolk site. 

Hydrostratigraphic 

Units 

Longitudinal 

dispersivity  

(m) 

Transverse 

dispersivity 

(m) 

Tortuosity Porosity Specific 

Storage 

Top Soil 20.0 1.23 0.067 0.19 0.000328 

Norfolk Sand 23.63 2.00 0.022 0.25 0.000321 

Norfolk Fine Sand  8.49 0.9 0.019 0.35 0.000164 

Interstadial Coarse 

Sediments 

30.0 0.9 0.5 0.25 0.000298 

Interstadial Fine 

Sediments 

30.0 2.0 0.5 0.45 0.000192 

Port Stanley Till 10.0 1.0 0.2 0.4 0.000164 

Erie Phase Till 10.0 1.0 0.2 0.4 0.000164 

Catfish Creek Till 10.0 1.0 0.2 0.4 0.000164 

Palezoic Bedrock 10.0 1.0 0.2 0.001 0.000164 

Groundwater elevation data collected at monitoring wells CMT, P3, P10, and P15 were used 

as transient state calibration targets for both flow and nitrate concentrations at the Guelph site. 

Groundwater flow and contaminant transport parameters, such as porosity and specific storage, 

were adjusted during transient state calibration. The calibrated model was validated for 

groundwater elevation and nitrate concentrations at monitoring wells P2, P8, P9, and P13. The 

final calibrated values for different flow and transport parameters at the Guelph site are 

summarized in Table 4.8.  

Five statistical performance criteria, Nash Sutcliffe Efficiency (NSE), Percent Bias (PBIAS), 

Root Mean Square Error (RMSE), Percent Error (PE), and coefficient of determination (R2), were 

evaluated for the transient state surface water flow, groundwater elevation, and nitrate 
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concentrations at the Norfolk site while RMSE, Mean Absolute Error (MAE), PE, and R2 were 

used to evaluate flow, groundwater elevation, and nitrate concentrations simulation at the Guelph 

site. Details regarding these statistical criteria are described in Chapter 3 (section 3.2.5). 

Table 4.8: Final flow and transport parameters used for the transient state model at the Guelph 

site. 

Hydrostratigraphic Units Longitudinal 

dispersivity  

(m) 

Transverse 

dispersivity 

(m) 

Tortuosity Porosity Specific 

Storage 

Sana and Gravel Aquifer 14.8 0.9 0.11 0.23 0.0003 

Lower Till Aquitard 15.8 1.5 0.15 0.25 0.000121 

Guelph Formation  30.0 10.0 0.10 0.30 0.00014 

Eramosa Formation  

     Reformatory Member 30.0 10.0 0.29 0.20 0.0005 

       Vinemount Member 9.5 1.1 0.10 0.43 0.0001 

Goat Island Formation 10.0 1.0 0.20 0.40 0.000164 

Upper Gasport Formation 10.0 1.0 0.20 0.40 0.000164 

Middle Gasport Formation 9.97 0.98 0.10 0.29 0.00052 

Lower Gasport Formation 10.0 1.0 0.20 0.40 0.000164 

Cabot Head Formation 10.0 1.0 0.20 0.001 0.000164 

 Results and Discussion 

4.3.1 Surface Flow 

4.3.1.1  Norfolk Site 

River flow was simulated at the Lynn River flow monitoring station (WSC 2017a), located 

near the outlet of the Norfolk site (Fig. 4.5a). The observed and simulated surface water flows at 

this WSC station had good agreement for both calibration and validation periods (Fig. 4.12). The 
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model data had slightly higher stream flows compared to the observed data at the Norfolk site 

during the calibration and validation periods (Fig. 4.12) although the observed high flow peaks 

were well matched by the HGS generated model flow peaks (Fig. 4.12).  

 

Figure 4.12: Simulated and observed surface water flow at the WSC outlet on the Lynn River for 

the Norfolk site. 

The NSE value for surface water flow during the calibration period was 0.56, showing that the 

model was well calibrated (Table 4.9). The PE and PBIAS results also indicated that the overall 

simulated flows were higher than observed flows at the Norfolk site. The R2
 (0.64) and RMSE 

(0.07 m3 s-1) indicated good correlation between observed and simulated flows (Table 4.9). 

Statistical criteria results were also reasonable (NSE = 0.04 and R2 = 0.48) during the validation 

period for surface water flows (Table 4.9). The PBIAS and PE results were similar to the 

calibration period with slightly higher modelled flow values compared to observed flows (Table 

4.9). The RMSE during the validation period was also very small (0.08 m3 s-1) (Table 4.9). 

Calibration Period Validation Period 
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Table 4.9: Comparison of different statistics for surface water flow at the WSC outlet during 

calibration and validation periods for the Norfolk site. 

Statistic Calibration Validation 

NSE 0.56 0.04 

PBIAS -2.17 -3.38 

R2 0.64 0.48 

PE (%) 2.17 3.38 

RMSE (m3 s-1) 0.07 0.08 

4.3.1.2 Guelph Site 

Simulated surface water flows at the Eramosa River WSC flow monitoring station tend to 

overestimate the observed flow data (Figure 4.13); although, temporal trends are well matched.  

Nonetheless, the assumption of using a fraction of total watershed flow for surface water flow 

simulation produced acceptable results. The simulated surface water flow showed a more rapid 

response to precipitation events compared to the observed surface water flow. De Schepper et al. 

(2017) also reported that HGS produced flashy responses for the surface water flows in a study 

conducted in a small agricultural subcatchment of 6 km2. HGS performance in simulating the 

surface flow at the Guelph site was considered satisfactory given the scale of spatial discretization 

(De Schepper et al. 2017), the smaller drainage area (relative to the original WSC flow station 

data), and the fact that the primary focus during the calibration period was on the calibration of 

groundwater elevation at monitoring locations. The RMSE and PE values for the calibration period 

for surface water flow were 0.025 m3 s-1 and -1.72%, respectively, indicating good agreement. For 

the validation period, the RMSE and PE values were 0.02 m3 s-1 and -1.27%, respectively.  



 

 

110 

 

 

Figure 4.13: Simulated and observed surface water flow at the WSC outlet on the Eramosa River 

for the Guelph site. 

4.3.2 Groundwater Elevation 

4.3.2.1 Norfolk Site 

Groundwater elevations were well matched between the observed and simulated levels in 

both calibration target monitoring wells (MW 04 and MW 07) (Fig. 4.14). The simulated 

groundwater elevation at MW 04 varied between 219.4 to 220.5 masl while groundwater elevation 

at MW 07 varied between 222.4 to 223.0 masl (Fig. 4.14). The model simulation results at both 

validation target monitoring wells (MW 14 and MW 18) showed minimal variation over the entire 

study period, which aligns with the observed data (Fig. 4.15).  

The NSE values for the calibration period were 0.71 and 0.62 for MW 04 and MW 07, 

respectively. The R2 values were 0.9 and 0.75 for MW 04 and MW 07, respectively, indicating 

good correlation between the observed and simulated groundwater elevations (Table 4.10). The 

Calibration Period Validation Period 

Calibration Period        Validation Period 

RMSE = 0.025 m3 s-1       RMSE = 0.02 m3 s-1 

PE = -1.72        PE = -1.27  
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RMSE values were also small for both MW 04 (0.09 m) and MW 07 (0.04 m). These statistical 

parameters indicate that the model was well calibrated at both monitoring locations (Table 4.10). 

The validation targets, MW 14 and MW 18, had satisfactory NSE values of 0.05 and 0.11, 

respectively. All other statistical parameters had satisfactory results except the R2 values, 

especially at MW 14. The RMSE values for MW 14 and MW 18 were 0.05 and 0.02 m, 

respectively, indicating that although the R2 values were not high, the model was well validated at 

both monitoring locations (Table 4.10).  

 

Figure 4.14: Simulated and observed groundwater elevation (masl) at MW 04 and MW 07 

monitoring wells at the Norfolk site. 
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Figure 4.15: Simulated and observed groundwater elevation (masl) at MW 14 and MW 18 

monitoring wells at the Norfolk site. 

 
Table 4.10: Comparison of groundwater elevation (masl) statistics for the calibration and validation 

targets at the Norfolk site. 

 Calibration Targets Validation Targets 

Statistic MW 04 MW 07 MW 14 MW 18 

NSE 0.71 0.62 0.05 0.11 

PBIAS 0.03 -0.01 -0.002 -0.001 

R2 0.90 0.75 0.07 0.21 

PE (%) -0.03 0.01 0.002 0.001 

RMSE (m) 0.09 0.04 0.05 0.02 

4.3.2.2 Guelph Site 

Groundwater modelling results indicated that groundwater elevation was accurately 

simulated. The observed and simulated groundwater elevations at P15 were well matched (Fig. 
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4.16). The simulated groundwater elevation at the P15 monitoring well varied between 331.75 to 

334.0 masl (Fig. 4.16). All other monitoring locations also showed good agreement between 

observed and modelled groundwater elevations. 

 

Figure 4.16: Simulated and observed groundwater elevation (masl) at the P15 monitoring well at 

the Guelph site. 

Figure B6a (Appendix B) illustrates a scatter plot for simulated and observed groundwater 

elevations at the calibration target monitoring wells. The calibration results indicated that 

simulated heads were accurately calibrated (R2 of 0.95 and RMSE of 0.8 m) (Appendix B; Fig. 

B6a). The histogram of residual error shows that simulated values were slightly lower than 

observed groundwater elevations during the calibration period (Appendix B; Fig. B6b). The 

groundwater elevation results for the validation targets indicated that model performance was 

satisfactory (R2 = 0.62, ME = 0.72 m, MAE = 1.59 m, and RMSE = 3.19 m) (Appendix B; Fig. 

B7a). High RMSE and MAE values for groundwater elevations in the validation period were 

mainly due to poor simulation at the P8 monitoring well (Appendix B; Fig. B7a). The residual 

error plot shows that most of the residual error values were between -0.5 to 0.5 m (Appendix B; 
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Fig. B7b). Overall, the groundwater elevation results indicate that the Guelph site model was well 

calibrated and validated at the monitoring locations. 

4.3.3 Nitrate 

4.3.3.1 Norfolk Site 

Simulated and observed nitrate concentrations for the MW 04 (S) and MW 07 (S) 

calibration targets had good correlation with an R2 value of 0.88 (Fig. 4.17a). The ME, MAE, and 

RMSE values for MW 04 (S) and MW 07 (S) were 0.94, 1.58, and 2.27 mg L-1nitrate-N, 

respectively (Fig. 4.17a). The residual plots show that most of the errors are between -0.5 to 0.5 

mg L-1 indicating good calibration results (Fig. 4.17b). Similarly, deeper monitoring wells at both 

calibration target locations (MW 04D and MW 07D) were also well calibrated (R2 = 0.88, ME = -

0.01 mg L-1, MAE = 0.02 mg L-1, and RMSE = 0.04 mg L-1) (Fig. 4.18a). The residual histogram 

results indicate that the model was well calibrated at the Norfolk site for deeper monitoring wells 

(Fig. 4.18b). The shallow well nitrate concentrations were an order of magnitude higher than the 

deep monitoring wells indicating that processes such as dilution or denitrification may have 

occurred in the deeper wells or the plume may not have penetrated in the deeper layers (Figs. 4.17a 

and 4.18a). The validation target monitoring wells (MW 14S and MW 18S) showed excellent 

correlation between measured and simulated nitrate concentrations with an R2 value of 0.9 

(Appendix B; Fig. B8a). The other statistical indicators were also satisfactory (ME = 0.04 mg L-1, 

MAE = 0.32 mg L-1, and RMSE = 0.41 mg L-1) (Appendix B; Fig. B8a). The histogram of nitrate 

mean error shows most residual values close to zero, indicating that the model is well validated 

for the shallow well locations (Appendix B; Fig. A8b).  
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Figure 4.17: a) Measured and simulated nitrate concentrations (nitrate-N) at the Norfolk site 

calibration targets (MW 04S and MW 07S) and associated ME, MAE, RMSE, and R2; b) histogram 

showing the frequency of the mean error at the Norfolk site (MW 04S and MW 07S). 

 
Figure 4.18: a) Measured and simulated nitrate concentrations (nitrate-N) at the Norfolk site 

calibration targets (MW 04D and MW 07D) and associated ME, MAE, RMSE, and R2; b) 

histogram showing the frequency of the mean error at the Norfolk site (MW 04D and MW 07D). 
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The deeper monitoring wells used as validation targets (MW 14D and MW18D) followed 

similar calibration results to the shallow monitoring wells (Appendix B; Fig. B9a). The statistical 

parameters comparing simulated and observed nitrate concentrations were: R2 = 0.92, ME = -0.15 

mg L-1, MAE = 0.31 mg L-1, and RMSE = 0.47 mg L-1 (Appendix B; Fig. B9a). The histograms 

of residual error at MW 14D and MW 18D monitoring wells also indicate that the nitrate transport 

model at the Norfolk site was validated for the deep monitoring wells (Appendix B; Fig. B9b). 

Similar to MW04D and MW 07D, MW 14D and MW 18D had nitrate concentrations an order of 

magnitude smaller than the shallow wells at these locations (Appendix B; Fig. B8a and Fig. B9a).  

Overall, the calibration and validation results for nitrate concentrations at all eight detailed 

monitoring locations showed satisfactory results indicating the site model developed in HGS was 

accurately representing the nitrate fate and transport in the subwatershed at the Norfolk site. The 

nitrate concentration maps illustrated in Figure 4.19 are an example of model outputs generated at 

April 2015 and June 2015 showing pre-and post- fertilizer application across the Norfolk site at 

40 cm depth. Clearly, nitrate concentrations in the subsurface were higher after fertilizer 

application indicating excess nitrate leaching below the root zone (Fig. 4.19).  
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Figure 4.19: Nitrate concentration (kg m-3) map showing the difference between pre-fertilizer 

application (top) and post-fertilizer application (bottom) at the Norfolk site. 
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4.3.3.2 Guelph Site 

 The simulated and observed nitrate concentrations for calibration target monitoring wells 

(CMT, P3, P10, and P15) showed good correlation with an R2 of 0.94 (Fig. 4.20a). The ME, MAE, 

and RMSE for the calibration targets were 0.49, 1.30, and 1.90 mg L-1, respectively (Fig 4.20a). 

The residual plots indicate that most of the errors were between -0.5 to 0.5 mg L-1, indicating good 

calibration results (4.20b).  

 

Figure 4.20: a) Measured and simulated nitrate concentrations at the Guelph site calibration 

targets (CMT, P3, P10, and P15) and associated ME, MAE, RMSE, and R2 values; b) histogram 

showing the frequency of the mean error of calibration targets (CMT, P3, P10, and P15) at the 

Guelph site. 

The validation target monitoring wells (P2, P8, P9, and P13) showed good correlation 

between measured and simulated nitrate concentrations with an R2 value of 0.88 (Appendix B; 

Fig. B10a). The other statistical indicators also showed satisfactory results (ME = 0.02 mg L-1, 

MAE = 1.51 mg L-1, and RMSE = 2.05 mg L-1) (Appendix B; Fig. B10a). The histogram of error 

between simulated and observed nitrate concentrations shows that most of the residual values are 
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close to zero, indicating that the model is well validated at the shallow well locations (Appendix 

B; Fig. B10b). The calibration and validation results for nitrate at the Guelph site indicate that the 

model has less response to seasonal variations in nitrate concentrations compared to observed 

nitrate concentrations. The primary explanation may be the constant concentration of nitrate that 

was applied for the forested areas throughout the modelling timeframe. Forest covers almost 30% 

of the total modelled area and is largely situated in the northern extents of the domain. Moreover, 

the general direction of groundwater flow was from northeast to southwest. Another contributing 

factor may be the complexity of the subsurface medium. The Guelph site is underlain by fractured 

bedrock (below relatively thin overburden) and it is possible that the equivalent porous media 

model was unable to capture seasonal variations in nitrate concentrations. Figure 4.21 shows the 

pre-and post- fertilizer application maps of nitrate concentration distribution for the Guelph site at 

40 cm depth. These maps clearly indicate excess nitrate that was leached below the root zone after 

fertilizer application (Fig. 4.21). 

 Summary 

A comparison between models shows that the Norfolk model was better calibrated for surface 

flows than the Guelph model. The Norfolk site has a much larger area (155 km2) compared to the 

Guelph site (24 km2). The modelling domain for the Norfolk site also covers the entire Lynn River 

drainage area allowing for better surface water flow simulation. In contrast, the smaller Guelph 

modelling domain comprises only a fraction of the Eramosa River drainage area causing flashy 

surface water response to precipitation events. Results from De Schepper et al. (2017) support the 

fact that HGS is more responsive to precipitation events in a smaller drainage area compared to 

large drainage area model.  
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Figure 4.21: Nitrate concentration (kg m-3) map showing the difference between pre-fertilizer 

application (top) and post-fertilizer application (bottom) at the Guelph site. 
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Groundwater elevation at the Norfolk site was accurately calibrated and validated at different 

monitoring wells using the continuous data collected in the monitoring wells. At the Guelph site, 

only point data for groundwater elevation was collected during the modelling timeframe. The 

model was well calibrated and validated at all monitoring locations except the P8 monitoring well. 

The possible reason for poor validation could be missing hydrogeological details not captured 

during the delineation of the hydrostratigraphic layers. Additional continuous groundwater 

elevation data over a longer period of time is required to comprehensively evaluate the models’ 

performance at both sites. 

Nitrate simulation results at both sites provided interesting insights. Nitrate concentrations 

at the Norfolk site were well calibrated and validated for both shallow and deep wells and the 

seasonal variations in nitrate concentrations were also well captured. At the Guelph site, nitrate 

concentrations were also well calibrated and validated; however, the seasonal variations in nitrate 

concentrations at most of the monitoring locations were not well represented in the simulated 

model. The main reason, as discussed earlier, could be the constant nitrate concentration used for 

the forested area. A vadose zone model for the forested area could be incorporated to simulate the 

changes in nitrate concentrations annually to ideally better simulate the overall nitrate 

concentrations in the model domain.  

Another notable difference between the two sites were the nitrate concentrations in deeper 

layers (e.g., >10 m bgs). At the Norfolk site, the nitrate concentrations in the deeper monitoring 

wells were much smaller than shallow monitoring wells, possibly due to denitrification in the 

deeper layers. Nitrate reduction can proceed if a favorable environment is provided especially in 

the deep layers. Dissolved Oxygen (DO) measured at the Norfolk site during the study timeframe 
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indicates reducing conditions in the deeper wells (<1 mg L-1) (USGS 2016; Gardner 2017). High 

Dissolved Organic Carbon (DOC) measured in groundwater samples collected from the deeper 

layers (>2 mg L-1) (Gardner 2017) also shows a favorable environment for denitrification (Bonnet 

et al. 2017). Nitrogen isotope data should be included to test actual denitrification at the study sites 

and verify the reasons for lower nitrate concentrations in the deeper wells at the Norfolk site. 

Further study is needed to investigate if the lower nitrate concentrations in the deeper wells are 

due to denitrification or due to the fact that nitrate plume has not penetrated the deeper layers at 

Norfolk site. At the Guelph site, much higher nitrate was present in the deeper monitoring wells 

(CMT, P9, P10, and P13) throughout the modelling duration. The DO measured in groundwater 

collected at the monitoring location (Gardner 2017) indicated an aerobic environment existed at 

the depths of the deeper wells, although DOC was high (>2 mg L-1). Overall, results indicate that 

both the Norfolk and Guelph sites were well simulated using HGS and can be used for predictive 

scenarios, such as to investigating the impacts of agricultural land use changes on nitrate 

concentrations in groundwater.   

 Conclusions 

In this study, RZWQM2 and HGS were used to simulate both the hydrology and nitrate 

transport for two different hydrogeologic settings in agriculturally-dominated subwatersheds in 

southern Ontario, Canada. No previous research has used this vadose zone model with HGS to 

simulate groundwater elevations and nitrate concentrations at a subwatershed scale. The results 

indicate that the Norfolk site was well calibrated and validated for surface water flow. However, 

the smaller subcatchment at the Guelph site led to more flashy responses in surface water flow to 

the precipitation events. The models were accurately calibrated and validated against groundwater 
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elevations at both research sites, even though an equivalent porous media model was used for a 

fracture bedrock aquifer at the Guelph site. Overall results of hydrologic calibration indicated that 

the Norfolk model was better calibrated for surface and groundwater flow than the Guelph model. 

The main difference between the results of the Norfolk and Guelph models was the simulation of 

nitrate concentrations in groundwater. Nitrate simulation results at the Norfolk site were well 

correlated to the observed nitrate concentration data. The less complicated hydrogeology at the 

Norfolk site led to better simulation of nitrate transport in groundwater. At the Guelph site, the 

fractured bedrock and constant concentrations applied for the forest area could be the possible 

reason for the model’s inability to simulate seasonal variation in nitrate concentrations, although 

the overall mean nitrate concentrations were well calibrated. Overall modelling results at the 

Guelph site indicated that a small subcatchment scale simulation can be carried out satisfactorily 

for simulated groundwater elevations and nitrate concentrations with parameters extracted from a 

regional scale study. Further investigation is needed to find out the possible reasons for lower 

nitrate concentrations in deeper wells at the Norfolk site. 

Transition to Chapter 5 

The modelling results indicate that the combination of RZWQM2 and HGS can be used in 

both types of hydrogeological settings to simulate groundwater flow and nitrate transport. The 

RZWQM2 provided better information regarding daily LAI and shallow nitrate (input) 

concentrations compared to HGS which were essential in accurately simulating the groundwater 

elevations and nitrate concentrations in monitoring wells.  

In Chapter 5, the integrated modelling approach developed in Chapter 4 is applied to 

examine the impact of stressors such as climate change or land use change on the quality of rural 
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groundwater resources. Three land use and three climate change scenarios are used to determine 

the most vulnerable settings to nitrate contamination and which setting will be most impacted by 

future climate change in southern Ontario.  
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5. Impacts of climate change and varied land use on groundwater 

nitrate concentrations for contrasting hydrogeological settings  

Abstract 

Nitrate contamination is a major concern for groundwater quality in agricultural 

subwatersheds. Groundwater quality may further deteriorate due to socio-economic pressures and 

also due to extreme future climate change conditions. The focus of this study is to assess the 

impacts of future climate change and potential changes in agricultural land uses on groundwater 

nitrate concentrations. Two agricultural subwatersheds in southern Ontario, Canada (Norfolk and 

Guelph sites) with different hydrogeological settings were selected for this purpose. A fully 

integrated numerical model (HydroGeoSphere) was used in combination with RZWQM2 to 

develop water flow and nitrate transport models for both sites. The daily nitrate concentrations and 

leaf area index were obtained for different crop types and crop rotations using RZWQM2. Three 

different climate change models and three different crop rotations were tested to evaluate the 

potential impact on groundwater quality (yielding nine predictive scenarios for each research site). 

The selected climate change scenarios yielded less available water for hydrologic processes. There 

was less impact on groundwater elevations at the Norfolk site compared to the Guelph site. The 

nitrate concentrations were also reduced during the future period at both sites. The continuous corn 

land use scenario produced higher nitrate concentrations compared to the base case scenario (corn-

soybean rotation). However, the best management practices (BMP) scenario, a corn-soybeans-

winter wheat-red clover rotation, produced significantly lower groundwater nitrate concentrations 

at both research sites, especially at the sandy Norfolk site. BMPs, such as the rotation employed 

in this study, should be adopted to reduce the potential negative impacts of future climate change 
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on groundwater quality, especially in vulnerable fractured bedrock aquifer settings and shallow 

sandy aquifers.  These findings are important for water and land managers in agricultural settings, 

to mitigate future impacts of nutrient transport on groundwater quality under a changing climate.  

 Introduction 

The agriculture industry is one of the highest consumers of water worldwide, accounting for 

about 70% of water use, followed by industry (19%) and household water consumption (12%) 

(FAO 2016). In Canada specifically, the agriculture industry represents 44% of the total water 

consumption (ECCC 2017b). Surface water is a primary source for water use; however, 

groundwater also contributes about 20% of the global water consumption (FAO 2016). About 30% 

of the Canadian population depends on groundwater as the main or only source of drinking water 

(ECCC 2013b). In Ontario, about 28% of the population is reliant on groundwater and some rural 

communities use groundwater for both drinking and irrigation purposes (ECCC 2013b). Therefore, 

it is very important to protect the quality and quantity of groundwater stored in aquifers to ensure 

safe water supply for future generations (ECCC 2017a). 

Farming activities in agricultural watersheds have become a major concern for groundwater 

quantity and quality (Pulido-Velazquez et al. 2015; Danvi et al. 2017). Groundwater may be used 

to irrigate crops, especially during periods of drought to meet crop water requirements. Continuous 

pumping of groundwater can increase the risks of groundwater depletion which can not only 

compromise the future groundwater supply (Gleeson and Richter 2018) but also can reduce river 

baseflow and affect aquatic life (Kurylyk et al. 2015; Rhodes et al. 2017).  

There are two main factors, land use and climate, that affect the groundwater dynamics in 

agricultural lands (Calder 1993; Paradis et al. 2015). Land management practices, such as tillage 
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and use of cover crops, can affect groundwater quantity by influencing moisture available for crop 

use, soil compaction, soil erosion, and the amount of surface runoff from agricultural lands (Owuor 

et al. 2016; Nazir et al. 2017). With regards to groundwater quality, high rates of agrochemical 

application in agricultural lands is a major contributor to non-point and point source pollution 

(Carpenter et al. 1998). The use of agrochemicals has significantly increased in the past few 

decades to meet the global food demand and increase farm profitability, considering only a slight 

increase in harvested land area since 1961 (FAO 2011).  Elevated concentrations of nitrogen and 

phosphorous in water bodies can cause many health and environmental problems, such as blue 

baby syndrome and eutrophication, respectively (Carpenter et al. 1998; Powlson et al. 2008).  

In addition to land management practices, climate change plays an important role in the 

agriculture industry (Powlson et al. 2014; Rosenzweig et al. 2014). Climate has shaped the outlook 

of agriculture all over the world. Farmers base crop selection on climatic factors, such as annual 

rainfall, low and high temperatures, and growing season length (Adams et al. 1998; Risbey et al. 

1999). Rainfall contributes to groundwater recharge, which ensures continuous groundwater 

supply for crop irrigation as well as baseflow contributions to surface water bodies, necessary for 

the preservation of aquatic life. Rainfall distribution throughout the year and rainfall intensity also 

impact groundwater quality. Conventional farming practice involves the application of fertilizers 

uniformly at high rates without considering the crop and soil requirements. However, as the 

negative impacts of high fertilization rates on crop productivity and the environment are being 

studied, more farmers are moving towards better nutrient management. Uniform application of 

fertilizers followed by a heavy rainfall event can result in leaching of excess nutrients to 

groundwater as well as reduce available nutrients for plant growth. Therefore, it is necessary to 
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evaluate the impact of land and crop management practices on groundwater quality under changing 

climate conditions.  

Modelled projections of future climate conditions can be obtained from General Circulation 

Models (GCMs). These models, which simulate climate conditions on the global scale, show 

warmer temperatures (increase of 2 to 4° C by 2050 at the country scale) as well as increased 

winter precipitation (Hengeveld 2000). Climate change impacts on groundwater quality at the local 

scale can be studied by finer resolution downscaling of the GCMs (Wang et al. 2015). Regional 

Climate Models (RCMs) are available based on statistical or dynamical downscaling for many 

regions across Canada (Wang et al. 2015). Groundwater modelling tools developed in recent years 

have allowed researchers to model the impact of climate changes on groundwater quality, using 

available climate change projections as a model input.   

There are a number of studies that have looked at the impacts of climate change on 

groundwater, primarily focusing on quantity, in Canada (Allen et al. 2004; De Jong et al. 2008; 

Jiang and Somers 2009; Colautti 2010; Sulis et al. 2011; Sultana and Coulibaly 2011; Dayyani et 

al. 2012; Bourgault et al. 2014; Levison et al. 2014a; Levison et al. 2014b; Kurylyk et al. 2015; 

Paradis et al. 2016). Very few studies have been conducted to evaluate the impact of climate 

change on groundwater quality under agricultural lands in Canada (De Jong et al. 2008; Dayyani 

et al. 2012; Paradis et al. 2016). A study conducted in Prince Edward Island (PEI) used four climate 

change scenarios, projected for 2040-2069, and six management adaptation scenarios (four 

scenarios based on crop changes and two on livestock changes) (De Jong et al. 2008). The results 

suggested that nitrate leaching is increased due to agricultural intensification (increase in both total 

land area and fertilizer application rates) in comparison to climate change and economic conditions 
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(De Jong et al. 2008). Paradis et al. (2016) used a FEFLOW model to simulate the impact of four 

climate change scenarios and nine different land use scenarios in different subwatersheds across 

PEI on groundwater quality. The results suggested  climate change alone would account for an 

increase of only 0 to 6% in nitrate concentrations while agricultural intensification would increase 

nitrate levels in groundwater by 14 to 21%, which could negatively impact groundwater quality 

(Paradis et al. 2016).  

No published research has been conducted in Canada about how climate change can impact 

groundwater quality under different crop rotation scenarios. Thus, the objective of this research is 

to use numerical models, developed using the integrated HydroGeoSphere (HGS) model (Therrien 

et al. 2010), for two different hydrogeologies encountered in Ontario to simulate the impacts of 

climate change (for 2040-2059) and land use changes (3 crop rotation scenarios) on groundwater 

quality. In doing so, fluctuations in groundwater elevation and nitrate concentrations during 

different seasons of the year will be compared. The approach presented in this study may be used 

to develop similar models for other hydrogeological, climatic and agricultural settings to delineate 

areas vulnerable to groundwater nitrate pollution, which can be evaluated for improved water and 

agricultural management practices. 

 Materials and Methods  

5.2.1 Study Area  

The impacts of climate change and land use change scenarios on groundwater quality were 

studied at both the Norfolk and Guelph research sites. Detailed site descriptions, hydrogeologies, 

and local climate details are presented in Chapter 4.  
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5.2.2 Study Methodology 

Simulation of the impacts of climate change and land use changes on groundwater quality 

involved the following steps:  

1) Gather and evaluate regionally downscaled climate model data;  

2) Statistically bias correct climate model data to local/site scale;  

3) Quantify nitrate concentrations leaving the root zone under selected land use and climate 

stressors;  

4) Model impacts of land use and climate change scenarios on groundwater elevation and 

nitrate concentrations. 

Figure 5.1 shows how selected climate change scenarios were used to quantify the nitrate 

concentrations and leaf area index for different land use types in RZWQM2. These outputs were 

used in HGS to predict the impact of future land use and climate changes on groundwater quality 

in different hydrogeologies.  
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Figure 5.1: Schematic of modelling procedure 

Dynamically downscaled, RegCM climate change projections (25 km2 resolution) under 

the RCP 8.5 emission scenario and driven by five GCMs were downloaded from the Ontario 

Climate Change Data Portal (CCDP) (Wang 2018). This data corresponds to a reference period 

spanning from 1986-2005 with focus on a mid-century future period (2040-2059). Regional 

dynamic downscaling provides better representation of extreme and mean climate conditions than 

statistical downscaling (Wang et al. 2016). The selection of climate change projections was based 

on future temperature and precipitation changes relative to the reference period. The criteria were 

to select a projection with maximum precipitation change and temperature change, minimum 

precipitation change and maximum temperature change, and business as usual (both temperature 
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and precipitation change close to observed data). To assess this, the annual means of climate 

change projections from all five driving GCMs for the reference period were compared (Fig. 5.2). 

The MPI (MPI-ESM-MR) projection was selected for the highest precipitation changes and 

CanESM (CanESM2) was selected for the highest temperature and lowest precipitation change. 

GFDL (GFDL-ESM2M) was initially selected as a business as usual scenario based on annual 

temperature and precipitation changes for the reference period. However, monthly mean 

temperature and precipitation data showed that HadGEM (HadGEM2-ES) better represents the 

observed condition for the reference period and it was therefore selected as a replacement for the 

GFDL scenario (Fig. 5.3). Ultimately, the three climate change scenarios selected for use in this 

study were CanESM, HadGEM, and MPI. 

 

Figure 5.2: Annual mean temperature and precipitation changes (reference to future period) for all 

climate change projections based on data downloaded from the Ontario CCDP for the RCP 8.5 

emission scenario (Wang 2018). 
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(a)  

(b)  

Figure 5.3: (a) Mean monthly temperature and (b) mean monthly precipitation for all climate 

change scenarios (Wang 2018), model ensemble (Wang 2018), and observed data at a local climate 

station (Delhi, Ontario). 

5.2.2.1 Bias Correction 

For the Norfolk site, local climate data was downloaded from Environment and Climate 

Change Canada for the reference period (1986-2005) (ECCC 2017c). The average observed annual 

and monthly precipitation for the reference period was 976.71 mm and 80.61 mm, respectively 

(ECCC 2017c).  The observed temperature during the reference period ranged between -24 ºC and 

29 °C (ECCC 2017c) while the climate models’ minimum and maximum temperatures for the 

reference period were: CanESM: -15.7 ºC and 29 °C; HadGEM: -23.7 ºC and 30.3 °C; and MPI: -
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24 ºC and 29 °C. Several studies have suggested the application of a bias correction technique 

before using RCM data in order to better represent the local subwatershed scale climatic conditions 

(Piani et al. 2010; Gutjahr and Heinemann 2013; Wang and Huang 2015; L. Wang et al. 2016). 

There are different methods to bias correct the climate data which include the delta change 

approach, local intensity scaling, daily bias correction, and quantile mapping (N’Tcha M’Po et al. 

2017). For this study, a quantile mapping technique was used to remove the biases between 

simulated and observed temperature and precipitation variables. Details of the quantile mapping 

technique are described in N’Tcha M’Po et al. (2017). 

 Net precipitation, Pnet (precipitation – potential evapotranspiration (PET)), was calculated on 

a monthly basis to estimate the variation in water available for potential recharge and surface 

runoff throughout the year. PET was calculated using the Penman-Monteith equation (Allen et al. 

1998). Once the climate models were corrected for their bias, outputs for the average monthly 

temperature and precipitation for the reference period were reproduced. The ensemble mean of 

future (2040–2059) simulations predicted an increase of 0.37 ºC (May) to 0.19 ºC (February) for 

monthly temperatures (Fig. 5.4a). The envelope of uncertainty remains relatively equal throughout 

the year except for March during which time the MPI scenario showed a decrease of 1.3 °C in 

mean temperature between future and historic model data.  

The ensemble mean of future simulations predicted an increase in monthly precipitation for 

every month from December to April and a decrease in monthly precipitation from the months of 

May to November (Fig. 5.4b). All three models suggest high precipitation during the winter 

months. The CanESM model showed an erratic behavior for precipitation change between future 

and reference periods during the summer months. The envelope of uncertainty remains high (6% 
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to 59% change) and the ensemble mean predicts less rainfall in the future during the growing 

season (May to October) (Fig. 5.4b). The ensemble mean of calculated Pnet had a maximum 

increase of 27.4 mm in April and a maximum decrease of 19.8 mm in July. The envelope of 

uncertainty showed a range between 1 mm (April) and 45 mm (August). Pnet variations were high 

between different models during the months of July to September (Fig. 5.4c). The envelope of 

uncertainty for temperature change also had similar trends for these months (Fig. 5.4a). Overall, 

the envelope of uncertainty for Pnet illustrated that the growing season (May to October) has less 

available water for potential surface runoff and groundwater recharge; however, the actual rate of 

availability depends on which model represents the future climate conditions more accurately (Fig. 

5.4c).  

 

(a)  
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(b)  

(c)  

Figure 5.4: Changes in monthly projected (a) temperature, (b) precipitation, and (c) Pnet for the 

2040-2059 period at the Norfolk site for the three selected climate change scenarios and the 

ensemble mean. 

At the Guelph site, the ensemble mean of future (2040–2059) simulations predicted an increase 

of 0.75 ºC in September and a decrease in mean monthly temperature of 0.85 ºC in April (Fig. 

5.5a). The envelope of uncertainty for temperature showed that changes between the future and 

historic model data were high for December and January (>1 °C) and lowest for the month of 

August (0.2 °C) (Fig. 5.5a). The ensemble mean of future simulations predict a decrease in monthly 

precipitation for every month at the Guelph site (Fig. 5.5b). The ensemble mean for precipitation 
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shows a minimum decrease in April (2%) while the greatest decrease is recorded in the month of 

May (38%) (Fig. 5.5b). The envelop of uncertainty remained high throughout the summer months 

(20% to 35%) (Fig. 5.5b). The ensemble mean of calculated Pnet had a minimum decrease of 5 

mm in April and a maximum decrease of 50 mm in May at the Guelph site (Fig. 5.5c). The 

envelope of uncertainty had a range between 1 mm (January) and 50 mm (August). Pnet variations 

were high between different models during the months of July to September (Fig. 5.5c).  

Overall, the envelope of uncertainty for Pnet indicated that future growing seasons will have 

less available water for potential surface runoff and groundwater recharge compared to the past. 

However, the rate of availability depends on which model will represent the future climate 

conditions more accurately at both research sites (Figs. 5.4c and 5.5c). 

 

(a)  
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(b)  

(c)  

Figure 5.5: Changes in monthly projected value of (a) temperature, (b) precipitation, and (c) Pnet 

for 2040-2059 period at the Guelph site for the three climate change model scenarios and the 

ensemble mean. 

5.2.2.2 Land use scenarios and nitrate concentrations available for leaching 

Many different agricultural land use change scenarios can be devised, including those 

based on crop area coverage, forestation/deforestation, urban/rural area coverage, etc. In the 

current study, the focus was to define and quantify the transport of excess nutrients, specifically 

nitrogen related to cash crop modifications and variable weather, into groundwater to anticipate 
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and mitigate potential water quality impacts. Three future crop scenarios were selected to consider 

potential variation and extremes in nitrogen application: 1) crop area under corn-soybean rotation 

will continue to be under the same corn-soybean rotation in the future (business as usual scenario 

or base case scenario); 2) crop area under corn-soybean rotation changes to continuous corn 

plantation (cash crops only) in the future (worst case scenario); and 3) crop area under corn-

soybean rotation changes to corn-soybean-winter wheat-red clover rotation (BMP scenario). 

Vadose zone models were developed to test each land use scenario for both reference and 

future periods as well as climate change scenarios. The main assumption in the vadose zone 

modelling was that the amount of fertilizer applied for the same crop type will remain the same as 

current recommendations by the Ontario Ministry of Agriculture, Food and Rural Affairs 

(OMAFRA).  The details of the vadose zone modelling using RZWQM2 are described in Chapter 

3.  

5.2.2.3 Groundwater Modelling 

Calibrated groundwater models (Chapter 4), developed using HGS (Therrien et al. 2010), 

were used to predict the impact of each land use and climate change scenario on the nitrate 

concentrations in groundwater at the two research sites. Spin-up models with the average of the 

first 5 years of reference and future precipitation and PET were developed to better represent the 

starting conditions. Daily nitrate concentrations and Leaf Area Index (LAI) values calculated from 

RZWQM2 were used in the HGS models. The modelling outputs were generated for daily time 

steps to allow for comparison between reference and future climate and land use conditions. 

Details of model calibration and validation for the research sites are described in Chapter 4.  
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5.2.3 Statistical Evaluation  

The surface flow at the watershed outlets as well as groundwater elevation and nitrate 

concentrations in monitoring wells were compared based on four seasons: winter (Dec., Jan., Feb.), 

spring (Mar., Apr., May), summer (June, July, Aug.) and fall (Sep., Oct., Nov.). This quarterly 

comparison provides useful insight on how future climate change will vary seasonally and how it 

will impact nitrate concentrations during the growing season relative to the rest of the year. Box 

plots were created to compare the data distribution based on percentile for groundwater elevation, 

surface flow, and nitrate concentrations for each season using Grapher 11 (Golden Software, LLC). 

The ensemble mean of surface water, groundwater elevations, and nitrate concentrations were 

compared using one-way Analysis of Variance (ANOVA) followed by means comparison using a 

Least Significant Difference (LSD) for significantly different treatments (P<0.05) in SPSS (IBM 

SPSS®). 

 Results and Discussion 

The calibrated HGS models (one for each research site) were run for three bias corrected 

climate change scenarios and three land use change scenarios for both the reference (1986-2005) 

and future periods (2041-2059). The seasonal variation of (a) surface water flow at the outlet, (b) 

groundwater elevation at the monitoring wells, and (c) groundwater nitrate concentrations at the 

monitoring wells were studied. Statistical analysis in terms of the ensemble averages was also 

studied for each monitoring well.  At the Norfolk and Guelph sites, respectively, flow at the outlet 

ranged from 0.75 to 2.1 m3 s-1 and from 0.25 to 0.29 m3 s-1 (Fig. 5.6). This outflow at both sites 
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was higher for the reference period compared to the future period for all three climate change 

scenarios (Fig. 5.6a). 

 

Figure 5.6:  Outlfow (m3 s-1) for different climate change scenarios at (a) Norfolk site and (b) 

Guelph site. The 1st, 25th, 50th, 75th, and 99th percentiles are plotted. DJF [winter conditions 

(Dec., Jan., Feb.)]; MAM [spring conditions (Mar., Apr., May)]; JJA [summer conditions (Jun., 

Jul., Aug.)]; and SON [fall conditions (Sep., Oct., Nov.)] REF is the reference period (1986-2005) 

and FUT is the future period (2040-2059).  

 Monthly Pnet (Fig. 5.4c) values at the Norfolk site indicated that the amount of water 

available for hydrologic processes throughout the winter and spring months was close to zero for 
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the reference and future periods, while the amount of water available for hydrologic processes for 

the summer and fall months were less for the future period compared to the reference period. The 

monthly Pnet (Fig. 5.5c) values at the Guelph site indicated that the amount of water available for 

hydrologic processes was less throughout the year for the future period compared to reference 

period.  At the Guelph site, the outflow during the reference period was higher for all seasons 

compared to the future period, while higher flows at the outlet were more prominent during 

summer and fall periods for the Norfolk site (Fig. 5.6b). The average values for model ensemble 

outflows at the Norfolk site for the reference and future periods were 1.12 and 1.09 m3 s-1, 

respectively (Table 5.1). At the Guelph site, the average values for model ensemble outflows for 

the reference and future periods were 0.277 and 0.265 m3 s-1, respectively (Table 5.1). The results 

for the model ensemble at both sites indicated that the outflow will be decreased in the future 

period by 2.86% at the Norfolk site and 4.33% at the Guelph site (Table 5.1).   

Table 5.1: Comparison of outflow changes between the reference and future model ensembles at 

both the Norfolk and the Guelph sites. 

Parameter 1986-2005 2040-2059 % Change 

Norfolk site outflow (m3 s-1)  1.12a 1.09b -2.86 

Guelph site outflow (m3 s-1)  0.277a 0.265b -4.33 

Means followed by different letters (a vs. b) are significantly different at a significance level of 0.05. 

The hydraulic head changes at two monitoring wells are discussed and presented in detail. 

The results suggested that future groundwater elevations are generally lower, especially in the 

spring/summer periods (March to August) for the HadGEM and MPI climate change scenarios 

(Fig. 5.7). However, the CanESM model simulated increased water levels at the Norfolk site for 
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the future period compared to the reference period at both examined monitoring wells (Fig. 5.7). 

The groundwater elevations for all climate change scenarios ranged between 220 masl and 223.5 

masl at MW-04 (Fig. 5.7a). The MPI scenario showed the highest increase in water elevation at 

MW-04 for reference period (Fig. 5.7a). The groundwater elevation ranges between 222.5 masl 

and 226.5 masl for MPI for the reference period (Fig. 5.7b). The groundwater elevations ranged 

between 222.5 m and 225 m for all climate change scenarios except MPI (REF) at MW-04 (Fig. 

5.7b). This might be due to high rainfall for the MPI model during the reference period compared 

to all other climate change models at the Norfolk site (Fig. 5.3b). The MPI scenario for the future 

period showed the greatest decrease in groundwater elevation (based on the median) for both 

monitoring wells (Fig. 5.7).  

The study conducted by Paradis et al. (2015) also produced a decrease in groundwater 

elevation for future climate change scenarios in agricultural lands in PEI. Another modelling study 

conducted in the Grand River watershed resulted in a reduction in annual stream flow during the 

future (2014-2044) period compared to the reference period (1985-2014) (Golmohammadi et al. 

2017). The low annual Pnet values were the main reasons for lower streamflow and lower 

groundwater elevation. The findings of Levison et al. (2014) contrast with the current study. Their 

results suggested an increase in groundwater discharge (spring flows) during the future period in 

a fractured bedrock aquifer of Chateauguay River watershed in Quebec, Canada. However, the 

Pnet values of the selected future climate change scenarios were higher compared to the reference 

period (Levison et al. 2014).   
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Figure 5.7: Groundwater elevation (masl) data for different climate change scenarios at (a) MW-04 

and (b) MW-07 monitoring wells (Norfolk site).  

At the Guelph site, the results suggested that future groundwater elevations will be lower 

compared to the reference period for all climate change scenarios (Fig. 5.8). The Pnet values 

support the decreased groundwater elevation results since Pnet values for the future period were 

lower compared to the reference period for all three climate change scenarios (Fig. 5.5c). The 
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groundwater elevations for all climate change scenarios ranged between 333.5 masl and 334.5 

masl during the reference period at the P2 monitoring well (Fig. 5.8a).  

 

Figure 5.8: Groundwater elevation (masl) data for different climate change scenarios at (a) P2 and 

(b) CMT monitoring wells (Guelph site). The 1st, 25th, 50th, 75th, and 99th percentiles are plotted 

The results showed that the groundwater elevation for the future period ranges from 332.5 

to 334.5 masl in P2 (Fig. 5.8a). The groundwater elevation ranges between 336 masl and 340 masl 

for all climate change scenarios at the CMT monitoring well (Fig. 5.8b). The CanESM results for 
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the future period had the highest fluctuations in groundwater elevation (masl) at both monitoring 

wells. Similar to the Norfolk site, the MPI scenario for the future period had the lowest 

groundwater elevations in both P2 and CMT monitoring wells (Fig. 5.8). Considering the 

simulated changes at both sites, the impact of lower Pnet was more prominent in surface water 

flow compared to groundwater elevation in the sandy aquifer at the Norfolk site, while both surface 

water flow and groundwater elevations were reduced due to less Pnet at the fractured bedrock 

Guelph site.  

For the climate change and land use scenarios, nitrate is generally lower for the future 

conditions at the Norfolk site (Fig. 5.9). The nitrate-N concentrations at MW-04 ranged between 

8 to 26 mg L-1 for the corn-soybean land use scenario (Fig. 5.8a); between 9 to 31 mg L-1 for the 

continuous corn land use scenario (Fig 5.9b); and between 5 to 29 mg L-1 for the BMP scenario 

(Fig. 5.9c). At the MW-07 monitoring well, the nitrate concentrations ranged between 3 to 13 mg 

L-1 for the corn-soybean land use scenario (Fig. 5.10a); between 5 to 21 mg L-1 for the continuous 

corn land use scenario (Fig 5.10b); and between 1 to 13 mg L-1 for the BMP scenario (Fig. 5.10c). 

The MPI scenario had the highest nitrate values for all three land use scenarios (Figs. 5.9 and 5.10). 

The model ensemble results at both MW-04 and MW-07 (Norfolk site) suggested a small 

increase of 0.02 and 0.16%, respectively, in groundwater elevation in the future period (Table 5.2). 

The groundwater elevation results were in contrast with outflow results when the reference period 

was compared with the future period, suggesting that groundwater elevations are less effected by 

future climate changes compared to outflows (Tables 5.1 to 5.3). 
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Figure 5.9: Nitrate concentration for different climate change scenarios under a) corn-soybean, b) 

continuous corn, and c) BMP (corn-soybean-wheat-read clover) land use scenarios for the MW-04 

monitoring well (Norfolk site). The 1st, 25th, 50th, 75th, and 99th percentiles are plotted. 
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Figure 5.10: Nitrate concentration for different climate change scenarios under a) corn-soybean, b) 

continuous corn, and c) BMP (corn-soybean-wheat-read clover) land use scenario for the MW-07 

monitoring well. The 1st, 25th, 50th, 75th, and 99th percentiles are plotted 
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Nitrate concentrations were also decreased in the future model ensemble for all three land 

use and climate scenarios. The smallest reduction (0.14%) in nitrate concentration was reported in 

MW-04 for the continuous corn scenario and the highest reduction (-31.93%) was reported in MW-

07 for the BMP scenario (Tables 5.2 and 5.3). Comparison of different land use scenarios at the 

Norfolk site, with corn-soybean as the base case scenario, suggests that continuous corn production 

caused an increase of 47.56 and 79.43% during the reference period for MW-04 and MW07, 

respectively, while continuous corn production increased nitrate concentrations by 51.21 and 

89.52% in MW-04 and MW-07, respectively for the future period (Tables 5.2 and 5.3). 

The likelihood of nitrate contamination in the future compared to the reference period is 

greater if continuous corn is planted at the Norfolk site (Tables 5.2 and 5.3). Comparison between 

the base case scenario and BMP scenario produced a reduction of 18.79 and 32.29% during the 

reference period for MW-04 and MW07, respectively (Tables 5.2 and 5.3). Further, BMP adoption 

at the Norfolk site reduced nitrate concentrations by 31.49 and 47.36% in MW-04 and MW-7, 

respectively, compared to the base case scenario for the future period (Tables 5.2 and 5.3). The 

comparison between future and reference periods showed that adopting the BMP scenario (a 

rotation of corn-soybeans-winter wheat-red clover) can have a larger positive impact on 

groundwater quality in the future compared to the reference period at Norfolk site (Tables 5.2 and 

5.3). The nitrate concentrations are at least two times higher for continuous corn compared to the 

BMP scenario for both future and reference periods. Also, more extreme climate changes (e.g., 

MPI scenario) can increase the risk of groundwater contamination under continuous cash crop 

production at the Norfolk site.   
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Table 5.2: Comparison of groundwater elevation (masl) and nitrate-N concentration (mg L-1) 

changes between the reference and future model ensembles at the MW-04 monitoring well (Norfolk 

site). Changes between different land uses are compared to a corn-soybean rotation as the base case 

scenario. 

Parameter 1986-

2005 

2040-

2059 

% 

Change 

% Change between 

land uses 

Groundwater elevation (masl) 222.00a 222.05b +0.02 -  

Corn-soybeans (mg L-1) 13.00a 12.67b -2.55   

Continuous corn (mg L-1) 19.19a 19.16b -0.14 +47.56 +51.21 

Corn-soybeans-winter wheat-

red clover (mg L-1) 

10.56a 8.68b -17.78 -18.79 -31.49 

Means followed by different letters (a vs. b) are significantly different at a significance level of 0.05. 

 

Table 5.3: Comparison of groundwater elevation (masl) and nitrate-N concentration (mg L-1) 

changes between the reference and future model ensembles at the MW-07 monitoring well (Norfolk 

site). Changes between different land uses are compared to a corn-soybean rotation as the base case 

scenario. 

Parameter 1986-

2005 

2040-

2059 

% 

Change 

% Change between 

land uses 

Groundwater elevation (masl) 223.24a 223.60b +0.16 -  

Corn-soybeans (mg L-1) 6.30a 5.51b -12.45   

Continuous corn (mg L-1) 11.30a 10.45b -7.53 +79.43 +89.52 

Corn-soybeans-winter wheat-

red clover (mg L-1) 

4.26a 2.90b -31.93 -32.29 -47.36 

Means followed by different letters (a vs. b) are significantly different at a significance level of 0.05. 

At the Guelph site, the nitrate concentration data indicated that all climate change scenarios 

and land use scenarios had lower nitrate for the future conditions compared to the reference period 

(Fig. 5.11; Fig. 12). For the reference period, the nitrate concentrations for the corn-soybean land 

use scenario at the P2 monitoring well ranged between 9 to 20 mg L-1 (Fig. 5.11a); for the 

continuous corn land use scenario it ranged between 17 to 25 mg L- (Fig 5.11b); and for the BMP 

scenario it ranged between 8 to 20 mg L-1 (Fig. 5.11c). For the future period, nitrate concentrations 
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were 2 to 4 mg L-1 lower compared to the reference period at the P2 monitoring well (Fig. 5.11). 

Similar trends between the reference and future periods were observed in the CMT monitoring 

well at the Guelph site (Fig. 5.12). At the Guelph site, a clear relationship between groundwater 

elevation and nitrate concentration was observed which indicates that lower future rainfall (hence 

lower infiltration / groundwater recharge) could explain the lower nitrate concentrations received 

by the groundwater at the Guelph site.  

The model ensemble means for groundwater elevation at both the P2 and CMT monitoring 

wells had contrasting results compared to the Norfolk site. At the Guelph site, both the outflow 

and groundwater elevations were lower in the future period compared to the reference period 

(Tables 5.4 and 5.5). The Pnet data indicated that at the Guelph site the available water for 

hydrologic processes in the future was less than water available during the reference period (Tables 

5.4 and 5.5). Similar to the Norfolk site, the nitrate concentrations were also decreased in the future 

model ensemble for all three land use scenarios. The smallest reduction in nitrate concentration 

was recorded in the CMT monitoring well while the highest reduction occurred for the continuous 

corn land use scenario in the P2 monitoring well (Tables 5.4 and 5.5). Comparing the continuous 

corn with the base case scenario suggested an increase of 22.43% and 3.34% during the reference 

period for P2 and CMT, respectively. Continuous corn production at the Guelph site increased 

nitrate concentrations by 35.11% and 5.27% in P2 and CMT, respectively for the future period 

(Tables 5.4 and 5.5). At the Guelph site, comparison between future and reference periods, for the 

P2 and CMT monitoring wells, showed that the BMP scenario reduced the nitrate loading to 

groundwater by 15.63% and 2.96% for the reference period, and 21.11% and 1.05% for the future 

period, respectively (Tables 5.4 and 5.5).  
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Figure 5.11: Nitrate concentration for different climate change scenarios under a) corn-soybeans, 

b) continuous corn, and c) BMP (corn-soybeans-wheat-read clover) land use scenario for P2 

monitoring well. The 1st, 25th, 50th, 75th, and 99th percentiles are plotted. 
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Figure 5.12: Nitrate concentration for different climate change scenarios under a) corn-soybeans, 

b) continuous corn, and c) BMP (corn-soybeans-wheat-read clover) land use scenario for CMT 

monitoring well. The 1st, 25th, 50th, 75th, and 99th percentiles are plotted. 
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Table 5.4: Comparison of groundwater elevation (masl) and nitrate concentration (mg L-1) changes 

between past and future model ensembles at the P2 monitoring well (Guelph site). Changes between 

different land uses are compared to a corn-soybean rotation as the base case scenario. 

Parameter 1986-

2005 

2040-

2059 

% 

Change 

% Change between 

land uses 

Groundwater elevation (masl) 334.45a 333.94b -0.15 -  

Corn-soybeans (mg L-1) 15.42a 12.17b -26.76   

Continuous corn (mg L-1) 20.84a 14.89b -39.84 +22.43 +35.11 

Corn-soybeans-winter wheat-

red clover (mg L-1) 

12.16a 10.26b -18.53 -15.63 -21.11 

Means followed by different letters (a vs. b) are significantly different at a significance level of 0.05. 

 
Table 5.5: Comparison of groundwater elevation (masl) and nitrate concentration (mg L-1) changes 

between past and future model ensembles at the CMT monitoring well (Guelph site). Changes 

between different land uses are compared to a corn-soybean rotation as the base case scenario. 

Parameter 1986-

2005 

2040-

2059 

% 

Change 

% Change between 

land uses 

Groundwater elevation (masl) 338.37a 334.80b -1.05 -  

Corn-soybeans (mg L-1) 9.35a 8.98b -3.82   

Continuous corn (mg L-1) 9.65a 9.45b -2.02 +3.34 +5.27 

Corn-soybeans-winter wheat-

red clover (mg L-1) 

9.06a 8.88b -1.94 -2.96 -1.05 

Means followed by different letters (a vs. b) are significantly different at a significance level of 0.05. 

The impact of land use and climate change scenarios was more prominent at the P2 

monitoring well compared to the CMT monitoring well. Field results showed higher nitrate 

concentrations in P2. In comparison, the CMT monitoring well is deep and thus the nitrate plume 

may not have fully reached the depth of the CMT monitoring well screen. The observed reduction 

in future nitrate concentration is in contrast with previous studies conducted in agricultural lands 

(De Jong et al. 2008; Dayyani et al. 2012; Paradis et al. 2015). These studies were based on 

increased nitrogen-based fertilizer application in future periods compared to reference periods. In 
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the current study, the main assumption was that present-day fertilizer application rates will remain 

the same in the future period. Only the impact of various land use scenarios, and their associated 

nitrogen application rates, was studied. Therefore, the primary reason for lower nitrate 

concentrations observed in the modelled monitoring wells is use of the same reference period 

fertilizer application rate with less available recharge (Pnet) and therefore less potential nitrate 

leaching. Lower nitrate concentrations can also mean that nitrate could still be present in large 

amounts in the soil profile and can be leached down if precipitation occurs in higher amounts in 

future.  

In summary, using the numerical models to represent outlet flow, groundwater elevation, 

and nitrate concentrations for climate change and land use scenarios, showed: (1) a significant 

reduction in surface water flow at both the Norfolk and Guelph sites in the future periods; (2) a 

reduction in groundwater elevation in the fractured bedrock aquifer at the Guelph site, while a 

slight increase in groundwater elevation at the sandy aquifer of Norfolk site; (3) significant 

reduction in nitrate concentrations in future periods compared to reference period for all three 

climate change and all three land use scenarios if current fertilizer application rates are maintained; 

(4) a significant increase in groundwater nitrate concentration (up to 80 %) observed in monitoring 

wells at both sites if all the land under corn-soybean production is converted to continuous corn 

production for both reference and future periods; and (5) significant reduction in nitrate 

concentrations if the BMP scenario (corn-soybeans-winter wheat-red clover rotation) is adopted 

at both research sites for all three climate change scenarios during reference and future periods. 

The overall results suggest that BMPs should be adopted for both types of hydrogeological settings 

to reduce potential impacts of nitrate leaching on groundwater quality from agricultural lands. 
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Planting of continuous corn along with the most extreme climate change scenario (MPI) can 

increase the risk of groundwater contamination. The results also suggest that the fractured bedrock 

aquifer at the Guelph site is more prone to groundwater contamination than the sandy aquifer at 

the Norfolk site, since the modelled nitrate concentrations were significantly higher.  

 Conclusions 

The focus of this research was to predict the impact of different land use and climate change 

scenarios on groundwater elevations and nitrate concentrations in two contrasting agriculture-

dominated subwatersheds in southern Ontario, Canada. Groundwater models were developed 

using HGS for both the Norfolk and Guelph research sites. The calibrated models were used to 

simulate reference (1986-2005) and future (2041–2059) surface water flows, groundwater 

elevations, and nitrate concentrations in monitoring wells based on selected land use and climate 

change scenarios. 

The selected climate change scenarios yielded lower Pnet values in the future period which 

means less water is available for hydrologic processes. The model ensemble results indicated that 

lower Pnet reduced the surface water flows significantly at both sites for the future period. 

Groundwater elevation was significantly lowered at the Guelph site, while lower Pnets had less 

impact on the groundwater elevation at the Norfolk site during the future. Nitrate concentrations 

were reduced during the future period at both sites. The continuous corn land use scenario 

increased the nitrate concentrations significantly compared to the base case scenario of a corn-

soybean rotation. However, the BMP scenario reduced the nitrate concentrations observed in the 

groundwater significantly at both research sites, especially at the Norfolk site. BMPs, such as the 

corn-soybeans-winter wheat-red clover rotation simulated herein, should be adopted to reduce the 
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potential negative impacts of future climate change on groundwater quality, especially in 

vulnerable fractured bedrock aquifer settings and shallow sandy aquifer settings.  

More research is needed to test climate change and land use change scenarios relating to 

nitrate impacts on groundwater from agricultural lands. The focus of this research was the 

comparison of land use change scenarios with similar inputs for reference and future periods. 

Additional studies are required to incorporate changes in future nitrogen demands into these land 

use change scenarios to predict the impact on groundwater quality. Water managers and land use 

managers can use the results of this study and future similar studies in other jurisdictions to inform 

water protection and nutrient management policies in rural contexts to protect water at the source. 
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6. Conclusions and Recommendations 

Canada has one of the largest fresh water reserves in the world. Both surface water and 

groundwater are used to fulfill drinking water requirements for human and livestock and also to 

meet industrial consumption demands. In Canada, about 30% of the population is dependent on 

groundwater as primary source of drinking water. Rural communities often completely rely on 

groundwater as the only drinking water source, and source for agricultural production. Therefore, 

it is very important to protect these valuable groundwater resources while considering the potential 

impacts of future climatic changes on the hydrologic cycle. Groundwater is under threat by the 

intensification in agricultural practices to meet crop production targets and increase farm 

profitability. The rapid increase in the use of agrochemicals in last few decades can potentially 

pollute the groundwater through leaching with rainfall or irrigation water from agricultural lands. 

Nitrate is the primary pollutant in groundwater in agricultural areas. Several previous field studies 

conducted in southern Ontario also showed elevated nitrate concentrations in the past three 

decades.  

A GIS-based case study was conducted based on past field and provincial scale studies from 

southern Ontario to: 1) delineate vulnerable areas based on different soil texture types and land 

use types; and 2) to compare the delineated vulnerable areas to groundwater monitoring wells with 

elevated nitrate concentrations. The results revealed that overall, 4.8% of 1560 groundwater 

monitoring sites in southern Ontario were above the MACL for NO3
--N. The results showed that 

wells underneath sandy and loam soils were more prone to nitrate contamination compared to other 

soil types. Monitoring wells in the vicinity of cash and specialty crops are more prone to nitrate 
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contamination due to the high fertilizer requirement for these crops. Also, as expected, shallow 

wells have higher nitrate concentrations compared to wells greater than 50 m deep. Another 

important factor influencing the nitrate concentration in the wells is the monitoring screen length. 

Higher nitrate concentrations were observed in shorter monitoring screen intervals. The well depth 

and screen length relationship showed that these factors are also important to consider while 

comparing the impact of crop and soil types on groundwater quality. The results of the ‘weighted 

overlay’ ArcGIS analysis showed that groundwater samples with more than 3 mg L-1 NO3
--N were 

primarily within the delineated vulnerable areas based on the developed criteria. These results 

provide useful insights into nitrate dynamics in different crop and soil types and identify nitrate 

trends with depth in groundwater across southern Ontario.  

The nitrate data collected from different well types (open versus sealed wells) can affect the 

nitrate concentrations. Different screen lengths for monitoring wells and their placement with 

depth are also critical and careful selection criteria are necessary to collect representative data. 

Well construction and screen placement should specifically evaluate the groundwater resource as 

a whole rather than the impact to the well itself. Groundwater monitoring wells are installed on 

the basis of researcher judgement and designed to evaluate impacts of a certain contaminant. The 

same monitoring wells are often used to evaluate other contaminants in different studies and results 

can therefore be misleading. For example, groundwater monitoring data to evaluate the efficacy 

of BMPs to reduce nitrate concentrations should be targeting areas affected by these practices by 

installing monitoring wells in the sources zones of wells where BMPs are implemented and aim 

not to confound data from multiple flow paths with potentially multiple nitrate sources.  
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Depth-discreet sampling techniques and high-resolution multilevel wells should be used 

more widely in monitoring well networks to identify nitrate plume locations and extents in 

groundwater, for an improved understanding of the state of the groundwater resource. This review 

and GIS analysis can be used as a starting point for planning future targeted groundwater sampling 

regimes, land use changes, and intensity thresholds for agriculture or specific crops. However, 

careful selection criteria based on well depths, screen lengths, crop types and management, and 

land use are needed to properly use monitoring data from these types of past studies to provide 

better assessment capabilities. Existing monitoring wells should be more frequently sampled for 

groundwater quality to detect changes with time. More advanced multilevel monitoring wells 

should be installed to evaluate the movement of nitrate with groundwater depth. The continuous 

monitoring of existing and multilevel wells will help to overcome data gaps for climate change 

studies.   

Many vadose zone models have been developed in the in the past couple of decades to 

evaluate the impacts of different management practices on crop productivity and water quality. 

While these vadose zone models (e.g., RZWQM2, DRIANMOD-NII) have been used in recent 

years in southern Ontario to test BMPs especially in tile drained areas, the current research tested 

the capabilities of DRAINMOD-NII and RZWQM2 to quantify nitrate concentrations and predict 

groundwater elevations for first time under natural drainage in two corn fields under sandy soils 

in southern Ontario. The modelling results indicated that RZWQM2 simulated the groundwater 

elevations, soil moisture, and soil leachate nitrate concentrations more accurately compared to 

DRAINMOD-NII. Once accurately calibrated, the model outputs for soil leachate nitrate 
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concentrations can be coupled with groundwater models to predict the fate and transport of nitrate 

in groundwater.  

The selected vadose zone model, RZWQM2, was used in combination with fully integrated 

three-dimensional model, HGS, to simulate both hydrology and nitrate transport for two different 

hydrogeologic locations, a sandy aquifer (Norfolk site) and a fractured bedrock aquifer (Guelph 

site), in agriculturally dominated subwatersheds in southern Ontario, Canada. No previous 

research has used a combination of this vadose zone model with HGS to simulate groundwater 

elevations and nitrate concentrations at a subwatershed scale. The surface water flow was better 

calibrated for the sandy aquifer compared to the fractured bedrock aquifer. However, the smaller 

subcatchment at the Guelph site could have also led to more flashy responses in surface water flow 

to the precipitation events. Groundwater elevations were accurately calibrated and validated at 

both research sites against the observed data, even though an equivalent porous media model was 

used for the fracture bedrock aquifer.  

The less complicated hydrogeology at the Norfolk site lead to better simulation of nitrate 

transport in groundwater compared to the fractured bedrock aquifer at the Guelph site. Also, the 

constant concentrations applied for the forested areas could be the possible reason for the model’s 

inability to simulate seasonal variations in nitrate concentrations since Guelph had more forest are 

coverage compared to the Norfolk site. Overall modelling results at the Guelph site indicated that 

nitrate concentrations were well calibrated and a small subcatchment scale simulation can be 

carried out satisfactorily, especially to determine groundwater elevations and nitrate 

concentrations, with parameters extracted from a regional scale study. Further, the combination of 
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RZWQM2 and HGS can be used in both types of hydrogeological settings to simulate groundwater 

flow and nitrate concentrations.  

The results indicated that sandy conditions encountered at the Norfolk site are less prone to 

nitrate contamination compared to the fractured bedrock aquifer at the Guelph site. Groundwater 

elevations and nitrate concentrations, using daily nitrate concentration and leaf area index data 

from RZWQM2, were accurately simulated in monitoring wells. RZWQM2 and HGS can 

successfully be useful in combination to provide insight to manage future land use and climate 

changes to protect groundwater quality. Future research should focus on examining combinations 

of additional hydrogeological, climatic and agricultural settings. Additional field data (e.g., nitrate 

concentrations in other cropping systems such as forest and specialty crops, soil temperature, crop 

yields and other growth parameters, local climate stations, etc.) collected for various crops is 

required to better represent field conditions and delineate vulnerable hydrogeologic settings prone 

to nitrate contamination.  

Calibrated RZWQM2 and HGS models were used to predict the impact of nine different 

land use and climate change scenarios on groundwater elevations and nitrate concentrations at both 

the Norfolk and Guelph research sites. The calibrated models were used to simulate reference 

(1986-2005) and future (2041–2059) surface water flows, groundwater elevations, and nitrate 

concentrations in monitoring wells based on the scenarios.  

Climate change scenarios were downloaded from the CCDP website and bias corrected 

using local climate data. The comparison of climate change scenarios between future and reference 

periods indicated that the selected climate change scenarios yielded less water available in the 
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future period for hydrologic processes. The results indicated that surface water flows were 

significantly lower at both sites for the future period compared to reference period. The low water 

availability had less negative impact on groundwater elevation at the sandy aquifer (Norfolk) site 

compared to fractured bedrock (Guelph) site. Nitrate concentrations were significantly less in the 

future period. However, the comparison of land use scenarios showed that continuous corn 

increased the nitrate concentrations significantly compared to base case scenario and the BMP 

scenario (corn-soybeans-winter wheat-red clover rotation). The BMP scenario reduced the amount 

of nitrate concentrations observed in the groundwater significantly at both research sites, especially 

at the Norfolk site. It is recommended that BMPs, such as the corn-soybeans-winter wheat-red 

clover rotation simulated herein, should be adopted to reduce the potential negative impacts of 

future climate change on groundwater quality in various hydrogeological settings, especially in 

vulnerable fractured bedrock aquifer settings. Additional climate change and land use change 

scenarios should also be tested in future studies, in new hydrogeological settings, to develop a 

comprehensive strategy to not only mitigate the negative impacts of agricultural practices on 

groundwater quality but to also increase the soil fertility status and crop productivity. 

The developed RZWQM2 and HGS modelling approach can be applied in various 

agricultural watersheds with similar hydrogeologies. The developed modelling approach can also 

help in predicting the amount of nitrate and its fate and transport in groundwater in the case of 

extreme future events such as flooding and drought. Water managers and land use managers can 

use the results of this study and future similar studies to inform water protection and nutrient 

management policies in rural contexts to protect water at the source. 
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Appendix A. Quantification of nitrate through the vadose zone using RZWQM2 model for 

agricultural fields at Guelph and Acton sites 

The selected vadose zone model, RZWQM2, was used to quantify nitrate concentrations 

at the Guelph and Acton sites. Top soil at both Guelph and Acton sites were comprised of Dumfries 

sandy loam. Soil samples and soil leachates samples were collected from corn fields in Guelph 

and Acton. Similar to the Norfolk fields, four soil horizons were selected at the Guelph and Acton 

sites. The sample collection procedure and analysis details are discussed in section 3.2.2. Measured 

physical characteristics of the soil profile for both sites are presented in Table A1.   

Table A1: Soil properties for both Guelph and Acton fields estimated from collected soil samples 

using sieve and hydrometer analysis. 

Measured and simulated groundwater elevations using RZWQM2 for a corn field selected 

in the Guelph site and a corn field selected in the Acton site are presented in Figure A1. The 

groundwater elevations were accurately calibrated at both fields using RZWQM2. The observed 

groundwater elevation data showed more fluctuations compared to modelled groundwater 

 Soil Depth  

(cm) 

Sand  

(%) 

Silt  

(%) 

Clay  

(%) 

Bulk 

Density  

(g cm-3) 

Ks  

(cm hr-1) 

θs OM  

(%) 

Guelph 

0 – 15  71 24 05 1.55 2.0 0.33 1.95 

15 – 30   65 27 08 1.61 2.3 0.34 2.11 

30 – 60  70 20 10 1.67 2.9 0.32 2.12 

60 – 1100  70 23 07 1.60 3.2 0.31 1.07 

Acton 

0 – 15  65 28 07 1.48 2.2 0.33 1.73 

15 – 30   68 30 12 1.58 2.6 0.33 1.85 

30 – 60  61 30 09 1.62 3.5 0.35 1.47 

60 – 1300 68 27 05 1.57 3.9 0.37 0.89 
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elevations at both sites (Fig. A1). Comparison of the Norfolk fields with the Guelph and Acton 

fields showed that groundwater elevations were more accurately calibrated at the Norfolk site. The 

primary reasons could be predominantly sandy soils at the Norfolk site and the availability of 

continuous data for groundwater elevations collected at the Norfolk site. Once the groundwater 

elevations were simulated, soil moisture content was also simulated at both corn fields in Guelph 

and Acton (Fig. A2a; Fig. A3a). The observed moisture contents measured in the field matched 

well with RZWQM2 modelled moisture contents at the Guelph site (Fig. A2a). The soil moisture 

values were relatively smaller later in the season compared to May and June 2015. Similar trends 

for observed and predicted soil moisture contents occurred for the Acton site (Fig. A3a).  

Monthly measured soil leachate nitrate concentrations after major rainfall events matched 

well with RZWQM2 modelled nitrate concentrations in soil water in selected corn fields at the 

Guelph and Acton sites (Fig. A2b; Fig. A3b). Both observed and modelled soil leachate nitrate 

concentrations had higher concentrations in May and June and relatively lower concentrations in 

August and September. More leaching after fertilization and less available nitrogen due to plant 

uptake could be the possible reason for lower nitrate concentrations in August and September. The 

overall modelling results using RZWQM2 showed that soil moisture content and soil nitrate 

concentrations were accurately simulated for all three sites: Norfolk, Guelph and Acton. The 

vadose zone modelling results suggested that RZWQM2 can be coupled with a groundwater model 

to better predict the impact of different crops and soil management techniques on groundwater 

quality in agricultural watersheds. 
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Figure A1: Comparison of observed and RZWQM2 predicted groundwater elevation levels for a 

corn field at (a) Guelph site and (b) Acton site. 

(a) 

(b) 
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Figure A2: Comparison of observed and RZWQM2 modelled predicted a) soil moisture content and 

b) soil leachate NO3
--N concentrations for a corn field at the Guelph site. 

  

Figure 6A3: Comparison of observed and RZWQM2 modelled predicted a) soil moisture content and 

b) soil leachate NO3
--N concentrations for a corn field at the Acton site. 
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Appendix B. Supplementary Material – Chapter 4 

 

 

Figure B01: Vertical cross-section (A-A’) showing different hydrostratigraphic units at the Norfolk 

site. 

 

Figure B02: Vertical cross-section (B-B’) showing different hydrostratigraphic units at the Norfolk 

site. 

 

 

Figure B03: Vertical cross-section (C-C’) showing different hydrostratigraphic units at the Norfolk 

site. 
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Figure B4: Vertical cross-section (D-D’) showing different hydrostratigraphic units at the Norfolk 

site. 

 

Figure B05: Vertical cross-section (B-B’) showing different hydrostratigraphic units at the Guelph 

site. 
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Figure B06: (a) Observed and simulated groundwater elevations at the Guelph site calibration 

targets and associated ME, MAE, RMSE, and R2 values; b) histogram showing the frequency of the 

mean error for calibration targets (CMT, P3, P10, and P15) at the Guelph site. 

 

Figure B07: a) Observed and simulated groundwater elevations at the Guelph site validation 

targets and associated ME, MAE, RMSE, and R2 values; b) histogram showing the frequency of the 

mean error for validation targets (P2, P8, P9, and P13) at the Guelph site. 
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Figure B8: a) Measured and simulated nitrate concentrations at the Norfolk site for validation 

targets (MW 14S and MW 18S) and associated ME, MAE, RMSE, and R2; b) histogram showing 

the frequency of the mean error at the Norfolk site (MW 14S and MW 18S). 

 

Figure 09: a) Measured and simulated nitrate concentrations at the Norfolk site for validation 

targets (MW 14D and MW 18D) and associated ME, MAE, RMSE, and R2; b) histogram showing 

the frequency of the mean error at the Norfolk site (MW 14D and MW 18D). 
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Figure B010: a) Measured and simulated nitrate concentrations at the Guelph site validation 

targets and associated ME, MAE, RMSE, and R2 values; b) histogram showing the frequency of the 

mean error of validation targets (P2, P8, P9, and P13) at the Guelph site. 

 

 


