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ABSTRACT 

 

In agriculture-dominated areas, water pollution resulting from nutrients migrating from 

farms to water bodies is a major concern. The migration is further exacerbated by 

traditional tile drain known as Uncontrolled Tile Drainage (UCTD), which removes 

excess water from areas to keep the water table low enough for crops to grow. UCTD, 

commonly used in Ontario, Canada, is believed to contribute to water quality issues, 

whereas Controlled Tile Drainage (CTD) is an alternative technique in which a structure 

controls the outlets of the drains so that water only leaves a field when the water table 

level exceeds a desired threshold. Considered as a Best Management Practice (BMP), 

CTD has been documented as an efficient practice preventing nutrients from migrating 

out of agricultural fields. This thesis aims to improve our understanding of the 

environmental benefits of replacing UCTD with CTD. Three significant contributions 

were achieved.  

The first contribution of the thesis is the improvements of the algorithm for calculating 

nitrates in tile flows in the Soil and Water Assessment Tool (SWAT) model. Researchers 

have simulated CTD by dynamically changing tile depth to mimic the operation of outlet 

structure gates, but it has been demonstrated that doing so results in inaccuracies, and so 

the algorithm in the model has been improved subsequently. The current author proposed 

and tested a new algorithm for calculating nitrates in tile flows that better represents the 

dynamics of water and nutrients in soil layers for the SWAT model. A model for the 

South Nation watershed, located in Ontario, Canada, was then developed and 

successfully calibrated using the improved SWAT model.  

The second contribution was the extension of the SWAT model to simulate riverine 

hydraulic and water quality processes by coupling it with the QUAL2Kw model. In this 
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thesis, a procedure is developed to couple the SWAT model and the QUAL2Kw model 

to enable continuous simulations of 13 water quality parameters in the South Nation 

River system. The coupled model was calibrated and verified at various observed 

locations along the river during the five seasons of growth from 2006 to 2010. The 

simulation results suggested that CTD also improved the water quality of the river by 

lowering biologically available N levels of NO2
--N, and NO3

--N, thereby impeding 

phytoplankton growth in the river.  

The third contribution is the verification of the benefits of replacing UCTD with CTD in 

the future climates. The confirmation was done using the SWAT model alone, and then 

the coupled SWAT/QUAL2K models, using a matrix of climate change experiments 

performed with several Global Climate Models (GCMs) and Regional Climate Models 

(RCMs). The results suggest that nutrient loading from the watershed will increase in the 

2021–2050 period compared to the 1985–2006 period. Thus, pollution from agricultural 

fields will worsen with the current UCTD approach, while the results also show that CTD 

would perform effectively and stably in future climate scenarios and could 

counterbalance the effects of climate change on water quality. 

To the author’s knowledge, this study is the first attempt to date to assess the 

environmental effects of CTD on a watershed and river by coupling the SWAT and 

QUAL2Kw models. The findings expand the current scope of knowledge on the 

environmental effects of CTD on watersheds and rivers under current and future climate 

change regimes. Long periods of continuous simulation and a matrix of climate change 

scenarios also make this study stand out from other studies. It laid a foundation for future 

investigations.  
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Chapter 1: Introduction 

                                                                                                                                         1 

1 INTRODUCTION 

1.1 Background 

Water pollution is on the rise globally, and nearly 80% of the world’s population lives in 

areas facing either incipient water insecurity or biodiversity threats, with the highest threats 

occurring in regions of intensive agriculture and dense settlement (Vӧrӧsmarty et al., 2010; 

WHO and UNICEF, 2015; WWAP, 2012; WWAP, 2015; WWAP, 2016). Agricultural 

nonpoint pollution, a leading pollution source, is a significant contributor to water 

contamination, especially in watersheds dominated by agriculture (European Environment 

Agency, 2005; Hamilton and Miller, 2002; James et al., 2007; Rabalais et al., 2002; USEPA, 

1984; USGAO, 1990; Zhang et al., 2004). 

Nutrients carried in agricultural runoff, mainly related N and phosphorus (P) compounds, 

are likely to trigger algal growth in rivers and lakes, and consequently degrade water quality 

(Anderson et al., 2002; Beman et al., 2005; Smith et al., 2006; Withers et al., 2014). Canada, 

a water-rich country, has naturally abundant water resources. World Band (2013) estimated 

that Canada had 6.6% of all renewable freshwater on earth, corresponding to 81,061 m3 per 

capita, while the world average is 6,013 m3 per capita. In Canada, the gross N balance 

increased by 80% between 1990–1992 and 2002–2004 (Parris, 2011). Eutrophication 

resulting from excessive nutrients from agricultural sources has been reported from coast to 
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coast. Examples include the St. Lawrence estuary in Quebec, the Great Lakes in Ontario, 

Lake Winnipeg in Manitoba, and the Lower Fraser River in British Columbia (Bunting et 

al., 2011; Chambers et al., 2001; Environment Canada, 2001; Environment Canada and 

Manitoba Water Stewardship, 2011; Environment Canada and the USEPA, 2014; Michalak 

et al., 2013; Working Group on the State of the St. Lawrence Monitoring, 2014). Three agri-

environmental indicators were developed by Agriculture and Agri-Food Canada (AAFC) to 

monitor the status of water and soil in Canada, which are 1) the Indicator of the Risk of 

Water Contamination by Nitrogen (IROWC-N), 2) the Residual Soil Nitrogen Indicator 

(RSN), and 3) the Indicator of the Risk of Water Contamination by Phosphorus (IROWC-

P). Clearwater et al. (2016) reported that these indicators increased between 1981 and 2011. 

They also reported that although 75% of the farmland remained at very low risk of N 

contamination nationally, both the RSN and IROWC-N increased gradually over that period. 

IROWC-P was found to have been declining in 50% of the 280 agricultural watersheds 

studied by Clearwater et al. (2016), suggesting an increase of P application into agricultural 

lands or its transport to surface water bodies. This situation is most likely due to the increased 

use of mineral fertilizers and a greater concentration of livestock production. 

From 2004 to 2013, AAFC, in collaboration with over 70 other governments, academics, 

and local watershed authorities, carried out the Watershed Evaluation of Beneficial 

Management Practices (WEBs) program which was aimed at making careful decisions 

regarding land use both at the farm and landscape levels. Nine watersheds were selected 

across Canada to assess the economic and water quality impact of selected agricultural 

BMPs, such as manure management, small reservoirs, CTD, etc. The WEBs team in Ontario 

focused on understanding the benefits of CTD. It has been demonstrated in the literature that 

CTD could mitigate pollution resulting from nutrients migrating from agricultural fields 

(Evans et al., 1992; Lalonde et al., 1996). Besides studies at field level, the benefits of CTD 
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at watershed level have also been assessed using hydrological and water quality models (Ale 

et al., 2012; Borah et al., 2006; Eman et al., 2020; Luo et al., 2010; Ng et al., 2002; Que et 

al., 2015; Santhi et al., 2006; Sunohara et al., 2014; Tan et al., 1999; Thorp et al., 2008; 

Wesström and Messing, 2007; Youssef et al., 2018; Yuan et al., 2006 and 2011). 

The impacts of CTD on water quality were assessed within the WEBs program using the 

paired experimental micro-watersheds located in the South Nation River watershed in 

eastern Ontario, Canada. Based on the field observations, Sunohara et al. (2015) discovered 

that measured daily fluxes were significantly different between the micro-watershed under 

CTD and another micro-watershed under UCTD in the seasons of growth from May to 

October. Que et al. (2015) showed that direct runoff, total N (TN), and dissolved N would 

be reduced by an average of 6.6%, 3.5%, and 13.7% respectively if all suitable crop fields 

in the watershed were converted to CTD. The thesis aims to expand the work of Sunohara 

et al. (2015) and Que et al. (2015) by looking at the environmental effects of CTD on the 

water quality of the South Nation watershed and river under current and future climate 

regimes. 

1.2 Problem statement and objectives 

1.2.1 Problem statement 

Studies at multiple locations and scales worldwide have shown that CTD effectively reduces 

nutrient effluence from agricultural fields. However, little is known about the environmental 

effects of CTD on watershed and river system together. More importantly, most CTD studies 

have focused on how much pollutants can migrate at either the field or watershed level but 

have not further evaluate the ecological impact of CTD on a river system. This study intends 

to simulate CTD and then evaluate the environmental and ecological benefits of CTD on 

watershed and river. Since the performance of CTD is linked to the climate regime, the 

impacts of climate change on its benefits will be further investigated. 
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1.2.2 Research objectives 

The general objective of this study is to evaluate the environmental effects of CTD on the 

South Nation watershed and the South Nation River under the current and future climate 

regimes using the SWAT and the QUAL2Kw models. 

Therefore, the specific objectives are to: 

1. Critically assess the SWAT model’s ability to simulate CTD and propose a 

new CTD routine for the SWAT model 

2. Verify the ability of the improved model to simulate CTD 

3. Evaluate the environmental effects of CTD on the watershed using the 

improved SWAT model for current and future climates 

4. Couple the SWAT and QUAL2Kw models, calibrate, and verify the 

QUAL2Kw model for the South Nation River 

5. Assess the ecological impacts of CTD on the river system using the coupled 

SWAT/QUAL2Kw model for current and future climates 

The improved watershed water quality model, SWAT, and the river water quality model, 

QUAL2Kw, will be coupled together to achieve the objectives of this study. A preliminary 

analysis of how the nitrate in tile flow is calculated in the original SWAT model led to the 

discovery of the inability of the original algorithm of calculating nitrate concentration in tile 

flow when the tile drain depth was changed. The source codes of the SWAT model were 

analyzed and improved to better reflect the reality of tile drainage in fields. The improved 

SWAT model is applied to the WEBs sites to validate the new CTD routine (Objective One). 

A SWAT model of the South Nation watershed was built and fine-tuned (Objective Two). 

The model was then used to simulate and evaluate the CTD and UCTD scenarios in the 

South Nation watershed for current climate and a matrix of climate scenarios (Objective 

Three). Coupled with the improved SWAT model, a QUAL2Kw model was built, calibrated, 
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and verified using field observations collected from the river (Objective Four). The 

calibrated QUAL2Kw was used to assess the ecological impacts of CTD on the river system 

in the current climate and climate change scenarios (Objective Five). 

1.3 Contributions to current knowledge 

The environmental effects of CTD on the water quality of watershed and river system were 

evaluated by coupling the watershed water quality model SWAT with the stream water 

quality model QUAL2Kw. Although previous researchers have investigated the effects of 

CTD on water quality at either a field level or watershed level at different locations, no 

investigation proceeded further by assessing river water quality. Therefore, the current scope 

of knowledge on the environmental effects of CTD for watershed and river systems remains 

unknown, and so this thesis contributes to the current scope of knowledge in both theoretical 

and methodological ways. 

1.3.1 Theoretical contributions 

Although several researchers used the SWAT model to simulate CTD by artificially moving 

depths of the tiles to simulate control structure operations, the tile drainage algorithm 

available in the SWAT model has been shown to be inadequate, as it was demonstrated that 

doing so leads to incorrect calculations for NO3
--N in tile flows. This aspect is critical to 

CTD evaluations as the NO3
--N in tiles ends up in the river system. A new algorithm was 

proposed that does not have that limitation, effectively improving the ability of the SWAT 

model to simulate CTD. Given that SWAT is a very popular model used worldwide, the 

improvement on the model is likely to be significant. 

1.3.2 Methodological contributions 

The methodological contributions of the thesis are listed below:  
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▪ The thesis leads to a better understanding of the impact of climate change on water 

quantity and quality in the South Nation watershed under both CTD and UCTD.  

▪ It is the first study to successfully evaluate the environmental effects of CTD on 

the watershed using the improved SWAT model. 

▪ This study developed an innovative approach to retrieve necessary inputs required 

by the QUAL2Kw model from the outputs of the SWAT model. 

▪ It is the first study to continuously assess the ecological impacts of CTD on river 

water quality using the QUAL2Kw model coupled with the SWAT model over 

five continuous seasons of growth. 

▪ Using various climate change datasets combined with GCM and RCM 

configurations, the improved SWAT model and the QUAL2Kw model were 

tested on climate changes. 

1.4 Outline of the thesis 

This thesis consists of eight chapters. Chapter One is the introduction to the study, which 

covers the perspectives, objectives, and technical paths of the study.  

Chapter Two is a literature review covering previous research on CTD, water quality models 

for a watershed and river, and climate change. Sections 2.1, 2.2, and 2.3 describe the study 

area and surveys the literatures related to CTD covering both experiments and numerical 

assessments of that BMP. Section 2.4 is a comprehensive review of available water quality 

models that could be used to assess the environmental and biological impact of CTD on both 

watersheds and rivers. Sections 2.5 and 2.6 present the theories and approaches of the 

QUAL2Kw model and SWAT model, respectively. Section 2.7 reviews the climate models 

and downscaling methods. 

Chapter Three presents the development and verification of an improved routine for the 

SWAT model. Firstly, the limitations of the original SWAT model in simulating CTD are 
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thoroughly presented and discussed, and then a modification is proposed to simulate CTD 

properly. Finally, the modified SWAT model was applied to the WEBs experimental sites 

to verify its capabilities. 

Chapter Four focuses on modeling the environmental effects of CTD on the watershed by 

using the improved SWAT model. The model was satisfactorily calibrated and validated to 

simulate flow, sediment, NO3
--N, TN, and TP under the South Nation watershed conditions. 

Over the five periods of growth from 2006 to 2010, the scenarios for CTD and UCTD were 

evaluated using the calibrated model, and the performances of the CTD scenarios were 

examined under a matrix of climate change scenarios. 

Chapter Five presents the modeling of the ecological impact of CTD on river water quality 

by using the river water quality model QUAL2Kw. This chapter describes the approach to 

retrieve and prepare necessary inputs for the QUAL2Kw model from the outputs of the 

SWAT model. The model was calibrated and verified using the observed data along the river, 

and the model agreed well with the water quantity and quality observations during the 

calibration and validation periods. Two CTD scenarios were assessed by analyzing the 

simulated loads of 13 water quality parameters: flow, DO, pH, EC, bottom algae net growth, 

phytoplankton level, Org-N, NH4
+-N, NO2

--N+NO3
--N, TN, Org-P, Min-P, and TP, and then 

the simulation results for CTD and UCTD were discussed and summarized. The calibrated 

QUAL2Kw model was used to investigate further the biological impacts of the CTD 

scenarios on river water quality under the projected 2056-2060 climates.  

Chapter Six draws the conclusions of the study.  

The last two chapters comprise the references and appendices, respectively. 
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2 BACKGROUND AND LITERATURE REVIEW 

2.1 Study area 

The South Nation River, a tributary flowing into the Ottawa River near Plantagenet, Ontario, 

Canada, rises in northern Brockville, located in eastern Ontario (Figure 2.1). It travels about 

175 km from southwest to northeast draining approximately 3900 km2. The riverbanks 

compose of Champlain Sea clays cause large- and small-scale landslides. Major tributaries 

include the North Branch South Nation River, Sandy Creek, Payne River, Castor River, 

Moose Creek, Bear Brook, Scotch River, and Caledonia Creek. There are seven communities 

located in the watershed: Spencerville, South Mountain, Chesterville, Crysler, St. Albert, 

Casselman, and Plantagenet, 

The watershed is part of the St-Lawrence River drainage basin and lies in a wedge-shaped 

area between the St. Lawrence River and the Ottawa River, at the edge of the Canadian 

Shield. It was ever the seabed of the Champlain Sea. Historically, it was covered by forest 

and swamp but is now an agricultural-dominated watershed. Farmlands, forests, and 

residential areas comprise approximately 58%, 34%, and 2% of the total area, respectively. 

Generally, this watershed is a flat plain. The watershed soils are diverse in type, depth, and 
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distribution and are suitable for agriculture (Eastern Ontario Warden's Caucus, 2007). 

Uncontrolled tile drainage exists on approximately 43% of the arable land in Ontario. 

 

Figure 2.1 Locations of the South Nation River watershed and WEBs site 

The climate of the watershed is classified as humid continental, with significant seasonal 

variations in precipitation and temperature (Figure 2.2). Spring and autumn are short and 

unpredictable, while winter is long and cloudy with land covered by snow for months. The 

coldest month is January at –10.3°C on average. Summer is warm and humid, and the 

warmest month is July at 20.7°C on average. Annual precipitation is about 962.5 mm at the 

Township of Russell (Environment Canada, 2012).  
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Figure 2.2 Monthly maximum, minimum, and average temperatures and 

precipitation 

2.2 CTD and UCTD 

The history of irrigation and drainage systems is as old as agriculture itself (Garrison, 1929), 

and archaeological evidence of ancient irrigation and drainage systems has shown that 

natural precipitation was often either insufficient or excessive for supporting crops, for 

example in Mesopotamia around 3000 BC, in Egypt in 3000 BC and, in ancient China from 

2627 BC (Gulhati and Smith, 1967; Jacobsen and Adams, 1958; King, 1911). The 

International Commission on Irrigation and Drainage (ICID) (1979) defined drainage as the 

removal of excess surface and subsurface water from the land to enhance crop growth, 

including the removal of soluble salts from the soil. Although irrigation and drainage have 

the same purpose, i.e., to help create ideal conditions that are favourable for plant growth, 

there is a fundamental difference between the two. Irrigation involves adding water to the 

soil, and conversely, drainage removes excess water from the soil. 
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Figure 2.3 Schematic diagrams of UCTD (a) and CTD (b) 

Drainage plays an essential role in maintaining water tables, soil temperatures, and oxygen 

supply, and in the development of crop root systems (US Bureau of Reclamation, 1993), and 

as a common agricultural practice, tile drainage has penitential effects on the water quality 

in crop fields, especially in agriculture-dominated watersheds. However, what happens 

naturally in landscapes with UCTD, as shown in Figure 2.3(a), is that water, sediment, and 

nutrients flow freely from the tiled fields into ditches or streams, and it works passively; as 

shown in Figure 2.3(b), CTD is a proactive and improved practice compared to UCTD, and 

it can manage a drainage system by using a controllable facility. Hence, it can meet various 

practical needs while dealing with different circumstances, such as the weather, the season, 

the crop, and the water table. A few field studies have examined the effects of CTD on 

surface water quality as shown in Table 2.1 (Skaggs and Youssef, 2008).  

  

(a) (b) 
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Table 2.1 Field studies on the effectiveness of CTD 

Reference Location Soil 
Area 

Drain 

spacing 

Drain 

depth 

Control 

depth* 
Percent reduction 

(ha) (m) (m) (m) Drainage N Loss 

Gilliam et al. 

(1979) 
N. Carolina Portsmouth sl 5 to 16 30 & 80 1.2 0.3–0.5 50 50 

 N. Carolina Goldsboro sl 3 30 1 0.3 85 85 

Evans et al. 

(1989) 
N. Carolina Ballahack sl 4 18 1 0.6 56 56 

 N. Carolina Wasda muck 4 100 1.2 0.6 51 56 

 N. Carolina Wasda muck 4 18 1 0.6 17 18 

Lalonde et al. 

(1996) 
Ontario Bainesville sil 0.63 18.3 1 0.75 49 69 

      0.5 80 82 

Tan et al. 

(1998) 
Ontario Brookston cl 2.2 9.3 0.65 0.3 20 19 

Gaynor et al. 

(2002) 
Ontario Brookston cl 0.1 7.5 0.6 0.3 35** *** 

Wesstrom et al. 

(2007) 
Sweden Loamy Sand 0.2 10 1 0.2–0.4 80 80 

Fausey     

(2005) 
Ohio Hoytville sic 0.07 6 0.8 0.3 41 46 

         

*Control typically removed during seedbed preparation, planting, and harvesting periods 

**CD reduced subsurface drainage by 35%, increased surface runoff by 28% and reduced total outflow by 16% 

***Nitrogen results not reported, effects on pesticide loss are reported 

 

2.3 The WEBs project and previous CTD studies of the watershed 

In cooperation with over 70 federal, provincial, municipal, academic, and non-governmental 

organizations in 2004, the AAFC initialed the WEBs program, which evaluated the 

environmental and economic performances of selected BMPs at seven watersheds from coast 

to coast.  

Two of the BMPs, the CTD and the restricted cattle access, were examined in the South 

Nation River watershed in eastern Ontario shown in Figures 2.4 (Sunohara et al., 2015). A 

paired of drained crop fields (micro watersheds) were designed to evaluate the effects of 

CTD on water quality. One of them, with an area of 467 ha, was constructed with CTD 

control facilities, while the other, with an area of 250 ha, was equipped for UCTD. 
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Figure 2.4 Locations of WEBs programs in Ontario, Canada 

The flow was monitored and water sample were collected at each monitoring point during 

growing seasons from 2005 to 2014. The data for 2005 and 2014 are partial since they are 

the starting year and the ending year, respectively. The datasets received from WEBs are as 

follows in Table 2.2.  

Table 2.2 Datasets from WEBs   

Parameter Starting date Ending date  Time scale 

Flow, NO3, NH4, DRP, TP 

05/19/05 

05/26/06 

05/10/07 

05/13/08 

05/29/09 

05/27/10 

05/26/11 

05/24/12 

05/27/13 

10/31/05 

10/31/06 

10/04/07 

10/09/08 

10/30/09 

10/04/10 

10/27/11 

10/31/12 

09/26/13 

daily 

Sunohara et al. (2015) noted that continuous stage and velocity measurements at a 15-min 

temporal resolution were collected at each monitoring site. Stage–discharge rating curves 
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developed from the data were used to predict discharge during periods when velocity data 

were unavailable. Water samples were collected on a routine basis and during storm flow 

events from typically ice-free conditions from May to November of each year. A composite 

water sample (4×250-mL samples per 1-L bottle sampled every 2 h) was collected twice a 

week. Storm events were sampled more intensively. For water samples, the NO2
-–N + NO3

-

–N (referred to as NO3
-–N because NO2

-–N levels are typically negligible) and NH3–N + 

NH4
+–N (referred to as NH4

+–N because NH3–N levels are also typically negligible) were 

analyzed calorimetrically. Dissolved reactive P was analyzed using the ascorbic acid 

method, and total P was analyzed using the same method preceded by a persulfate digestion. 

There was no data on water constituent concentrations in various soil layers. 

Sunohara et al. (2015) used the collected data to show that CTD was an effective practice 

abating water, N, and P from crop fields in the seasons of growth during the experimental 

period. Based on these observations, Que et al. (2015) scaled up the watershed using the 

AnnAGNPS watershed water quality model. The simulation results showed that direct 

runoff, total N, and dissolved N were reduced by 6.6%, 3.5%, and 13.7%, respectively, 

during five seasons of growth (2006–2010), with the tile drainage depth set to 600 mm below 

the ground surface. 

2.4 Water quality models 

Water quality models are valuable tools for evaluating the state of aquatic environments, and 

a significant number of such models have been developed to cope with various situations 

and sites all over the world. There are many differences among these models in their 

theoretical origins, descriptive objectives, complexities, and sophistication. Therefore, it is 

crucial to select appropriate models for specific research objectives. For this purpose, the 

following six well-known water quality models have been reviewed, which are being applied 

worldwide. 
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2.4.1 CE-QUAL-W2 

CE-QUAL-W2, a two-dimensional (longitudinal and vertical) hydrodynamic and water 

quality model, was initially developed by the US Army Corps of Engineers’ Waterways 

Experiment Station (Cole and Wells, 2015). The model was an outcome of a series of 

developments since 1975, such as the Laterally Averaged Reservoir Model (LARM) and the 

Generalized Longitudinal-Vertical Hydrodynamics and Transport Model (GLVHT), version 

1.0, version 2.0, and version 3.0 (Edinger and Buchak, 1975). The current formal version is 

4.2.2 issued in 2020. 

The model is able to simulate water surface elevation, velocity in two dimensions, 

temperature, a conservative tracer, water age or hydraulic residence time, coliform bacteria, 

contaminants, inorganic suspended solids groups, phytoplankton groups, 

periphyton/epiphyton groups, and carbonaceous biochemical oxygen demand (CBOD) 

groups, including CBOD-N and CBOD-P, as well as ammonium (NH4
+), nitrate (NO3

–), 

nitrite (NO2
–), bioavailable phosphorus (commonly represented by orthophosphate or 

soluble reactive phosphorus), labile dissolved organic matter, refractory dissolved organic 

matter, labile particulate organic matter, refractory particulate organic matter, total inorganic 

carbon, alkalinity, total iron and dissolved oxygen (DO). The model can be run for long-

term simulations and can cope with varying head boundary conditions such as rivers, lakes, 

reservoirs, and estuaries. In addition, there are other advantages such as multiple water 

bodies, branches and turbulence closure schemes, variable grid spacing and water quality 

independent of hydrodynamics. However, potential theoretical and numerical limitations 

exist, for example in the appropriation for large water bodies with significant lateral 

variations in water quality due to the assumption of lateral average hydrodynamics and 

transport, simplification of complex ecosystems, a shortage of sediment compartments, 
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disadvantages of numerical transport schemes for temperature and constituents and 

computer limits for computation and storage. 

Bowen and Hieronymus (2003) reported the application of the CE-QUAL-W2 model for the 

Neuse River Estuary in North Carolina, USA for a total maximum daily load (TMDL) 

analysis. The study simulated chlorophyll, a concentration and percentage of water quality 

standard exceedance for various cases of nitrogen loading reduction and found that a load 

reduction of approximately 5% was needed to lessen the frequency of violating the water 

quality standard below 10%. Debele et al. (2008) integrated CE-QUAL-W2 with the SWAT 

model to assess water quantity and quality, both in the upland watershed and downstream 

water body, and the results suggested that these two models can be used to evaluate upland 

watershed and downstream water bodies. 

2.4.2 HSPF 

The Hydrological Simulation Program–FORTRAN (HSPF) emerged in the early 1960s and 

was implemented with water quality processes by the USEPA in the 1970s (Johansen et al., 

1984). In the 1980s, pre and post-processing software, algorithm enhancements, and the US 

Geological Survey (USGS) Watershed Data Management (WDM) scheme were introduced 

to the model by the USGS and the USEPA. An interactive version was provided in the 1990s, 

with version 11.0 being released in March 1997, while version 12.4 was pre-released for 

internal peer review in April 2014.  

The model can simulate surface runoff, base flow, DO, biochemical oxygen demand (BOD), 

temperature, pesticides, conservatives, fecal coliforms, sediment, pH, NH4
+, NO2

–, NO3
–, 

organic N, orthophosphate, organic P, phytoplankton, and zooplankton. The model is 

suitable for evaluating land use changes, reservoir operations, point or non-point source 

treatment alternatives and flow diversions. 
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Saleh and Du (2004) conducted a comparative study between the SWAT model and the 

HSPF in the Upper North Bosque River watershed in the USA. For monthly flow, the 

Nash−Sutcliffe model efficiencies for calibration and verification were 0.91 and 0.86 

respectively for HSPF, while they were 0.50 and 0.78 respectively for the SWAT model. 

They recorded 0.72 and 0.88 for HSPF, and 0.83 and 0.59 for the SWAT model for monthly 

sediment. The study suggested that the SWAT model generally performed better than the 

HSPF for nutrient loading during the calibration and verification periods. 

2.4.3 MIKE 11 

MIKE 11 was initially developed by the Danish Hydraulic Institute (DHI) in 2009. The DHI 

is a leading software developer for water environments, and MIKE 11 is a software package 

for simulating flow, sediment and water quality constituents for rivers and estuaries. 

Alongside the nucleus module, the hydrodynamic module provides flood forecasting 

through simulations of flood control measures, irrigation and surface drainage system 

operations, channel system designs, and tidal and storm surges. The model has a range of 

add-on modules capable of simulating hydrology and advection-dispersion as well as models 

for various aspects of water quality and cohesive and non-cohesive sediment transport. 

MIKE 11 is a one-dimensional, fully dynamic modulated modelling tool, however, it is a 

distributed model, and it demands a large amount of data, high computational time, and 

experts. It is also a commercial software, and there was no budget to purchase this software 

for this study. 

Doan et al. (2015) applied MIKE 11 to the Cả River in Vietnam to investigate the effect of 

climate change on salinity intrusion. The model fitted the observed data when the water level 

was calibrated and validated, and the results of the 2010 scenario revealed that the impact 

on salinity intrusion in the river was significant compared to the baseline scenario.  
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2.4.4 QUALs 

Over time, a series of water quality models called QUAL2E, QUAL2E-UNCAS, QUAL2K, 

and QUAL2Kw were developed by the USEPA (Brown and Barnwell, 1985; Brown and 

Barnwell, 1987; Chapra et al., 2012; Pelletier et al., 2006). The development of the QUAL2E 

model can be traced back to the QUAL-II and QUAL-I models that came about in the early 

1970s (Roesner et al., 1981a and b; Texas Water Development Board, 1970). As a 

comprehensive enhanced stream water quality model, the QUAL2E model can simulate 15 

water quality indices, which are DO, BOD, temperature, algae as chlorophyll, organic 

nitrogen (Org-N), ammonia (NH3-N), nitrite (NO2
–-N), nitrate (NO3

–-N), organic 

phosphorus (Org-P), dissolved phosphorus (Sol P) and coliform bacteria. It can also simulate 

one arbitrary non-conservative constituent solute and three conservative constituent solutes. 

The QUAL2E-UNCAS model has the capability of performing sensitivity and uncertainty 

analysis. Ning et al. (2001) noted that the QUAL2E model was successfully calibrated and 

validated using observations to predict BOD, DO, total phosphate, and NH3-N for an entire 

river system in Taiwan, China. Paliwal et al. (2007) used the QUAL2E model to assess the 

influence of different scenarios on BOD and DO for a river near Delhi, India, and the results 

showed that treatment of the discharge from the drains to the river was important and the 

diversion of a substantial load to a canal for further treatment. Also, the uncertainty analysis 

performed well on simulated data. However, the QUAL2E model can only have a maximum 

of 25 reaches, which is less than 250 computational elements, a maximum of seven 

headwater elements, a maximum of six junction elements, and a maximum of 25 input and 

withdrawal elements. Park et al. (2003) reported that the QUAL2E model omits the role of 

macrophytes, whereas the HSPF model does not.  

The QUAL2K model is a significant improvement over the QUAL2E model that was 

developed in the 2000s. The QUAL2K model inherited similar features of the QUAL2E 
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model, such as one-dimensional, branching, steady-state hydraulic, diel heat budget, diel 

water quality kinetics, and heat and mass inputs. New functional elements were also 

incorporated into the QUAL2K model, such as a user-friendly software interface integrated 

with Microsoft Excel and varying model segmentation in addition to two forms of 

carbonaceous BOD, anoxia, sediment-water interactions, bottom algae, light extinction, pH, 

pathogens, reach specific kinetic parameters, and weirs and waterfalls. Zhang et al. (2012) 

applied the QUAL2K model to a tributary river in the Taihu Basin, a densely populated and 

industrialized area of China, to evaluate the impact of a range of water quality improvement 

scenarios, and the study found that the optimal scenario could reduce BOD, NH3-N, total N, 

and total P by 49.50%, 32.81%, 35.94%, and 45.27%, respectively. The QUAL2K model 

was considered an effective tool to assess potential water quality improvement measures. 

Bui et al. (2019) used the QUAL2K model to simulate T, DO, BOD, COD, and components 

of N and P in the downstream Cả River in Vietnam using observed water quality data and 

discharge simulated by the SWAT model. 

The QUAL2Kw model, ver. 6 was developed with characteristics such as automatic 

calibration and Monte Carlo simulations in addition to addressing non-steady, non-uniform 

flow using kinematic wave flow routing, one-dimensional, dynamic heat budgets, dynamic 

water-quality kinetics, heat and mass inputs, phytoplankton and bottom algae, and variable 

stoichiometry (Pelletier et al., 2006). The model can simulate several constituents in a water 

body, including temperature, pH, CBOD, sediment oxygen demand (SOD), DO, Org-N, 

NH3-N, NO2
–-N NO3

–-N, Org-P, inOrg-P, TN, total phosphorus (TP), phytoplankton, and 

bottom algae. Kannel et al. (2007) calibrated the QUAL2Kw model using field data from 

the Bagmati River in Nepal and found that the model calibration results agreed well with the 

observations, with the root mean square errors (RMSE) for river width, velocity, flow, 

temperature, pH, DO, CBOD, COD, TN and TP being 31.4%, 31.80%, 4.0%, 8.0%, 7.0%, 
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15.0%, 52.0%, 44.2%, 20.3% and 31%, respectively. Moreover, this model provides a 

genetic algorithm that assists with calibrating the selected rates automatically.  

2.4.5 SWAT 

The SWAT model is a physically daily based, continuous, and computationally efficient 

watershed water quality model developed by the USDA Agricultural Research Service 

(ARS) in the early 1990s. It can predict the long-term impact of management practices, such 

as crop rotation, drainage, fertilization, grazing, irrigation, and tillage on water, sediment, 

and agricultural chemical yields in large, complex watersheds under dynamic circumstances 

(Arnold et al., 1998). The model inherits features from several early ARS models, such as 

the Simulator for Water Resources in Rural Basins (SWRRB), the Chemicals, Runoff and 

Erosion from Agricultural Management Systems (CREAMS), the Groundwater Loading 

Effects on Agricultural Management Systems (GLEAMS), and the Erosion-Productivity 

Impact Calculator (EPIC) (Arnold et al., 1990; Knisel, 1980; Leonard et al., 1987; Williams 

et al., 1984; Williams et al., 1985). Over the nearly 30 years since its inception, the SWAT 

model has been released in a series of versions with significant improvements. These 

versions are SWAT94.2, SWAT96.2, SWAT98.1, SWAT99.2, SWAT2000, SWAT2005, 

and SWAT2009 with the current version being SWAT2012.  

Since its beginning in the 1990s, the SWAT model has been broadly applied to numerous 

locations with different circumstances worldwide. In the first published paper related to the 

SWAT model, Engel et al. (1993) compared three models, i.e., the SWAT model, the 

Agricultural Non-Point Source Pollution Model (AGNPS), and the Areal Non-Point Source 

Watershed Environmental Response Simulation (ANSWERS) (Beasley et al., 1980; Young 

et al., 1989). They noted that the simulation results matched observed data from an 830-acre 

watershed in Indiana, US, which represented the Midwestern US agricultural region. On a 

4,277 km2 watershed in Texas, US, Santhi et al. (2001) calibrated and validated the SWAT 
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model for flow, sediment, and nutrients to assess alternative management scenarios, and they 

achieved R2 ≥ 0.6 and E ≥ 0.5 in most instances. The study documented the calibration and 

validation procedures for the SWAT model, and it indicated that this model could be applied 

to large watersheds to predict flow, sediment, and nutrients to assess the effects of alternative 

management scenarios. Arnold et al. (2012) described the use, calibration, and validation of 

the SWAT model, and they introduced an automated calibration method, SWAT-CUP, to 

cope with calibration, validation, sensitivity, and uncertainty analysis while accounting for 

the model’s complicated parameterization (Abbaspour, 2014). Available optimization 

algorithms and calibration procedures for the SWAT model include Sequential Uncertainty 

Fitting Ver. 2 (SUFI2), Particle Swarm Optimization (PSO), Generalized Likelihood 

Uncertainty Estimation (GLUE), Parameter Solution (ParaSol), and Markov Chain Monte 

Carlo (MCMC) (Abbaspour et al., 1997; Abbaspour et al., 2004; Beven and Binley, 1992; 

Kennedy and Eberhart, 1995; Kuczera and Parent, 1998; Van Griensven and Meixner, 2006). 

Golmohammadi (2014) developed the SWATDRAIN model by incorporating the 

DRAINMOD model into the SWAT model and proposed that CTD caused a reduction in 

average annual drain flow by 18%, while increasing the surface runoff by approximately 

30% from June 15 to August 15 during the cropping season and from November 1 to May 1 

in the non-growing season. Further, Golmohammadi et al. (2016) noted that implementing 

CTD resulted in a 16% reduction in the mean annual drain flow while increasing surface 

runoff by as much as 71% in an agricultural watershed in Ontario, Canada. Using the original 

SWAT model, Hanke (2018) evaluated the effects of CTD on TP losses at a site in Ontario, 

Canada, and the study argued that the practice of CTD would aggravate TP losses due to 

increasing the soil moisture and the resulting increased surface runoff. Bauwe et al. (2019) 

reported that a modified SWAT model on reactive P, named SWAT-P, could improve 

prediction accuracy for dissolved reactive phosphorus losses into streams, as well as a 
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roughly realistic estimation of dissolved reactive phosphorus losses from tile drainage water. 

However, SWATDRAIN and SWAT-P were never broadly tested or applied, and the study 

by Hanke (2018) was limited by its small scale and by using the original model without 

improvement. 

The SWAT model runs on a daily scale, so it is not suitable for detailed single-event flood 

routing. Also, as a physically distributed model, the SWAT model demands massive daily 

inputs and generates many files based on Hydrological Respond Units (HRUs); therefore, it 

is inconvenient to modify a specific parameter, especially for a large watershed. The SWAT 

model was designed as a watershed water quality model rather than a river (stream) water 

quality model, and it is limited in its ability to simulate water quality indices, such as diurnal 

changes in pH, bottom algae, and anoxia in water bodies, even though it is equipped with a 

nutrient routing adapted from the earlier version QUAL2E model. The QUAL2E model is 

an outdated model that emerged in the 1980s and was further developed in the 2000s, with 

the QUAL2Kw model being a significant improvement with many new elements compared 

to the QUAL2E model. 

Moreover, the SWAT model was not updated with the improvements of the new QUAL2Kw 

model. Although the SWAT model is a watershed quality model that has some features of a 

river water quality model (QUAL2E), it is beyond SWAT’s capacity to simulate and 

evaluate river water quality. However, the SWAT model's many outputs can be used as 

inputs of the QUAL2Kw model, and so the simulation results from SWAT can potentially 

be used to drive the QUAL2Kw model and hence evaluate river water quality. 

2.4.6 WASP7 

The Water Quality Analysis Simulation Program (WASP7) evolved from previous versions 

of WASP, a model that was developed by the USEPA (Ambrose et al., 1988; Connolly and 

Winfield, 1984; Di Toro et al., 1983). WASP7 is a dynamic modularized water quality 
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modelling program that includes a eutrophication module. It can simulate CBOD (1), CBOD 

(2), CBOD (3), ammonia, nitrate, Org-N, orthophosphate, Org-P, algae, benthic algae, 

detritus, sediment diagenesis, and salinity. Furthermore, it includes an organic chemical 

module, i.e., chemical 1, chemical 2, chemical 3, solids 1, solids 2, and solids 3 as well as a 

mercury module, i.e., divalent mercury, methyl mercury, sands, and fines. This model 

provides a pre-processor and a post-processor to assist the modeler in preparing input 

datasets and reviewing simulation results. Significantly, it is capable of one-, two-, or three-

dimensional investigation with various pollutant types. Zou et al. (2006) linked WASP with 

the Environment Fluid Dynamics Code (EFDC) to predict the fate of nutrients, CBOD, algae 

and DO in a creek in Pennsylvania, US, with an improved periphyton dynamics module and 

a diurnal DO simulation module (Hamrick, 1992).  

Compared to WASP, Qual2Kw is more suitable for coupling with SWAT due to its Excel 

interface and auto calibration procedure. 

2.4.7 AnnAGNPS  

AnnAGNPS, (Bingner et al., 2007) was developed by the United States Department of 

Agriculture Agricultural Research Service and Natural Resources Conservation Service. As 

a comprehensive computational model evolved from AGNPS (Young et al., 1989), it was 

designed to evaluate nonpoint source pollutant loads in agricultural watersheds. AnnAGNPS 

is a distributed simulation model that subdivides a watershed into small homogeneous sub-

watersheds named cells. Cells are afterward interconnected by stream channels called 

reaches. Whereas, this model only simulates direct runoff. 

2.4.8 DRAINMOD  

Dr. Wayne Skaggs at the North Carolina State University developed the model in 1980. This 

model can simulate the hydrology of poorly drained, high water table soils on an hour-by-
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hour, day-by-day basis for long periods of climatological record. The model simulates the 

effects of drainage and associated water management practices on water table depths, the 

soil water regime and crop yields (Skaggs et al. 2012). 

2.4.9 Water quality models for the study 

All the three studied models in Table 2.3, SWAT, AnnAGNPS, and DRAINMOD, are 

capable of simulating tile flow. All three models only simulate nitrate and flow in the tiles. 

Given that our objective is to simulate CTD at the watershed scale, DRAINMOD was 

excluded. SWAT was preferred to AnnAGNPS because it can simulate baseflow and direct 

runoff, while AnnAGNPS can only simulate direct runoff. 

Table 2.3 Summary of the reviewed models 

No. Model 
Parameter simulated 

in tile flow 
Type  Note 

1 
SWAT nitrate watershed simulating all water with H-K tile 

drain functions 

2 
AnnAGNPS  nitrate watershed no groundwater simulation and 

H-K tile drain functions 

3 DRAINMOD nitrate field   

 

The reviewed models were summarized in Table 2.4. Based on previous model reviews 

and an analysis of the objectives of this study, the watershed water quality model, SWAT, 

and the stream water quality model, QUAL2Kw, are adopted to fulfill these objectives. 

Specifically, the SWAT model will be applied to the watershed to evaluate the 

environmental effects of CTD and UCTD on the water quality of the watershed. Also, 

coupled with the SWAT model, the river water quality model, QUAL2Kw, will be used to 

assess the ecological impact of CTD and UCTD on the water quality of the river. 
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Table 2.4 Summary of the reviewed models  

No. Model Type Simulated items 
Drainage 
module 

Availability 

1 
CE-QUAL-
W2 

Stream 
water surface elevation, 
velocity, DO, CBOD, … 

No Free 

2 HSPS Stream/watershed 
surface runoff, base flow, DO, 
biochemical, … 

No Free 

3 MIKE 11 Stream/watershed 

Hydrology, advection-
dispersion, water quality, and 
cohesive and non-cohesive 
sediment transport, … 

 Commercial 

4 QUALs Stream 
Flow, DO, BOD, temperature, 
algae as chlorophyll, ... 

No Free 

5 SWAT Watershed Flow, sediment, N, and P, … Yes Free 

6 WASP7 Stream 
CBOD, ammonia, nitrate, 
Org-N, orthophosphate, Org-
P, algae, benthic algae, … 

No Free 

7 AnnAGNPS Watershed Flow, sediment, N, and P, … Yes Free 

8 DRAINMOD Field Flow, sediment, N, and P, … Yes Free 

2.5 Theories and approaches of the QUAL2Kw model 

The in-stream water quality model, QUAL2Kw, focuses on the river (stream) water quality 

in one dimension as described in the previous section. The model employs a segmentation 

scheme (Figure 2.5) to simulate a river or stream (Pelletier and Chapra, 2008). Each segment 

consists of a collection of reaches, while tributaries are not simulated. Tributaries can be 

represented as point sources. 
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Figure 2.5 Segmentation scheme of the QUAL2Kw model 

2.5.1 Flow balance 

The calculation formula for a steady-state flow for each element in the model is defined in 

Equation 2.1, and the schematic diagram is shown in Figure 2.6 (Chapra et al., 2012).  

ievapiabiinii QQQQQ ,,,1 −−+= −    2.1 

In the above equation, Qi is the outflow from reach i into the downstream reach i + 1 (m3/d), 

Qi–1 is the inflow from the upstream reach i – 1 (m3/d), Qin,i is the total inflow into the reach 

from the point and non-point sources (m3/d), Qab,i is the total outflow from the reach due to 

point and non-point abstractions (m3/d) and Qevap,i is the outflow due to evaporation (m3/d).  

                             

Figure 2.6 Element flow balance of the QUAL2Kw model 
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2.5.2 Heat balance 

The heat balance considers heat transfers from adjacent reaches, loads, abstractions, the 

atmosphere, and sediments. The calculation formula in the model is shown in Equation 2.2: 
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where Ti is the temperature in reach i (oC), t is the time (d), E’i = the bulk dispersion 

coefficient between reaches i and i + 1 (m3/d), Wh,i is the net heat load from point and non-

point sources into reach i (cal/d), w is the density of water (g/cm3), Cpw is the specific heat 

of the water [cal/(g oC)], Jh,i is the air-water heat flux [cal/(cm2 d)] and Js,i is the sediment-

water heat flux [cal/(cm2 d)]. 

2.5.3 Mass balance 

For an element, the general balance of a constituent except the bottom algae variables is 

defined in Equation 2.3: 

( ) ( ) i

i

i
ii

i

i
ii

i

i
i

i

iab

i

i

i
i

i

ii S
V

W
cc

V

E
cc

V

E
c

V

Q
c

V

Q
c

V

Q

dt

dc
++−+−+−−= +−

−
−

−  1

'

1

'

1,

1
1

  2.3 

where Wi is the external loading of the constituent to reach i [g/d or mg/d] and Si is the 

sources and sinks of the constituent due to reactions and mass transfer mechanisms [g/m3/d 

or mg/m3/d]. An exchange of mass between the surface water and the hyporheic sediment 

zone is represented by the bulk hyporheic exchange flow in reach i. 

2.6 Theories and approaches of the SWAT model 

After its development in the early 1990s, as a physically based and semi-distributed 

watershed model, the SWAT model has been continuously improved in order to evaluate the 
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impact of practices on water, sediment, and nutrients in complex watersheds with dynamic 

conditions such as soil, land use, field management and climate scenarios (Neitsch et al., 

2011). The model delineates a watershed into a number of sub-watersheds representing 

varied spatial and temporal conditions, for example, soil, land use, climate, crop and 

management. Moreover, a sub-watershed in the model can be further subdivided into more 

HRUs, the smallest homogenous unit with respect to unique climate, crop, land use, 

management, soil, and topography.  

2.6.1 Water 

The model is driven by water balance, and it uses two major divisions, the land phase (Figure 

2.7) and the routing phase (Figure 2.8) to simulate the hydrologic cycle of a watershed 

(Neitsch et al., 2011). The first phase covers the amount of water, sediment, nutrient, and 

pesticide loadings that go into the main channel in each sub-watershed, while the second 

phase covers the movement of water, sediment, nutrient, and pesticide loadings throughout 

watershed’s channel network to the outlet. 

 

Figure 2.7 The land phase of the hydrologic cycle 
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Figure 2.8 The routing phase of the hydrologic cycle 

The water balance in the model can be defined in Equation 2.4  

𝑆𝑊𝑡 = 𝑆𝑊0 + ∑ (𝑅𝑑𝑎𝑦 − 𝑄𝑠𝑢𝑟𝑓 − 𝐸𝑎 − 𝑤𝑠𝑒𝑒𝑝 − 𝑄𝑔𝑤
𝑡
𝑖=1 )  2.4 

where SWt is the final soil water content (mm H2O), SW0 is the initial soil water content on 

day i (mm H2O), t is the time (days), Rday is the amount of precipitation on day i (mm H2O), 

Qsurf is the amount of surface runoff on day i (mm H2O), Ea is the amount of 

evapotranspiration on day i (mm H2O), wseep is the amount of water entering the vadose zone 

from the soil profile on day i (mm H2O), and Qgw is the amount of return flow on day i (mm 

H2O) (Neitsch et al., 2011). 

The SWAT model provides two approaches to calculate surface runoff, the Soil 

Conservation Service (SCS) curve number (CN) method (SCS, 1972) (Equaiton. 2.5) and 

the Green and Ampt infiltration method (Green and Ampt, 1911).  

          𝑄𝑠𝑢𝑟𝑓 =
(𝑅𝑑𝑎𝑦−𝐼𝑎)2

(𝑅𝑑𝑎𝑦−𝐼𝑎+𝑆)
                                      2.5 
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In the above equation, Qsurf is the accumulated runoff or rainfall excess (mm H2O). Rday is 

the rainfall depth for the day (mm H2O). Ia is the initial abstractions, which include surface 

storage, interception, and infiltration prior to runoff (mm H2O), and S is the retention 

parameter (mm H2O). Runoff only occurs when Rday > Ia. 

In the model, tile drainage flow is treated as lateral flow. Fields that are equipped with tile 

drainage generate tile drainage flow when the soil water table is higher than the tile drain 

depth. A detailed review and analysis of the tile drainage routines in the SWAT model are 

given in Sections 2.6.4 and 3.1.1.  

2.6.2 Sediment 

Sediment simulation in the model is based on the Modified Universal Soil Loss Equation 

(MUSLE) developed by Williams (1975) (Equation 2.6), which is an improved version of 

the Universal Soil Loss Equation (USLE) that was developed by Wischmeier and Smith 

(1965, 1978), as follows: 

𝑠𝑒𝑑 = 11.8 (𝑄𝑠𝑢𝑟𝑓 𝑞𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎ℎ𝑟𝑢 )0.56 𝐾𝑈𝑆𝐿𝐸  𝐶𝑈𝑆𝐿𝐸  𝑃𝑈𝑆𝐿𝐸  𝐿𝑆𝑈𝑆𝐿𝐸𝐶𝐹𝑅𝐺   2.6 

In the above equation, sed is the sediment yield on a given day (metric tons), Qsurf is the 

surface runoff volume (mm H2O/ha), qpeak is the peak runoff rate (m3/s), areahru is the area 

of the HRU (ha), KUSLE is the USLE soil erodibility factor (0.013 metric ton m2 hr/(m3-metric 

ton cm)), CUSLE is the USLE cover and management factor, PUSLE is the USLE support 

practice factor, LSUSLE is the USLE topographic factor and CFRG is the coarse fragment 

factor.  

2.6.3 N and P 

The model simulates five different pools of N in soil generally belonging to two forms 

(Figure 2.9), mineral N and organic N (Neitsch et al., 2011). Mineral N includes two pools, 
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NH4
+ and NO3

–, and the other three pools, active, stable and fresh, are classified as organic 

N. 

 

Figure 2.9 SWAT soil N pools and processes 

Like N, P plays an important role in the life cycle of organisms, but there are significant 

differences between these two elements in reactivity, solubility, and demand. The SWAT 

model simulates six pools of P in the soil (Figure 2.10) (Neitsch et al., 2011). Three of these 

pools, stable, active and solution, are mineral P, and the other three, active, stable, and fresh, 

are in the organic form.  

 

Figure 2.10 SWAT soil P pools and processes 



Chapter 2: Background and Literature Review 

                                                                                                                                         32 

The SWAT model assumes that due to low mobility, soluble P leaches only from the top 10 

mm of soil into the first soil layer. The calculation formula is shown in Equation 2.7 

𝑃𝑝𝑒𝑟𝑐 =
𝑃𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛,𝑠𝑢𝑟𝑓 𝑤𝑝𝑒𝑟𝑐,𝑠𝑢𝑟𝑓

10 𝜌𝑏𝑑𝑒𝑝𝑡ℎ𝑠𝑢𝑟𝑓𝑘𝑑,𝑝𝑒𝑟𝑐
     2.7 

where Pperc is the amount of P moving from the top 10 mm into the first soil layer (kg P/ha), 

Psolution,surf is the amount of P in solution in the top 10 mm (kg P/ha), wperc,surf is the amount 

of water percolating to the first soil layer from the top 10 mm on a given day (mm H2O), ρb 

is the bulk density of the top 10 mm (Mg/m3) (assumed to be equivalent to the bulk density 

of the first soil layer), depthsurf is the depth of the “surface” layer (10 mm), and kd,perc is the 

P percolation coefficient (m3/Mg). The P percolation coefficient is the ratio of the 

concentration of P in the 10 mm of soil on the surface to the concentration of P in the 

percolate. Currently, the SWAT model does not simulate the soluble P pool in the shallow 

aquifer directly, but a concentration can be assigned, and it remains the same during the 

simulation period.  

2.6.4 Tile drainage simulation in the SWAT model 

Version 637 of the SWAT model was used in this study. It offers two methods to calculate 

the amount of flow from the tile drainage.  

The first one is formulated as Equation 2.8 (Neitsch et al., 2011). Arnold et al. (1999) 

introduced two important concepts to define a restrictive soil layer at the bottom of the soil 

profile and allow the soil profile above the layer to fill to field capacity: 

𝑡𝑖𝑙𝑒𝑤𝑡𝑟 =
(ℎ𝑤𝑡𝑏𝑙−ℎ𝑑𝑟𝑎𝑖𝑛)

ℎ𝑤𝑡𝑏𝑙
 (𝑆𝑊 − 𝐹𝐶) (1 − exp [

−24

𝑡𝑑𝑟𝑎𝑖𝑛
])    𝑖𝑓 ℎ𝑤𝑡𝑏𝑙 > ℎ𝑑𝑟𝑎𝑖𝑛  2.8 

In the above equation, tilewtr is the amount of water removed from the layer on a given day 

by tile drainage (mm H2O), hwtbl is the height of the water table above the impervious zone 

(mm), hdrain is the height of the tile drain above the impervious zone (mm), SW is the water 
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content of the profile on a given day (mm H2O), FC is the field capacity water content of the 

profile (mm H2O), and tdrain is the time required to drain the soil to field capacity (in hours). 

To calculate the tile flow, the parameters for the height of the tile drain to the impervious 

layer hdrain, and the time required to drain the soil to field capacity tdrain, must be defined. 

Where the tile drain is applied to a saturated situation (SW-FC>0) and there is a tile drain 

underground water table (hwtbl - hdrain >0), tile drain flow will occur in the model. However, 

this simple method has its limitations in practice. Boles et al. (2015) noted that a drawdown 

tile tdrain defined in the equation should not be the same for all storm magnitudes, and that a 

static time cannot capture the dynamics of tile drainage well. 

The second method involves the Hooghoudt (1940) and Kirkham (1957) drainage equations 

implemented by Moriasi et al. (2007) (H-K equation), which are based on related tile 

drainage parameters such as the depth from the soil surface to the drains, the tile drain radius 

and the tile drain spacing (van Schilfgaarde et al., 1957). 

 

(a)                                                            (b) 

Figure 2.11 Schematics of drainage for the H–K equation 
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The Hooghoudt equation (Equation 2.9) is used when the water table is lower than the soil 

surface as shown in Figure 2.11a (Boles et al., 2015). 

𝑞𝑡𝑖𝑙𝑒 =
8𝐾𝑒𝑑𝑒𝑚+4𝐾𝑒𝑚2

𝐶(𝑆𝐷𝑅𝐴𝐼𝑁2)
      2.9 

In the above equation, qtile is the drainage flux (mm h-1), Ke is the effective lateral saturated 

hydraulic conductivity (mm h-1), SDRAIN is the distance between drains (mm), and m is the 

height of the water table above the drains measured at the midpoint (mm). de (mm) is the 

equivalent depth based on the height of the drain above the impervious layer, and C 

represents the ratio of the flow midway between the drains to the average flow between the 

drains. When the soil surface is submerged by the water table as illustrated in Figure 2.11b, 

the Kirkham equation (Equation 2.10) will be used (Boles et al., 2015). 

𝑞𝑡𝑖𝑙𝑒 =
4𝜋𝐾𝑒(𝑠𝑡𝑜𝑟+𝐷𝐷𝑅𝐴𝐼𝑁−𝑟)

𝑔(𝑆𝐷𝑅𝐴𝐼𝑁)
     2.10 

In the above equation, stor is the average height of the water stored on the surface (mm), 

DDRAIN is the depth from the soil surface to the drains (mm), and r is the tile drain radius 

(mm). g is dimensionless and is calculated as a function of d, SDRAIN, r, and DEP_IMP mm 

(depth of soil profile).  

The H-K method has several advantages, since it considers realistic parameters for a tile 

drainage system and dynamic situations, rather than a simple drawdown time, as used in the 

first method. Only nitrate is simulated in tile flow. Moriasi et al. (2012) evaluated the 

capability of the H-K method in a tile-drained watershed in Iowa, US, and found that the H-

K method is a promising alternative both as a tile flow simulation method and for tile 

drainage design tools in the SWAT model. Furthermore, Moriasi et al. (2013) evaluated the 

performance of the method on NO3
--N by using long-term monitoring data for subsurface 

tile drainage from an experimental field at the University of Minnesota’s Agricultural 

Experiment Station near Waseca, southern Minnesota. This research indicated that the 
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revised SWAT model, with the new method, simulated the water and N budgets more 

accurately than the first method. Boles et al. (2015) noted that the updated tile drainage 

equations improved the simulation of tile drainage, and Guo et al. (2017) suggested that the 

new method has the potential to accurately simulate hydrologic processes in mildly sloped 

watersheds. 

2.7 Climate change 

The ancient Greek philosopher Heraclitus said that “no man ever steps in the same river 

twice, for it’s not the same river and he’s not the same man.” In short, this means that nothing 

is permanent except change, and that everything is in flux, and the climate in which we are 

living is not exception to this. The UN Framework Convention on Climate Change defines 

climate change, in Article 1 as: “a change of climate which is attributed directly or indirectly 

to human activity that alters the composition of the global atmosphere and which is in 

addition to natural climate variability observed over comparable periods” (United Nations, 

1992).  

As the United Nations body for assessing the science related to climate change, the 

Intergovernmental Panel on Climate Change (IPCC) (2014) notes that observed climate 

change has the strongest and most comprehensive impact on natural systems. The 

hydrological systems in many regions are changing due to changes in precipitation as well 

as melting snow and ice. As a result, this affects water resources in terms of quantity and 

quality. Bates et al. (2008) suggested that climate change has an effect on the function and 

operation of existing water infrastructure, such as structural flood defences, drainage and 

irrigation systems and water management practices. Therefore, it is necessary to test the 

performance of CTD scenarios under climate change conditions. 
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2.7.1 Climate models 

The IPCC (2014) has defined climate models as typically numerical simulations of real-

world systems calibrated and validated using observations from experiments or analogies, 

and then run using input data representing future climate elements. As representations of 

physical processes in the atmosphere, oceans, cryosphere, and land surfaces, GCMs 

discretize the equations for fluid motion and energy transfer and integrate them over time. 

These GCMs typically have a horizontal resolution of between 250 and 600 km, with 10 to 

20 vertical layers for the atmosphere and sometimes as many as 30 layers for oceans. The 

American Meteorological Society states that a RCM is a numerical climate prediction model 

forced by specified lateral and ocean conditions from a GCM or observation-based dataset 

(re-analysis). RCMs simulates atmospheric and land surface processes, while accounting for 

high-resolution topographical data, land-sea contrasts, surface characteristics, and other 

Earth-system components. 

Currently, there are numerous climate models with various spatial resolutions, both globally 

and regionally, that predict a variety of changes in the climate based on different assumptions 

and historical re-analyses.  

Table 2.5 Combinations of RCM, GCM, RCP and spatial resolution 

  RegCM4 WRF CanRCM4 RCA4 HIRHAM5   
           RCP ECS (°C) 

HadGEM2-ES 50km 50km    8.5 4.6 

CanESM3 
    0.44°     4.5 

3.7   0.44°   8.5 

MPI-ESM-LR 50km 50km       8.5 3.6 

EC-EARTH 
      0.44° 0.44° 4.5 

~3.3    0.44° 0.44° 8.5 

GFDL-ESM2M 50km 50km       8.5  2.4 

 

The climate change data used in this study were downloaded from the North American 

Coordinated Regional Climate Downscaling Experiment (CORDEX) Program (NA-
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CORDEX), which will run from 1950 to 2100, with a spatial resolution of 0.22°/25 km or 

0.44°/50 km (Mearns et al., 2017). By applying different representative concentration 

pathways (RCPs), the climate data for 12 climate change scenarios consists of simulation 

results from different RCMs driven by different GCMs as shown in Table 2.5. 

With additional functionality, including well-resolved stratosphere and earth system 

components, the Hadley Centre Global Environment Model version 2 (HadGEM2) is the 

successor to HadGEM1, designed to simulate and understand the specific purpose 

centennial-scale evolution of climate developed by The Met Office Hadley Centre in the 

UK. Collins et al. (2011) note that the global climate model provided valuable results for 

both climate predictions and for investigating the strengths of biogeochemical feedback. The 

second-generation Canadian Earth System Model (CanESM2) incorporates an atmosphere-

ocean general circulation model, a land-vegetation model, and a terrestrial and oceanic 

interactive carbon cycle model. It adequately simulates the observed twentieth-century 

Arctic temperature variability, including the early and late-twentieth-century warming 

periods and the intervening 1940–1970 period of substantial cooling (Chylek et al., 2011). 

The Max Planck Institute for Meteorology Earth System Model (MPI-ESM) has been 

applied to numerous research and practical problems worldwide. At low resolution (MPI-

ESM-LR), the MPI-ESM is one of five different coupled model configurations (Mauritsen 

et al., 2019). As part of a Europe-wide consortium, the European community Earth-System 

Model (EC-Earth) is a global climate model based on the world-leading weather forecast 

model of the European Centre of Medium-Range Weather Forecast in its seasonal prediction 

configuration as the base of the climate model (Hazeleger et al., 2012). The Geophysical 

Fluid Dynamics Laboratory (GFDL) of the U.S. National Oceanic and Atmospheric 

Administration developed two new global coupled carbon–climate Earth System Models 

(ESMs) with different ocean dynamical/physical cores. All other components were the same, 



Chapter 2: Background and Literature Review 

                                                                                                                                         38 

and the vertical coordinate for the ocean dynamical/physical component in the version 

GFDL-ESM2M is based on depth (Dunne et al., 2012; Dunne et al., 2013).  

RegCM4 is the latest version derived from RegCM3. This regional climate model was 

developed at the National Center for Atmospheric Research and maintained in Italy's Earth 

System Physics of the International Center for Theoretical Physics (Giorgi et al., 2012). It 

was designed to be a public, open-source, user-friendly model capable of being applied to 

any region in the world. Designed to meet research and operational needs, the Weather 

Research and Forecasting (WRF) Model is used worldwide in numerical weather prediction 

models (Powers et al., 2017). The regional climate model was specifically developed to work 

with its parent global climate model, CanESM2, by the Canadian Centre for Climate 

Modelling and Analysis (CanRCM4), which downscales climate predictions and climate 

projections from CanESM2 (Scinocca et al., 2016). The latest version at the Rossby Centre 

of Atmospheric models is RCA4, which provides fundamental climate information via a web 

service. It has been used to downscale different coupled atmosphere-ocean general 

circulation models (Kjellström et al., 2016). The High-Resolution Limited Area Model 

(HIRHAM) is a numerical short-range weather forecasting system developed by the 

international HIRHAM Programme. It is used for routine weather forecasting at a number 

of meteorological institutes in Europe. Combining the most recent versions of HIRHAM and 

the European Centre Hamburg Model (ECHAM), HIRHAM version 5 (HIRHAM5) has 

become a new regional climate model (Christensen et al., 2006).  

A representative concentration pathway (RCP) is a measure of greenhouse gas concentration 

used by the IPCC based on the assumption that cumulative emissions of CO2 are the key 

driver of the future climate. RCP8.5 refers to a scenario of long-term, global emissions of 

greenhouse gases, with high concentrations of carbon that cause global warming at an 

average of 8.5 watts per square meter across the planet. Meanwhile, RCP 4.5 stands for a 
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scenario with intermediate concentrations of carbon. The IPCC (2014) defined four 

pathways: a stringent mitigation scenario RCP2.6, two intermediate scenarios RCP4.5 and 

RCP6.0, and one scenario with very high greenhouse gas emissions RCP8.5. All scenarios 

were used for climate modeling and research for the IPCC’s fifth Assessment Report in 2014. 

In this study, two pathways were explored, RCP4.5 and RCP8.5.  

For a theoretical value of global warming at equilibrium for a doubling CO2, equilibrium 

climate sensitivity (ECS) is vital to understanding the longer-term climate. The IPCC (2014) 

has stated that it has great confidence in the fact that the ECS is extremely unlikely to be less 

than 1°C, medium confidence that the ECS is likely to be between 1.5°C and 4.5°C, and very 

unlikely to be greater than 6°C.  

2.7.2 Downscaling methods 

GCMs or RCMs run globally or regionally, while regional analyses require information at 

much smaller scales, such as catchment or watershed scales. Downscaling is a process that 

interpolates the information from large scales generated by GCMs or RCMs to smaller scale, 

both spatially and temporally. Daniels et al. (2012) conceptualized the process as shown in 

Figure 2.12 below:  
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Figure 2.12 Illustration of the components and steps of downscaling 

 

Essentially, there are two ways to apply large-scale climate predictions to local conditions, 

dynamical and statistical. To predict regional climate, dynamical downscaling uses higher 

resolution RCMs with additional regional information driven by GCMs, which is often 

computationally intensive.  

However, statistical downscaling is based on empirical relationships from locally observed 

climate data. After being validated, future large-scale atmospheric conditions projected by 

GCMs are used to simulate local climates in the future, which is commonly done due to it’s 

associated simplicity, flexibility, and efficiency. 
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Table 2.6 Statistical downscaling category, method, predictor and predictand 

variables, advantages, and disadvantages 
Category & Method Predictor & 

Predictand 
Advantages Disadvantages 

Linear 
Methods 
                              
Spatial 

Delta method The same type of 
variable (e.g., both 
monthly 
temperature, both 
monthly 
precipitation) 

• Relatively 
straightforward 
to apply 
• Employs full 
range of available 
predictor 
variables 

• Requires normality 
of data (e.g., monthly 
temperature, 
monthly 
precipitation, long-
term average 
temperature) 
• Cannot be applied 
to non-normal 
distributions (e.g., 
daily rainfall) 
• Not suitable for 
extreme events 

Simple and 
multiple linear 
regression 

Variables can be of 
the same type or 
different (e.g., both 
monthly temperature 
or one monthly wind 
and the other 
monthly 
precipitation) 

Spatiotemporal 
Methods: 
Canonical 
Correlation 
Analysis and 
Singular Value 
Decomposition 

Weather 
Classification 
 
Spatial and 
temporal 

Analog method Variables can be of 
the same type or 
different (e.g., both 
monthly 
temperature, one 
large-scale 
atmospheric pressure 
field and the other 
daily rainfall) 

• Yields physically 
interpret linkages 
to surface 
climate 
• Versatile, i.e., 
can be applied to 
both normally 
and non-normally 
distributed data 

• Requires additional 
step of weather type 
classification 
• Requires a large 
amount of data and 
some computational 
resources 
• Incapable of 
predicting new 
values that are 
outside the range of 
the historical data 

Cluster analysis 

Artificial Neural 
Network 

Self-Organizing 
Map 

Weather 
Generator 
 
Spatial and 
temporal 

Long Ashton 
Research Station 
Weather 
Generator 

Same type of 
variable, different 
temporal scales (e.g., 
predictor is monthly 
precipitation and 
predictand is daily 
precipitation) 

• Able to 
simulate the 
length of wet and 
dry spells 
• Produces a 
large number of 
series, which is 
valuable for 
uncertainty 
analysis 
• Production of 
novel scenarios 

• Data-intensive 
• Sensitive to missing 
or erroneous data in 
the calibration set 
• Only some weather 
generators can check 
for the coherency 
between multiple 
variables (e.g., high 
insolation should not 
be predicted on a 
rainy day) 
• Requires 
generation of 
multiple time-series 
and statistical post-
processing of results 

Mark Sim GCM 

Nonhomogeneous 
Hidden Markov 
Model 

Variables can be of 
the same type or 
different (e.g., both 
monthly 
temperature, one 
large-scale 
atmospheric pressure 
and the other daily 
rainfall) 
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Statistical downscaling methods can be categorized into linear methods, weather 

classifications and weather generators. Trzaska and Schnarr (2014) summarized the 

advantages and disadvantages, shown in Table 2.5 as above, of some statistical downscaling 

methods. As one of the simplest means to statistically downscale GCM projections, the 

change factor (delta) method uses the ratio between future simulations of GCM and present 

climate observations as a multiplicative factor to obtain future local climate.  
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3 DEVELOPMENT AND VERIFICATION OF AN IMPROVED 

CTD ROUTINE FOR SWAT 

As described in Section 2.6.4, SWAT has two tile drainage algorithms, the equation 

proposed by Arnold et al. (1999), and the H-K drainage equations implemented by Moriasi 

et al. (2007). SWAT also allows the user to dynamically change the elevations of the drains 

during a simulation. Despite those limitations as described in the following section, some 

researchers have used SWAT to simulate CTD. For instance, Hanke (2018) ran two SWAT 

models in parallel with tiles at two different depths and recombined the outputs of the two 

models to mimic the operation of a control structure. Before that, Que (2015) simulated CTD 

using AnnAGNPS by dynamically changing the drain depths during the simulation. He 

attempted to do the same with SWAT but obtained poor results. Of course, in real life, tile 

drain elevations cannot be changed during the growing season and comparing the outputs of 

two models with different configurations does not necessarily give the same results as a 

single model switching between configurations. It was hence decided to examine and 

improve the SWAT tile drainage routine so that it can better simulate CTD. 
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3.1 Improvements in the algorithm for calculating NO3
--N  

During initial attempts by the author to apply the SWAT’s tile drainage routines to mimic 

CTD, it was found that the results of the CTD scenarios using the original model were not 

in line with the experimental observations from the paired micro watershed and previous 

simulation results using the AnnAGNPS model. Thus, the SWAT model must be improved 

in order to simulate CTD properly. After further investigation by the author, it was 

discovered that the algorithm used in the original SWAT for calculating NO3
--N in tile flow 

does not reflect the way water leaves the field when CTD is applied. The algorithm drains 

water from the wrong soil layer, and possibly with the wrong nutrient concentrations. The 

difference between CTD and UCTD as to which soil layer water should be drawn from is 

illustrated in Figures 3.1, 3.2 and 3.3. 

3.1.1 Algorithm for calculating NO3
--N in the original SWAT model with 

CTD 

The original code uses the concentration of NO3
--N from improper soil layer when 

calculating NO3
--N at certain depths when applying CTD scenarios as depicted in Figures 

3.1b and 3.2b. The calculation formula for NO3
--N in tile flow is defined as tile flow×NO3

–

-N concentration of the soil layer where the tile drain is. When the tile drain depths of 200, 

600, and 1,100 mm are in one layer, or the soil profile contains only one layer, the CTD 

scenarios are fine because they use NO3
--N concentrations from the same soil layer. 

However, when there are multiple layers in the soil profile, which is in fact the general 

situation when modeling, the tile drain depths would possibly fall into different soil layers 

at 200, 600, and 1,100 mm, so the model uses NO3
--N concentrations from different soil 

layer to calculate the NO3
--N in tile flow for the CTD200, CTD600 and UCTD scenarios (see 

Section 4.1.7 for CTD scenarios). The formulae for calculating NO3
--N in tile flow in the 

original SWAT model for different tile drainage depths are given as below. Assuming the 
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soil has three layers in an HRU, the method to calculate the NO3
--N in tile flow in the original 

SWAT model with the CTD scenario is illustrated in Figures 3.1b, 3.2b and 3.3b. 

 

 NO3
--N200 = tile flow × concentration of 

                      NO3
--N in layer 3  

  

 NO3
--N200 = tile flow × concentration of  

                      NO3
--N in layer 1  

Figure 3.1 Calculating NO3
--N for CTD200 in improved and original SWAT models  

 

 NO3
--N600 = tile flow × concentration of 

                      NO3
--N in layer 3  

 

 NO3
--N600 = tile flow × concentration of 

                      NO3
--N in layer 2  

Figure 3.2 Calculating NO3
--N for CTD600 in improved and original SWAT models 

 

 NO3
--N1100 = flow × concentration of 

                       NO3
--N in layer 3 

 

 NO3
--N1100 = flow × concentration of 

                       NO3
--N in layer 3 

Figure 3.3 Calculating NO3
--N for UCTD in improved and original SWAT models   

(a) (b) 

(a) (b) 

(a) (b) 
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This calculation method for NO3
--N in the original model is not in accordance with the reality 

of CTD in a field, as the tile flow always comes from the tile drain instead of the soil layer. 

In other words, NO3
--N in the tile flow should be calculated using the concentration of NO3

-

-N in the soil layer where the tile drain is located. There does not appear to be a problem 

with UCTD because the tile drainage depth is normally located where the tile drain is, but it 

does not work in CTD scenarios because only the depth is used as the means to control the 

water table instead of the location of the tile drain.  

3.1.2 Proposed CTD algorithm 

To solve this problem, it is necessary to make the NO3
--N concentrations in the soil layer 

where the default tile drain is uniform when calculating NO3
--N in the tile flow for CTD at 

different tile drainage depths, as shown in Figures 3.1a, 3.2a, and 3.3a, respectively.  

Thus, this way of calculating NO3
--N in tile flow represents the reality of tile drain in field, 

and the CTD scenarios can be compared to the UCTD scenarios. The source codes of the 

model were modified accordingly.  

3.2 Application of the improved SWAT model to the paired WEBs 

watersheds 

To verify the improved algorithm for calculating NO3
--N in the modified SWAT model, the 

modified SWAT model was applied to the paired micro experimental watersheds for the 

WEBs project, named as the CTD watershed and the UCTD watershed, respectively, 

implemented for CTD and UCTD scenarios in the South Nation River watershed as shown 

in Figure 2.1. Two SWAT models using the modified version of the SWAT model, the CTD 

model and UCTD model, respectively, were built for the paired experimental watersheds.  
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3.2.1 Materials and methods 

3.2.1.1 Study areas 

As noted in Section 2.3, the CTD and UCTD scenarios were experimented within two 

neighbouring micro watersheds (Figure 3.4), respectively. The experimental settings and 

results for the CTD and UCTD sites of WEBs can be found in previous publications 

(Sunohara et al., 2014; Sunohara et al., 2015). 

 

Figure 3.4 The CTD and UCTD watersheds 

3.2.1.2 Topographical, hydrometeorological, field management, land use, and soil data 

The digital elevation model (DEM) was obtained from AAFC with a fine resolution of 1 m 

× 1m, as shown in Figure 3.5.  
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Figure 3.5 Map of the DEM with CTD and UCTD watersheds 

The daily weather data required by the SWAT model, i.e., precipitation, minimum and 

maximum temperatures, relative humidity, solar radiation, and wind speed, were collected 

by a HOBO weather station within the watershed. Flow data were monitored at each outlet 

of the watersheds during seasons of the growth, as shown in Figure 3.6.  

 

Figure 3.6 Flow and precipitation in the CTD and UCTD watersheds 
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Crop ration and field operations for CTD for each crop field lot were recorded by AAFC. 

For example, the 2006 crops in the paired watersheds were shown in Figure 3.7. Each lot 

has its own crop and operation schedule.  

 

Figure 3.7 Crops in the CTD and UCTD watersheds 

The soil data were obtained from AAFC (2007). The CTD and UCTD watersheds contain 

three and six types of soil with four layers, respectively, as shown in Figure 3.8. 
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Figure 3.8 Soils within the CTD and UCTD watersheds 

3.2.1.3 CTD and UCTD model setups 

Given that the micro catchments were imposed, the SWAT model was developed using pre-

defined watershed and stream polygons. HRUs were generated based on planting lots to 

precisely present each crop lot and arrange drainage operation schedules. A total of 144 and 

106 HRUs were generated for the CTD and UCTD watersheds (Figure 3.9), respectively. 

Crop rotations and field drainage operations were scheduled for each HRU based on field 

records collected during the WEBs project. The field operations during crop rotation and the 

fertilizer application rates are summarized and shown in Table 4.1. Based on local farm field 

operation, at the UCTD watershed (site), the UCTD treatment (1100 mm) was applied, and 
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the CTD treatment (600 mm) was implemented for the CTD watershed (site). So 

accordingly, the UCTD model tested the UCTD condition (1100 mm), and the CTD model 

tested the CTD treatment (600 mm). 

 

Figure 3.9 HRUs in the CTD and UCTD models 

3.2.2 Verification of the benefits of CTD versus UCTD 

In principle, the two models should have the same parameterizations as they are 

geographically close, however, there is no rule as to how to obtain common parameters. A 

compromise was found where each model will be calibrated independently, and then the 

CTD and UCTD will be compared using each of the two parameter sets.  

3.2.3 Calibration and validation of the CTD and UCTD models  

For calibration and validation of the model, three statistical performance measures were 

selected to measure the goodness of fit between the observed data and the simulated output. 
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These measures are the Nash–Sutcliffe efficiency (NSE) (Equation 3.1), the observations 

standard deviation ratio (RSR) (Equation 3.2), and the percent bias (PBIAS) (Equation 3.3) 

(Gupta et al., 1999; Legates and McCabe, 1999; Nash and Sutcliffe, 1970). 

𝑁𝑆𝐸 = 1.0 −
∑ (𝑂𝑖 − 𝑃𝑖)2𝑛

𝑖=1

∑ (𝑂𝑖 − 𝑂̅)2𝑛
𝑖=1

                                   3.1 

𝑅𝑆𝑅 =
√∑ (𝑃𝑖 − 𝑂𝑖)2𝑛

𝑖=1

𝑛

√∑ (𝑂𝑖 − 𝑂̅)2𝑛
𝑖=1

𝑛

                                            3.2 

𝑃𝐵𝐼𝐴𝑆 =
∑ (𝑂𝑖

𝑛
𝑖=1 − 𝑃𝑖)

∑ 𝑂𝑖
𝑛
𝑖=1

 × 100                                3.3
 

In the above equations, O represents the observed data, P is the simulated data, O and P are 

the means of observed and simulated series, respectively, i is the sequence number of an 

event and n is the total number of events in the series. 

Nash and Sutcliffe (1970) introduced NSE as a performance measure for hydrological 

models. Its range can be from – ∞ to 1, with 1 indicating a perfect fit between the simulated 

and observed data. Fundamentally, the closer to 1 the number is, the better the model can 

perform in its predictions. Legates and McCabe (1999) standardized the RMSE using the 

observation standard deviation, which ranges from zero to large positive values. The smaller 

the RSR, the lower the RMSE, and subsequently, the model performs better. Gupta et al. 

(1999) used PBIAS to measure the average tendency of the simulated data to be larger or 

smaller than the observations, with positive values indicating model underestimation and 

negative values indicating model overestimation. The best fitting number is zero, where low 

magnitude values indicate better simulations. 

To facilitate model evaluations, Moriasi et al. (2007) studied reported ranges of values and 

corresponding performance ratings for statistical and graph model evaluation techniques and 
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recommended that these three quantitative statistics be used in water quality model 

evaluations. The study concluded that generally, a model simulation can be judged as 

satisfactory if NSE > 0.50 and RSR < 0.70, and if PBIAS ±25% for stream flow, PBIAS ± 

55% for sediment and PBIAS ± 70% for N and P, with performance rates being very good, 

good, satisfactory, or unsatisfactory. 

The modification to the algorithm for calculating NO3
-- N in tile flow in the SWAT model, 

then conceptually, only NO3
-- N and accordingly TN should change (because nitrate is part 

of TN). N, P, and their compound are certainly affected if water and sediment loads are 

modified, but water and sediment are not affected by changing N and P. Also, the 

calculations of N and P are independent of each other. More importantly, the SWAT model 

only calculates nitrate in tile flow, and other parts, org N, ammonia, and nitrite, are not 

calculated in tile flow. Therefore, only flow and NO3
-- N need to be calibrated for the 

verification of the modification to the algorithm for calculating NO3
-- N in tile flow. 

The models were calibrated in sequence. Flow was calibrated firstly, and NO3
--N was 

calibrated secondly. 

3.2.3.1 The CTD model 

For the CTD watershed (site) of WEBs, the CTD model was calibrated and validated for 

monthly flow and seasonal total NO3
--N at the tile drain depth of 600 mm. The calibration 

period was from 2006 to 2010, and the model was validated during 2012 and 2013.  
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Figure 3.10 Observed and simulated flow and NO3
--N for the CTD model 

The results of the calibration and validation for flow and NO3
-N are shown in Figure 3.10 

and Table 3.1. The NSE, PBIAS, and RSR values for flow in the calibration period were 

0.54, 7.32%, and 0.68, respectively, and in the validation periods they were 0.80, 4.08%, and 

0.45, respectively. There seem however to be some differences in trend between the 

observations and simulations in some of the years, especially 2006 where the simulations 

are systematically increasing while the observations are decreasing, before making a large 

jump at the end of the season. A possible explanation for this may be erroneous 

measurements or wrong precipitation values.The values for NSE, PBIAS, and RSR in the 

calibration period for NO3
--N were 0.51, -25.78%, and 0.70, respectively, and in the 

validation periods they were 0.67, -10.96%, and 0.57, respectively. Therefore, the 
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performances of the calibration and validation for flow and NO3
-N can be rated as very good 

and good, respectively (Moriasi et al., 2007). 

3.2.3.2 The UCTD model  

For the UCTD watershed (site) of WEBs, the UCTD model was calibrated and validated for 

monthly flow and seasonal total NO3
-N at the tile depth of 1100 mm, with the calibration 

period being from 2006 to 2010 and the validation period being from 2012 to 2013.  

 

Figure 3.11 Observed and simulated flow and NO3
--N -for the UCTD model 

The results of the calibration and validation for flow and NO3
--N are shown in Figure 3.11 

and Table 3.1. The values of NSE, PBIAS, and RSR in the calibration period for flow were 

0.85, -9.03%, and 0.39 respectively, and in the validation periods they were 0.59, -51.25%, 

and 0.64, respectively. The values of NSE, PBIAS and RSR in the calibration period for 

NO3
--N were 0.59, -4.97%, and 0.64, respectively, and in the validation periods they were 

0.77, -0.00%, and 0.48, respectively. Therefore, the performances of both the calibration and 
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validation for flow and NO3
- can be rated as satisfactory and very good, respectively (Moriasi 

et al., 2007).  

Table 3.1 Performance indices for the CTD and UCTD models 

Model Parameter NSE PBIAS 

(%) 

RSR Rating  Period Scale 

CTD Flow    
   

  Calibration 0.54 7.32 0.68 very good 2006-2010 Monthly 
 Validation 0.80 4.08 0.45 very good 2012-2013 Monthly 

 
NO3

--N       
  Calibration 0.51 -25.78 0.70 good 2006-2010 Seasonal 

  Validation 0.67 -10.96 0.57 very good 2012-2013 Seasonal 

UCTD Flow    
   

 
 Calibration 0.85 -9.03 0.39 very good 2006-2010 Monthly 

 
Validation 0.59 -51.25 0.64 satisfactory 2012-2013 Monthly 

 NO3
--N       

 
 Calibration 0.59 -4.97 0.64 very good 2006-2010 Seasonal 

  Validation 0.77 0.00 0.48 very good 2012-2013 Seasonal 

 

Overall, both the CTD model and the UCTD model can be considered as good, and they can 

be used to simulate monthly flow and seasonal total NO3
--N for the CTD watershed and the 

UCTD watershed, respectively.  

3.2.4 Results and discussion 

3.2.4.1 Comparison between observations and simulations  

The calibrated models, the CTD model and the UCTD model, were run to simulate the CTD 

and the UCTD sites of WEBs from 2006 to 2013, respectively. The simulation results are 

shown in Figure 3.12 and Table 3.2. 
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Figure 3.12 Simulated flow and NO3
--N for the CTD and UCTD watersheds 

Table 3.2 Mean seasonal mass fluxes and paired t test for the simulations  

Parameter Period CTD 
(mean±SD) 

UCTD 
(mean±SD) 

CTD−UCTD 
(difference±SD) 

n   P 
value 

Change % 

Water 
(m3/ha) 

2006-2013 0.75 ± 0.27 × 103 1.51 ± 0.51 × 103 -0.76 ± 0.24 × 103 8 0.391 -50 

NO3
--N 

(kg/ha)  

2006-2013 0.44 ± 0.19 0.94 ± 0.48 -0.50 ± 0.29 8 0.276 -53 

Sunohara et al. (2015) noted that the mean seasonal mass flux change rates for water and 

NO3
--N were -20% and -25%, respectively, for the paired experimental watersheds during 

the treatment period (2007-2011). Generally, the change rates simulated by the CTD and 

UCTD models are in line with those observed change rates in Table 2.1. This indicates that 

the modified SWAT model was well calibrated and validated for the CTD and UCTD 
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watersheds. Potentially, the modified SWAT model can simulate the CTD and UCTD 

scenarios for the watershed. 

3.2.4.2 Comparisons between the CTD and UCTD scenarios by the CTD and UCTD 

models 

To test the modified algorithm for calculating NO3
--N in the model further, the calibrated 

CTD and UCTD models were run for the CTD and UCTD scenarios with the same parameter 

set, respectively.  

3.2.4.2.1 By the CTD model at the CTD site 

The simulation results of the CTD and UCTD scenarios by the calibrated CTD model are 

shown in Figure 3.13 and Tables 3.3 and 3.4.  

 

Figure 3.13 Simulated flow and NO3
--N for the CTD and UCTD scenarios using the 

CTD model  
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Table 3.3 Simulated water of the CTD and UCTD scenarios for the CTD site 

May-Oct CTD200  
(×105 m3) 

CTD600 
(×105 m3) 

UCTD 
(×105 m3) 

(CTD200-UCTD)/UCTD   
×100 

(CTD600-UCTD)/UCTD          
×100 

2006 4.52 4.52 4.55 -0.57 -0.57 

2007 1.22 1.21 1.24 -1.79 -1.85 

2008 4.44 4.44 4.45 -0.18 -0.20 

2009 2.86 2.86 2.86 -0.15 -0.16 

2010 3.94 3.94 3.94 -0.15 -0.18 

2012 2.94 2.94 2.95 -0.35 -0.40 

2013 5.41 5.41 5.41 -0.06 -0.07 

Total 25.32 25.32 25.40 -0.32 -0.33 

 

Table 3.4 Simulated NO3
--N of the CTD and UCTD scenarios for the CTD site 

May-Oct CTD200  
(kg) 

CTD600  
(kg) 

UCTD  
(kg) 

(CTD200-UCTD)/UCTD          
×100 

(CTD600-UCTD)/UCTD         
×100 

2006 49.9 431.8 438.9 -88.6 -1.6 

2007 247.4 259.9 289.2 -14.4 -10.1 

2008 111.5 144.4 220.2 -49.4 -34.4 

2009 20.5 36.7 42.9 -52.2 -14.5 

2010 7.8 24.1 33.8 -77.1 -28.6 

2012 10.7 63.9 72.2 -85.1 -11.6 

2013 5.1 301.1 317.1 -98.4 -5.0 

Total 453.0 1261.8 1414.3 -68.0 -10.8 

 

With the same parameter set, the reduced rates of water were -0.32%  and 0.33% for the 

CTD200 and CTD600 scenarios compared to the baseline UCTD scenario, respectively, in the 

simulation period for the growing seasons from 2006 to 2013. The reduced rates of NO3
--N 

for the CTD200 and CTD600 scenarios were -68.0% and -10.8%, respectively.  
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3.2.4.2.2 By the UCTD model at UCTD site 

The author compared the improved and original SWAT models under the UCTD condition 

at the UCTD site, and these two models gave the same results. 

The CTD scenarios CTD200 and CTD600 were tested at the UCTD site of WEBs using the 

calibrated UCTD model with the same parameter set. The simulation results of , the CTD 

scenarios CTD200 and CTD600 at the UCTD site are shown in Figure 3.14 and Tables 3.5 

and 3.6. 

 

Figure 3.14 Simulated flow and NO3
--N for the CTD and UCTD scenarios using the 

UCTD model 

  



Chapter 3: Development and Verification of an Improved CTD Routine for SWAT 

                                                                                                                                         61 

Table 3.5 Simulated water of CTD and UCTD scenarios for the UCTD site 

May-Oct 
CTD200 

(×105 m3) 
CTD600 

(×105 m3) 
UCTD  

(×105 m3) 
(CTD200-UCTD)/UCTD   

×100 
(CTD600-UCTD)/UCTD          

×100 

2006 3.90 3.91 3.90 -0.15 0.23 

2007 1.43 1.43 1.43 0.02 -0.05 

2008 4.39 4.40 4.39 -0.08 0.24 

2009 3.03 3.03 3.03 -0.01 0.01 

2010 4.15 4.15 4.15 0.14 -0.08 

2012 3.51 3.52 3.51 -0.13 0.20 

2013 6.10 6.09 6.09 0.20 0.05 

Total 26.50 26.50 26.50 0.00 0.00 

 

Table 3.6 Simulated NO3
--N of CTD and UCTD scenarios for the UCTD site 

May-Oct 
CTD200  

(kg) 
CTD600  

(kg) 
UCTD  
(kg) 

(CTD200-UCTD)/UCTD  
×100 

(CTD600-UCTD)/UCTD   
×100 

2006 186.0 225.0 288.8 -35.6 -22.1 

2007 45.7 52.7 60.1 -24.0 -12.4 

2008 366.9 463.6 580.3 -36.8 -20.1 

2009 136.8 166.9 223.5 -38.8 -25.3 

2010 237.5 299.0 370.5 -35.9 -19.3 

2012 129.2 164.5 209.2 -38.2 -21.3 

2013 215.9 306.1 374.7 -42.4 -18.3 

Total 1317.9 1677.8 2107.2 -37.5 -20.4 

Using the calibrated UCTD model at the UCTD site, the water for CTD200 and CTD600 

scenarios were changed slightly over the simulation period, but total water remained 

similar. While the reductions of NO3
--N for CTD200 and CTD600 were -37.5% and -20%, 

respectively.  

The applications of the CTD and UCTD scenarios at the CTD and UCTD sites of WEBS 

demonstrate that the modification to the algorithm for calculating NO3
--N works well for 

the CTD scenarios at the CTD and UCTD sites of WEBs. 
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3.2.4.3 Comparisons between the original and the improved SWAT models 

To verify the improved algorithm for calculating NO3
--N in tile flow, the modified SWAT 

model was compared to the original version using the CTD scenarios for the South Nation 

River watershed using the calibrated and validated model from 1981 to 2005. Ten outputs 

of the SWAT model, i.e., flow, sediment, Org-N, Org-P, NO3
--N, NH4

+-N, NO2
--N, Min-P, 

TN, and TP were compared in the certification for two CTD scenario depths of 200 and 600 

mm, and baseline scenario UCTD was 1100 mm. The comparisons are depicted in Table 3.7 

and Figures 3.15 and 3.16 (detailed changes are given in Appendix 2).  
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Figure 3.15 Comparisons of the original and improved SWAT model with CTD200 
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Figure 3.16 Comparisons of the original and improved SWAT model with CTD600 
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Table 3.7 Average reductions over the comparison period from 1981 to 2005 

Depth 
(mm) 

  SWAT 
version 

Flow 
(%) 

Sediment 
(%) 

Org-N 
(%) 

Org-P 
(%) 

NO3
--N 

(%) 
NH4

+-N 
(%) 

NO2
--

N (%) 
Min-P 

(%) 
TN    
(%) 

TP    
(%) 

200 
Original -0.5 0.4 5.2 6.3 -1.9 6.2 7.0 11.2 0.4 9.8 

Improved -0.5 0.4 5.2 6.3 -13.0 6.2 7.0 11.1 -7.6 9.8 

600 
Original 0.0 -0.1 1.3 1.8 9.7 1.4 1.6 3.1 7.4 2.7 

Improved 0.0 -0.1 1.3 1.7 -6.0 1.4 1.6 3.1 -3.9 2.7 

 

The reductions of flow, sediment, Org-N, Org-P, NH4
+-N, NO2

--N, Min-P and TP at the 

depths of 200 and 600 mm were the same or very similar, while the reductions of NO3
--N 

and TN in the two versions of the SWAT model were very different. Compared to the 

reductions in the original SWAT model, those in the modified SWAT model were –13.0% 

and –6.0% for NO3
--N, –7.6% and –3.9% for TN at 200 and 600 mm, respectively. This 

indicates that the improved algorithm for calculating NO3
--N in the modified SWAT model 

worked well, and the discussion in Section 4.4.2 further proves that the reductions in the 

modified SWAT model were in line with the previous simulation findings by Que et al. 

(2015) and the experimental field results (Sunohara et al., 2015). 
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4 MODELLING THE ENVIRONMENTAL EFFECTS OF 

CTD ON WATERSHED USING SWAT 

4.1 Methodology and parameterization 

4.1.1 Climate data 

The SWAT model requires six types of climate data: precipitation, maximum temperature, 

minimum temperature, solar radiation, wind speed, and relative humidity. The first three 

types of data are available on Environment Canada’s website (2014) (Figure 4.1). 

 

Figure 4.1 Flow, precipitation, min and max temperatures 
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To better present the watershed, 15 weather stations were considered initially. Finally, based 

on the availability of datasets and locations, eight weather stations within or near the 

watershed were selected for the model as shown in Figure 4.2. These stations were Angers, 

Brockville PCC, Montebello, Morrisburg, Ottawa Macdonald, Russell, South Mountain, and 

St. Albert. 

 

Figure 4.2 Locations of weather stations and CFSR data 

Due to the scarcity of long-term continuous observations for solar radiation, wind speed and 

relative humidity, these three types of data came from the US National Centers for 

Environmental Prediction’s Climate Forecast System Re-analysis (CFSR), and they were 
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retrieved from the Spatial Sciences website of Texas A&M University (Globalweather, 

2014) (Figure 4.2). The CFSR data is applicable in data-scarce areas (Dile and Srinivasan, 

2014; Fuka et al., 2013). The period of the data is from 1979 to 2010. 

4.1.2 Land use data 

Land use data were obtained from the AAFC’s Annual Crop Inventory (Agriculture and 

Agri-Food Canada, 2015a), and was generated from satellite imagery, using both optical and 

Synthetic Aperture Radar imagery (McNairn et al., 2009).  

 

Figure 4.3 Distribution of land use over the watershed 
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The original data contained a variety of crop categories, and since it is unrealistic to model 

all of these types of crops in such a large watershed, therefore, these data were regrouped 

into eight land use classes: cereal (wheat), corn, forage/hay, forest, soybean, residential, 

water and wetland (Figure 4.3). Wheat, corn, and soybean are grown widely in this 

watershed. The percentages of all of these uses of the land in this watershed are presented in 

Figure 4.4. 

 

Figure 4.4 Ratios of land use in the model 

4.1.3 Soil data 

The soil data were extracted from Agriculture and Agri-Food Canada  (2007). The watershed 

contains 81 types of soil with one to four layers (Wicklund and Richards, 1962). 
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Figure 4.5 Soil distributions within the watershed 

The soil definition for the model was processed in an HRU analysis. The soil distribution in 

the model is shown in Figure 4.5, and the area-wise percentages of soils are depicted in 

Figure 4.6. 
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Figure 4.6 Soil ratios in the model 
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4.1.4 Topographical data 

A 10×10 m DEM (Figure 4.7) was used to generate the spatial data, for sub-watersheds, 

reaches, slopes, HRUs, etc. (CH2M HILL, 2001). 

 

Figure 4.7 DEM map 

After the delineation process, the watershed was subdivided into 31 sub-watersheds (Figure 

4.8), and then these sub-watersheds were overlaid with land use and soil maps to generate 

HRUs for the model.  

The river channel network was segmented into 31 reaches (Figure 4.8). Two slopes were 

classified, i.e., as less than and equal to 1% and hence suitable for CTD, and larger than 1%. 

In total, 6,040 HRUs for the model were obtained by overlaying the land use, soil, and slope 

classes. 
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Figure 4.8 Sub watersheds in the model 

4.1.5 Hydrometric and water quality data 

Historical measurements of stream flow and sediment at the Plantagenet gauging station 

were obtained from the Water Survey Office of Environment Canada (2015), while water 

quality data, NO3
--N, TN, and TP were retrieved from the Provincial Water Quality 

Monitoring Network (Ontario Ministry of the Environment, 2015). These data are required 

in order to calibrate and validate the model. 

4.1.6 Crop rotation, fertilizer, and field management schedule 

Based on a field survey by Pommainville (2007), there are three main crops growing in the 

watershed: corn, soybeans, and spring wheat.  



Chapter 4: Modelling the Environmental Effects of CTD on Watershed Using SWAT 

                                                                                                                                         74 

In the model, there are two types of crop rotations, non-hay and with-hay. The rotation of 

the non-hay was done on a three-year cycle as corn-soybean-spring wheat, while the rotation 

of with-hay was set at a six-year cycle, corn-soybean-spring wheat-hay-hay-hay. The field 

operations during crop rotation and the fertilizer application rates are shown in Table 4.1. 

Table 4.1 Crop rotations and field managements 

Crop Year Month Day Operation N (kg/ha) P (kg/ha) 

Corn 

1 5 10 fertilizer application 60 40 

1 5 10 plant/began, growing season   

1 6 20 pesticide application   

1 6 25 fertilizer application 90 40 

1 10 15 harvest and kill operation   

1 10 20 tillage operation     

Soybean 

2 5 10 plant/began, growing season   

2 6 10 fertilizer application  60 

2 6 25 pesticide application   

2 9 15 harvest and kill operation   

2 9 20 tillage operation     

Spring 
wheat 

3 4 15 plant/began, growing season   

3 5 20 pesticide application   

3 6 15 fertilizer application 70 90 

3 8 25 harvest and kill operation   

3 8 30 tillage operation   

3 8 2 fertilizer application 500 (manure) 

Hay 

4 4 25 plant/began, growing season   

4 6 10 fertilizer application 80 70 

4 9 25 harvest and kill operation   

4 10 5 tillage operation     

Hay 

5 4 25 plant/began, growing season   

5 6 10 fertilizer application 80 70 

5 9 25 harvest and kill operation   

5 10 5 tillage operation     

Hay 

6 4 25 plant/began, growing season   

6 6 10 fertilizer application 80 70 

6 9 25 harvest and kill operation   

6 10 5 tillage operation     
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4.1.7 CTD and UCTD scenarios 

Considering the advantages and potentialities of the H–K method, this study used this 

method to simulate the CTD and UCTD scenarios. Since the SWAT model was incorporated, 

the first simulation module for the tile drainage that occurred during the late 1990s, and the 

H–K method that occurred during the 2000s, have been broadly tested and reported by both 

the model’s developer and the modeller (Arnold et al., 1999; Boles et al., 2015; Du et al., 

2005; Koch et al., 2012; Moriasi et al., 2007; Moriasi et al., 2012; Rahman et al., 2011). 

As shown in Figure 2.11b, DDRAIN is defined as the depth from the soil surface to the 

drains (mm). The effective radius of the drain and the distance between two drain tubes in 

the model were assigned to 40 and 15,000 mm respectively, and the default depth of tile 

drainage was set at a depth of 1,200 mm. To simulate CTD and UCTD, the calibrated model 

was run at three depths, 200 (CTD200), 600 (CTD600), and 1100 (UCTD) mm. Two of these 

depths, CTD200 and CTD600, were taken as the CTD scenarios, and the third one, was the 

UCTD scenario used for the baseline scenario. A specific program running in MATLAB was 

developed to assist in automatic modifications of the tile drainage depth in the management 

files of the model (Appendix 1). 

4.1.8 Potential areas of the watershed suitable for CTD 

Based on the land use map, 58.4% of the watershed is cropland. The watershed is relatively 

flat, and tile drainage is a common practice. The Agricultural Drainage Management 

Systems Task Force (2012) has recommended that CTD can be applied when the slope is 

less than roughly 1%. In this study, all the cropland was assumed to be tile-drained, and that 

the practice of CTD could be employed if the slope of land surface was ≤1%. 
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Figure 4.9 Distribution of slope less than 1% of cropland 

It was found that 61% of the cropland area was suitable for CTD, as shown in Figure 4.9. 

Hence, 35.6% of the watershed had CTD implemented the model for the CTD scenarios.  

4.2 Sensitivity analysis 

The sensitivity analysis is to identify the parameters that have more influence on the model 

so that the model can be calibrated better. There are two indices in the SWAT-CUP model, 

the p-value and the t-test that are used to measure the global sensitivities of parameters 

(Abbaspour, 2014). These are determined by regressing the Latin Hypercube generated 
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parameters against the objective function values (McKay et al., 1979). The smaller a p-value 

is, the more sensitive that parameter is. Conversely, larger t-test values in absolute values 

means more sensitivity for those parameters. 

4.2.1 Sensitivities of parameters for flow 

In 25 of the parameters involved in the flow calibration, the most sensitive parameters were 

CN2, followed by the snow melt base temperature (SMTMP), and the snowfall temperature 

(SFTMP). An overview of the results of the sensitivity analysis for these parameters is given 

in Figure 4.10 and Table 4.2. 

 

Figure 4.10 P-values of parameters for flow calibration 

CN2, the SCS curve number, was found to be the most sensitive for the watershed, which 

represents moisture condition II, determining a large proportion of surface to subsurface 

flow. This result is in accordance with Que et al. (2015). As the second- and third-most 
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sensitive parameters, SMTMP and SFTMP govern the snow melt calculation for this 

watershed. Specifically, this analysis shows that TDRAIN, the time to drain soil to field 

capacity, which influences the tile flow, is the fourth most sensitive. 

Table 4.2 P-value and t-test of parameters for flow calibration 

No. Parameter t-Stat P-Value No. Parameter t-Stat P-Value 

1 CN2.mgt -10.968 0.000 14 GDRAIN.mgt -0.442 0.662 

2 SMTMP.bsn -3.974 0.001 15 SNO50COV.bsn -0.367 0.717 

3 SFTMP.bsn -2.590 0.016 16 SOL_AWC(..).sol -0.343 0.735 

4 TDRAIN.mgt 1.528 0.140 17 CH_K2.rte -0.260 0.797 

5 RCHRG_DP.gw -1.428 0.166 18 REVAPMN.gw 0.224 0.825 

6 ALPHA_BF.gw 1.177 0.251 19 SNOCOVMX.bsn 0.203 0.841 

7 SURLAG.bsn -1.109 0.278 20 CH_N2.rte 0.163 0.872 

8 ESCO.hru -1.038 0.310 21 SOL_BD(..).sol -0.160 0.874 

9 TIMP.bsn 0.918 0.368 22 GW_DELAY.gw -0.134 0.895 

10 GWQMN.gw -0.650 0.522 23 SMFMX.bsn -0.092 0.927 

11 SOL_K(..).sol -0.608 0.549 24 OV_N.hru -0.035 0.972 

12 EPCO.hru 0.550 0.587 25 GW_REVAP.gw -0.001 0.999 

13 SMFMN.bsn 0.536 0.597         

4.2.2 Sensitivities of parameters for sediment 

Twenty-five parameters, presented in Figure 4.11, were selected for the sensitivity analysis 

for sediment simulation. The results of the sensitivity analysis are given in Table 4.3. Among 

these 25 parameters, the USLE equation for the soil erodibility K factor (USLE_K().sol), 

and the USLE equation for the support practice factor P (USLE_P.mgt), are the most 

sensitive parameters in the model for sediment. Not surprisingly, they play an important role 

on sediment output as the coefficients for Equation 2.6. The median particle size diameter 

of the channel bank sediment (CH_BNK_D50.rte), the peak rate adjustment factor for 

sediment routing in the main channel (PRF_BSN.bsn) and the peak rate adjustment factor 

for sediment routing in the sub basin (ADJ_PKR.bsn) also have a substantial influence on 

sediment in the model.  
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Figure 4.11 P-values of parameters for sediment calibration 

Table 4.3 P-value and t-test of parameters for sediment calibration 

No. Parameter t-Stat 
P-

Value 
No. Parameter t-Stat 

P-
Value 

1 USLE_K(..).sol -7.844 0.000 14 CH_BED_KD.rte 0.740 0.467 

2 USLE_P.mgt -7.643 0.000 15 USLE_C{56}.plant.dat 0.689 0.498 

3 CH_BNK_D50.rte -2.106 0.046 16 SLSOIL.hru -0.583 0.565 

4 PRF_BSN.bsn -1.829 0.080 17 CH_ERODMO(..).rte 0.553 0.585 

5 ADJ_PKR.bsn -1.814 0.082 18 CH_BNK_TC.rte -0.482 0.634 

6 USLE_C{6}.plant.dat 1.704 0.101 19 SPCON.bsn -0.456 0.653 

7 SPEXP.bsn -1.628 0.117 20 CH_COV1.rte 0.403 0.690 

8 CH_BED_BD.rte 1.371 0.183 21 USLE_C{9}.plant.dat 0.365 0.718 

9 USLE_C{27}.plant.dat 1.144 0.264 22 CH_BNK_BD.rte 0.332 0.743 

10 CH_BNK_KD.rte 0.976 0.339 23 CH_BED_D50.rte 0.093 0.926 

11 USLE_C{19}.plant.dat 0.969 0.342 24 LAT_SED.hru -0.011 0.992 

12 CH_COV2.rte 0.821 0.420 25 CH_BED_TC.rte 0.000 1.000 

13 USLE_C{5}.plant.dat -0.756 0.457         
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4.2.3 Sensitivities of parameters for N and P 

For the sensitivity analysis of the parameters for N and P, 46 related parameters (presented 

in Figure 4.12) were analyzed, and the results of the sensitivity analysis are listed in Table 

4.4.  

 

Figure 4.12 P-values of parameters for N and P calibration 

Nine parameters, which are the initial organic N concentration in the soil layer 

(SOL_ORGN().chm), the denitrification exponential rate coefficient (CDN.bsn), the organic 

P in the baseflow (LAT_ORGP), the organic N in the baseflow (LAT_ORGN), the nitrogen 
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percolation coefficient (NPERCO.bsn), the phosphorus soil partitioning coefficient 

(PHOSKD.bsn), the organic N enrichment ratio (ERORGN.hru), the initial P concentration in 

the soil layer (SOL_SOLP().chm) and the rate factor for humus mineralization of active 

organic nitrogen (CMN.bsn), are the most sensitive for N and P. 

Table 4.4 P-value and t-test of parameters for N and P calibration  

No. Parameter t-Stat P-Value No. Parameter t-Stat 
P-

Value 

1 SOL_ORGN(..).chm -13.340 0.000 24 N_UPDIS.bsn 0.995 0.324 

2 CDN.bsn 24.183 0.000 25 RSDCO_PL{..}.plant.dat 0.897 0.374 

3 LAT_ORGP.gw -30.412 0.000 26 RSDCO.bsn 0.825 0.413 

4 NPERCO.bsn -38.489 0.000 27 PPERCO_SUB(..).chm -0.821 0.416 

5 LAT_ORGN.gw -258.961 0.000 28 CH_ONCO.rte -0.773 0.443 

6 PHOSKD.bsn 6.545 0.000 29 DECR_MIN.bsn -0.762 0.450 

7 ERORGN.hru -4.559 0.000 30 SOL_CBN(..).sol 0.712 0.480 

8 SOL_SOLP(..).chm -4.338 0.000 31 PSP.bsn 0.699 0.487 

9 CMN.bsn -4.179 0.000 32 BC2_BSN.bsn -0.646 0.521 

10 BC1.swq 3.136 0.003 33 RSDCO_PL{27}.plant.dat -0.562 0.577 

11 SDNCO.bsn -2.583 0.013 34 GWSOLP.gw 0.494 0.623 

12 SHALLST_N.gw 2.297 0.026 35 BC3_BSN.bsn 0.486 0.629 

13 ANION_E...bsn 1.938 0.058 36 BC3.swq 0.458 0.649 

14 FIXCO.bsn 1.686 0.098 37 RSDCO_PL{6}.plant.dat -0.291 0.772 

15 BC2.swq 1.594 0.117 38 RSDCO_PL{9}.plant.dat -0.264 0.793 

16 ERORGP.hru -1.387 0.171 39 CH_OPCO_BSN.bsn 0.253 0.801 

17 SOL_NO3(..).chm -1.178 0.244 40 RSDCO_PL{56}.plant.dat -0.234 0.816 

18 SOL_ORGP(..).chm 1.148 0.256 41 CH_ONCO_BSN.bsn 0.229 0.820 

19 RCN.bsn -1.140 0.259 42 RSDIN.hru 0.221 0.826 

20 HLIFE_NGW.gw 1.123 0.267 43 PPERCO.bsn 0.215 0.830 

21 P_UPDIS.bsn 1.071 0.289 44 RSDCO_PL{19}.plant.dat 0.168 0.867 

22 RCN_SUB_BSN.bsn 1.043 0.302 45 BC1_BSN.bsn -0.024 0.981 

23 BC4_BSN.bsn 1.011 0.317 46 CH_OPCO.rte 0.023 0.982 
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4.3 Calibration and validation of the SWAT model  

4.3.1 Flow 

The model was calibrated and validated for the flow on monthly scale for the periods, 1981-

1995 and 1996-2005, respectively. The results of the calibration and validation for flow are 

depicted in Figure 4.13 and Figure 4.14, respectively. 

 

Figure 4.13 Observed and simulated monthly flow for calibration (1981–1995) 

 

Figure 4.14 Observed and simulated monthly flow for validation (1996–2005) 

Visually, these figures indicate that the simulated flow matches the observed flow very well 

during the calibration and validation periods. This is corroborated by the performance 

indices in Table 4.5. The values for NSE, PBIAS, and RSR in the calibration period for flow 

were 0.90%, –10.1%, and 0.31% respectively, and in the validation periods they were 
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0.81%, –8.3%, and 0.43%, respectively. Therefore, the performances of the calibration and 

validation for flow can be rated as very good (Moriasi et al., 2007). 

4.3.2 Sediment 

Compared to the flow data, observations for sediment are scarce and scattered. The 

calibration and validation periods for the sediment calibration were set to the periods, 1981-

1987 and 1993-1994, respectively, and the results are shown in Figures 4.15 and 4.16.  
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Figure 4.15 Observed and simulated monthly sediment for calibration (1981–1987) 
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Figure 4.16 Observed and simulated monthly sediment for validation (1993–1994) 
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Graphically, the figures show a good fit between the simulated and observed sediment data 

for the calibration and validation. The values of three statistical indices, NSE, PBIAS and 

RSR were 0.76%, –12.8%, and 0.49% for the calibration, and 0.69%, 20%, and 0.56% for 

the validation, respectively, as shown in Table 4.5. The performance rating for the sediment 

calibration was very good, and the rating for the validation falls into the range for good 

(Moriasi et al., 2007). 

4.3.3 Nitrogen 

Like the sediment observations, the available observed nutrients, TN, NO3
--N, and TP, were 

discrete and had variable lengths. All three were calibrated and validated on a monthly scale 

during the periods, 1996-2001 and 2002-2005, respectively.  

 

Figure 4.17 Observed and simulated monthly TN for calibration (1996–2001) 

 

Figure 4.18 Observed and simulated monthly TN for validation (2002–2005) 
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Figures 4.17 and 4.18 illustrate the fitness between the simulated and observed TN during 

the calibration and validation periods. The NSE, PBIAS, and RSR for TN were 0.64, 2.8%, 

and 0.60 for the calibration and 0.80, 2.8%, and 0.44 for the validation, respectively (Table 

4.5). As per Moriasi et al. (2007), the calibration was satisfactory, and the validation was 

very good. 

 

Figure 4.19 Observed and simulated monthly NO3
--N for calibration (1996–2001) 

 

Figure 4.20 Observed and simulated monthly NO3
--N for validation (2002–2005) 

Figures 4.19 and 4.20 show the fitness between the simulated and observed values for NO3
-

-N, respectively. The NSE, PBIAS, and RSR for NO3
--N were 0.45, –18.1%, and 0.75 for 

the calibration and 0.79, –20.1%, and 0.46 for the validation, respectively (see Table 4.5). 

Here, the values of NSE and RSR for the calibration are slightly below the satisfactory 
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performance rating, as suggested by Moriasi et al. (2007), however, given the median 

number of 0.26 for NSE from the literature (Moriasi et al., 2007), 0.46 for this calibration is 

acceptable. In contrast to the performance rating of the calibration, that for the validation is 

graded as very good. 

4.3.4 Phosphorus 

The periods of calibration and validation for TP were the same for the periods for TN and 

NO3
--N. The calibration and validation were carried out on a monthly scale for the periods 

1996-2001 and 2002-2005, respectively. The fitness trends are depicted in Figures 4.21 and 

4.22. 

 

Figure 4.21 Observed and simulated monthly TP for calibration (1996–2001) 

 

Figure 4.22 Observed and simulated monthly TP for validation (2002–2005) 
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The three statistical indices of NSE, PBIAS, and RSR used to evaluate the performance of 

the model are summarized in Table 4.5. 

Table 4.5 Performance indices for calibration and validation 

Parameter NSE PBIAS (%) RSR Rating  

Runoff    
 

  Calibration 0.90 –10.40 0.31 very good 

  Validation 0.81 –8.30 0.43 very good 

Sediment    
 

  Calibration 0.76 –12.80 0.49 very good 

  Validation 0.69 20.00 0.56 good 

TN    
 

  Calibration 0.64 2.80 0.60 satisfactory 

  Validation 0.80 –3.30 0.44 very good 

NO3
--N    

 

  Calibration 0.45 –18.10 0.75 acceptable 

  Validation 0.79 –20.10 0.46 very good 

TP    
 

  Calibration 0.56 2.60 0.66 satisfactory 

  Validation 0.55 2.50 0.67 satisfactory 

 

As seen in Table 4.5, NSE, PBIAS, and RSR for TP were 0.56, 2.6%, and 0.66 for the 

calibration and 0.55, 2.5%, and 0.67 for the validation. The performance ratings for both the 

calibration and the validation can be considered as satisfactory. 

4.4 Simulation results and discussion for the SWAT modeling 

To evaluate the environmental effects of CTD on the watershed, two CTD scenarios, CTD200 

and CTD600, were designed in Section 4.1.7. The UCTD scenario was designed as the 

baseline scenario for comparison with the CTD scenarios. To be in accordance with the 

period of observations from the paired experimental micro watersheds (Sunohara et al., 
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2015) and the simulation period by Que et al. (2015), the CTD and UCTD scenarios were 

run for the seasons of growth (May–October) for the period 2006-2010. 

4.4.1 Simulation results of CTD and UCTD scenarios 

4.4.1.1 Flow 

Figure 4.23 (a) and (b) illustrates the simulated flow of the CTDs compared to the UCTD 

scenario for the season of growth for each year from 2006 to 2010. The results show that the 

flow decreased with the height of the crest of the CTD structure.  

 

Figure 4.23 Growing seasonal (a) and total (b) simulated flow  

However, due to climate variability, the reduction ratios for these two CTD scenarios 

performed differently in each season of growth. For CTD200, they varied from –1.95% (2007) 

to –9.42% (2009), while for CTD600, they varied from –0.96% (2007) to –2.13% (2008), a 

narrower range. 
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Table 4.6 Simulated flow of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 
   ×108 m3  ×108 m3  ×108 m3 % % 

2006 7.48 7.87 8.03 -6.88 -2.01 

2007 3.29 3.33 3.36 -1.95 -0.96 

2008 2.35 2.44 2.49 -5.48 -2.13 

2009 6.13 6.63 6.77 -9.42 -2.12 

2010 4.67 5.03 5.10 -8.47 -1.28 

Total 23.93 25.30 25.75 -7.09 -1.77 

For the watershed, the simulated flow of the CTD scenarios at depths of 200 and 600 mm 

for the five seasons of growth during the simulation period were 23.93×108 m3 and 

25.30×108 m3, respectively, and that of the UCTD scenario increased to 25.75×108 m3. 

Therefore, compared to the baseline UCTD scenario, the reduction ratios of the CTD200 and 

CTD600 scenarios were –7.09 and –1.77%, respectively, as shown in Table 4.6. 

4.4.1.2 Sediment 

Sediment loads were found to decrease when the depth of the crest of the CTD structure was 

lowered, as shown in Figure 4.24 (a) and (b). The percent increase in the sediment load when 

CTD was used instead of UCTD ranged from 2.99% (2007) to 7.97% (2009) for CTD200 and 

0.33% (2008) to 3.02% (2009) for CTD600, respectively. 

 

Figure 4.24 Growing seasonal (a) and total (b) simulated sediment  
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For the five periods of growth, the sediment loads for CTD200 and CTD600 increased by 5.67% 

and 2.21%, respectively, compared to that of UCTD, as tabulated in Table 4.7. The 

simulation results from the SWAT model for the sediment from the CTD and UCTD 

scenarios generally agree with the increases of 2.56% for CTD200 and 0.23% for CTD600 as 

simulated by the AnnAGNPS model (Que et al., 2015). 

Table 4.7 Simulated sediment of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 

   ×108 kg  ×108kg  ×108 kg % % 

2006 1.25 1.21 1.18 5.63 2.34 

2007 0.24 0.24 0.24 2.99 1.27 

2008 0.42 0.41 0.40 4.73 0.33 

2009 0.78 0.74 0.72 7.97 3.02 

2010 0.47 0.46 0.45 4.35 2.15 

Total 3.16 3.05 2.99 5.67 2.12 

4.4.1.3 Nitrogen 

The SWAT model categorizes N into two main forms, mineral N and organic N. 

Furthermore, mineral N is subdivided into NH4
+-N, NO2

--N, and NO3
--N. The SWAT model 

then simulates four forms of N, Org-N, NH4
+-N, NO2

--N, and NO3
--N. Each of them 

performs under the CTD and UCTD scenarios, as discussed below  

4.4.1.3.1 Org-N 

Of the five different pools of nitrogen in the soil simulated by the SWAT model, three pools 

are organic forms of nitrogen: fresh Org-N associated with crop residue and microbial 

biomass, and active and stable Org-Ns associated with the soil humus (Figure 2.9). The 

simulated loads of Org-N in the seasons of growth are shown in Figure 4.25 (a) and (b). Both 

decrease with the height of the weir of the CTD control structure.  
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Figure 4.25 Growing seasonal (a) and total (b) simulated Org-N  

During the simulation period 2006-2010, Org-N increased the most in 2006 and the least in 

2007, whereas it reached 11.88% and 3.50% for CTD200. Compared to the large variation in 

CTD200, the increase of Org-N for CTD600 varied in a relatively limited range from 0.44% in 

2010 to 2.86% in 2006. Over the five connected seasons of growth, incremental Org-Ns were 

9.34% for CTD200 and 1.90% for CTD600, respectively, as listed in Table 4.8.  

Table 4.8 Simulated Org-N of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 

   ×105 kg  ×105 kg  ×105 kg % % 

2006 0.72 0.66 0.64 11.88 2.86 

2007 0.35 0.35 0.34 3.50 1.38 

2008 0.49 0.45 0.44 10.10 1.82 

2009 0.62 0.58 0.56 9.33 2.32 

2010 0.48 0.44 0.44 9.44 0.44 

Total 2.65 2.47 2.43 9.34 1.90 

4.4.1.3.2 NH4
+-N 

NH4
+-N is only a small fraction of TN, and Figure 4.26 (a) and (b) shows that it decreases 

along with the height of the weir of the CTD control structure.  
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Figure 4.26 Growing seasonal (a) and total (b) simulated NH4
+-N 

The changes in NH4
+-N when CTD is used instead of UCTD ranged from 5.52% (2007) to 

18.6% (2006) for CTD200 and 0.31% (2010) to 3.66% (2008) for CTD600, as detailed in Table 

4.9. The increases in NH4
+-N over the five growing seasons were 14.95% and 2.58% for 

CTD200 and CTD600, respectively.  

Table 4.9 Simulated NH4
+-N of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 

   ×105 kg  ×105 kg  ×105 kg % % 

2006 1.04 0.90866 0.88 18.61 3.60 

2007 0.52 0.5053 0.50 5.52 2.03 

2008 0.75 0.66578 0.64 16.46 3.66 

2009 0.92 0.82727 0.81 14.29 2.74 

2010 0.74 0.63714 0.64 16.57 0.31 

Total 3.97 3.54415 3.45 14.95 2.58 

4.4.1.3.3 NO2
--N 

Like NH4
+-N, NO2

--N is a small fraction of TN compared to NO3
--N. The simulated NO2

--

N loads under CTD200, CTD600, and UCTD are shown in Figure 4.27 (a) and (b) and Table 

4.10. The two CTD scenarios, NO2
--N decreased along with the increasing height of the tile 

drainage.   
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Figure 4.27 Growing seasonal (a) and total (b) simulated NO2
--N 

For the season of growth each year, NO2
--Ns varied from 6.35% (2007) to 19.78% (2009) 

and from 1.30% (2010) to 4.12% (2006) for CTD200 and CTD600, respectively. During the 

five seasons of growth, the total increments of CTD200 and CTD600 were 16.35% and 3.06%, 

respectively. 

Table 4.10 Simulated NO2
--N of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 

   ×105 kg  ×105 kg  ×105 kg % % 

2006 0.98 0.85788 0.82 18.87 4.12 

2007 0.55 0.52971 0.52 6.35 2.31 

2008 0.70 0.62753 0.61 16.19 3.60 

2009 0.86 0.74646 0.72 19.78 3.45 

2010 0.72 0.62459 0.62 17.50 1.30 

Total 3.82 3.38617 3.29 16.35 3.06 

4.4.1.3.4 NO3
--N 

NO3
--N is the main constituent of TN, and therefore, the trends for NO3

--N in the simulation 

results correspond to the trends for TN. Figure 4.28 shows the NO3
--N decreases with the 

increasing tile drainage depths.  
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Figure 4.28 Growing seasonal (a) and total (b) simulated NO3
--N 

The reduction ratios for NO3
--N for CTD200 and CTD600 varied in a larger range, from –

5.63% (2007) to –43.74% (2006) and –3.30% (2007) to –16.31% (2010), respectively, and 

for the total, the reduction ratios under CTD200 and CTD600 were –31% and –13.04%, 

respectively, as shown in Table 4.11. 

Table 4.11 Simulated NO3
--N of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 

   ×105 kg  ×105 kg  ×105 kg % % 

2006 2.32 3.47 4.12 -43.74 -15.87 

2007 0.76 0.78 0.81 -5.63 -3.30 

2008 1.02 1.22 1.44 -28.96 -15.15 

2009 1.40 1.47 1.52 -7.95 -3.66 

2010 1.42 1.92 2.29 -37.93 -16.31 

Total 6.93 8.86 10.18 -31.97 -13.04 

4.4.1.3.5 TN 

As noted previously, TN consists of five forms of N, Org-N, NH4
+-N, NO2

--N, and NO3
--N. 

Of all the forms of N, NO3
--N is the only one simulated directly in the tile-flow module in 

the model, and the other four forms of N, Org-N, NH4
+-N, and NO2

--N react indirectly to the 
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changes in depth for CTD200 and CTD600 through the flow and sediment. 

 

Figure 4.29 Growing seasonal (a) and total (b) simulated TN  

Figure 4.29 (a) illustrates the variations in the growth seasons’ TN from 2006 to 2010 under 

CTD200 and CTD600. Depending on the year, CTD can lead to an increase or a decrease in 

TN (Table 4.12). Overall, the TN is reduced by 5.56% at the outlet of the watershed. 

Table 4.12 Simulated TN of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 

   ×105 kg  ×105 kg  ×105 kg % % 

2006 5.05 5.89 6.46 -21.80 -8.84 

2007 2.19 2.17 2.16 1.24 0.00 

2008 2.96 2.96 3.13 -5.35 -5.25 

2009 3.80 3.62 3.62 5.23 0.13 

2010 3.37 3.62 3.98 -15.47 -9.10 

Total 17.38 18.26 19.35 -10.21 -5.65 

Figure 4.29 (b) shows the trends of the growth seasons’ TN under CTD200 and CTD600 for 

the simulation period. TN is reduced by –10.21% and –5.56% for CTD200 and CTD600, 

respectively (Table 4.12). These results are consistent with the findings by Que et al. (2015) 

using AnnAGNPS. 
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4.4.1.4 Phosphorus 

The SWAT model differentiates P into two forms: Org-P and Min-P, while the model does 

not partition Org-P and Min-P into smaller items as it does for N (Figure 2.10).  

4.4.1.4.1 Org-P 

The Org-P simulation results for CTD200 and CTD600 are shown in Figure 4.30 (a) and (b). 

Org-P increased for both CTD scenarios over each season of growth, and the total amounts 

for the five simulated seasons rose with increases in the depth of tile drainage. 
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Figure 4.30 Growing seasonal (a) and total (b) simulated Org-P 

In Table 4.13, it can be seen that Org-P increased from 3.58% (2007) to 9.27% (2008) and 

from 1.30% (2007) to 2.15% (2008) for CTD200 and CTD600, respectively. The total 

increments for the five years for Org-P were 8.09% and 1.77% for CTD200 and CTD600, 

respectively.  
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Table 4.13 Simulated Org-P of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 

   ×104 kg  ×104 kg  ×104 kg % % 

2006 1.19 1.12 1.09 8.76 2.04 

2007 0.41 0.40 0.40 3.58 1.30 

2008 0.58 0.54 0.53 9.27 2.15 

2009 0.91 0.86 0.84 8.16 1.76 

2010 0.57 0.53 0.53 8.76 1.22 

Total 3.67 3.46 3.40 8.09 1.77 

4.4.1.4.2 Min-P 

Min-P increases alone with increases in tile drainage depth in the CTD scenarios, as depicted 

in Figure 4.31 (a) and (b). Independent of the tile depth, Min-P increases when UCTD is 

replaced by CTD. 
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Figure 4.31 Growing seasonal (a) and total (b) simulated Min-P 

The ratios of Min-P increased from 8.90% (2007) to 23.07% (2009) and 3.50% (2007) to 

5.88% (2006) for CTD200 and CTD600, respectively. The total Min-P for the five years of the 

simulation period was 19.48% and 5.15% for CTD200 and CTD600, respectively (Table 4.14). 
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Table 4.14 Simulated Min-P of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 

   ×104 kg  ×104 kg  ×104 kg % % 

2006 3.77 3.28 3.09 21.81 5.88 

2007 1.27 1.21 1.16 8.90 3.58 

2008 1.81 1.59 1.50 20.15 5.65 

2009 3.59 3.08 2.92 23.07 5.58 

2010 1.73 1.56 1.50 15.25 3.50 

Total 12.17 10.71 10.18 19.48 5.15 

4.4.1.4.3 TP 

As addressed in Section 2.6.3, six different pools of P were simulated by the model: three 

Min-P pools and three Org-P pools. The three Min-P pools are solution, active, and stable, 

with the fresh Org-P being associated with crop residue and microbial biomass, and the 

active and stable Org-P are associated with the soil humus, and constitute the three Org-P 

pools (Neitsch et al., 2011). Given that both Org-P and Min-P increased along with increased 

tile drainage depth, TP reacts positively to the increasing depth, as shown in Figure 4.32 (a) 

and (b).  
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Figure 4.32 Growing seasonal (a) and total (b) simulated TP 

Although the TP varied from 7.54% (2007) to 19.72% (2009) and 2.90% (2010) to 4.86% 

(2006) for CTD200 and CTD600, respectively, it increased throughout the simulation period 
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of five years. For the five seasons of growth during the simulation period, the increments of 

TP were 16.62% and 4.29% for CTD200 and CTD600, respectively (Table 4.15).  

Table 4.15 Simulated TP of CTD and UCTD scenarios in five seasons of growth 

Year CTD200  CTD600 UCTD (CTD200 - UCTD)/UCTD × 100 (CTD600 - UCTD)/UCTD × 100 

   ×104 kg  ×104 kg  ×104 kg % % 

2006 4.96 4.39 4.19 18.36 4.86 

2007 1.68 1.61 1.56 7.54 3.01 

2008 2.39 2.13 2.04 17.32 4.74 

2009 4.50 3.94 3.76 19.72 4.71 

2010 2.31 2.09 2.03 13.56 2.90 

Total 15.84 14.16 13.58 16.62 4.29 

4.4.2 Discussion 

Starting with SWAT2000, a tile flow calculation component was added to the model (Arnold 

et al., 1999). Moriasi et al. (2007) added another option for tile drainage that uses the H-K 

drainage equations. After the model incorporated the first tile-drain simulation module 

during the late 1990s and then the H-K method during the 2000s, it matured gradually into 

simulating traditional tile drainage after it was broadly tested and reported by both the model 

developer and the modeller (Arnold et al., 1999; Du et al., 2005; Moriasi et al., 2007; 

Rahman et al., 2011; Koch et al., 2012; Moriasi et al., 2012; Boles et al., 2015). 

The original model was unable to simulate CTD properly due to the model’s method for 

calculating NO3
–-N in the tile flow. However, as has been discussed, after improvements in 

the calculation procedure for NO3
–-N in the tile flow, the model was capable of simulating 

CTD.  
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Figure 4.33 Changes in water quantity and quality by CTD200 and CTD600 

Under the current climate and land use managements during the period 2006-2010, replacing 

UCTD with CTD leads to changes of –7.09, 5.67, 9.34, 14.95, 16.35, –31.97, –10.21, 8.09, 

19.48, and 16.62% under CTD200, and –1.77, 2.12, 1.90, 2.58, 3.06, –13.04, –5.56, 1.77, 

5.15, and 4.29% under CTD600 for water, sediment, Org-N, NH4
+-N, NO2

--N, NO3
--N, TN, 

Org-P, Min-P, and TP, respectively, as shown in Figure 4.33. Obviously, the CTD200 

scenario leads greater changes in output in either a positive or negative way. The -7.09% 

reduction in flow under TD200 is in line with the previous finding of –7.28% (Que et al., 

2015), whereas the reduction of -1.77% under CTD600 is less than the previous finding of –

6.62% by Que et al. (2015). The difference under the CTD600 scenario is likely caused by the 
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fact that the SWAT model and AnnAGNPS simulate flow (discharge) and runoff differently. 

AnnAGNPS only simulates direct flow, while the SWAT model simulates all parts, 

including the ground water. Hence, these simulation results for CTD200 and CTD600 by the 

improved SWAT model are generally in agreement with the previous simulation findings by 

Que et al. (2015).  
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Figure 4.34 CTD600 water reductions of SWAT, AnnAGNPS, and WEBs 

The water reduction rates from WEBs, AnnAGNPS, and the improved SWAT model 

decrease gradually, as depicted in Figure 4.34. The one-way ANOVA reflects that the 

differences in the median values among the three treatment groups are greater than what 

would be expected by chance; thus, there is a statistically significant difference. It can be 

reasonably explained that these reduction rates arise from different situations, i.e., WEBs is 

based on a mere comparison of CTD and UCTD; AnnAGNPS only simulates direct runoff; 

and the improved SWAT model covers all types of water, including groundwater. Tile 

drained areas in the watershed model and WEBs were different. The CTD experiment of 

WEBs had high tile drained filed, and the tile drained area is about 36% of the watershed, 

so more water reduction for WEBs is reasonable. 
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The SWAT model uses the MUSLE approach to simulate sediment (Williams, 1975), which 

is the same approach adopted by the AnnAGNPS model. The t-test shows that the difference 

in the median values between the two groups is not great enough to exclude the possibility 

that the difference is due to random sampling variability; there is no statistically significant 

difference, as shown in Figure 4.35. 
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Figure 4.35 CTD600 Sediment reduction rates of the SWAT model and AnnAGNPS 

As noted previously, in the SWAT and AnnAGNPS models, TN consists of four forms of 

N, Org-N, NH4
+-N, NO2

--N, and NO3
--N. Of all the forms of N, NO3

--N is the only one 

simulated directly in the tile-flow module in the model, and the other three forms of N, Org-

N, NH4
+-N, and NO2

--N, react indirectly to the changes in depth for CTD200 and CTD600 

through the flow and sediment.  
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Figure 4.36 CTD600 NO3
--N reductions of SWAT, AnnAGNPS (dissolved N), and 

mass fluxes of WEBs 

The one-way ANOVA reflects that the differences in the mean values for NO3
--N among the 

three treatment groups are not great enough to exclude the possibility that the difference is 

due to random sampling variability; there is no statistically significant difference (Figure 

4.36). Therefore, the simulation results for NO3
--N by the SWAT and AnnAGNPS models 

are consistent with the observations from the two experimental micro-watersheds.  
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Figure 4.37 CTD600 TN reduction rates of the SWAT model and AnnAGNPS 

Similarly, the t-test of the results shows that there is no statistically significant difference 

between the TN results of the SWAT and AnnAGNPS models (Figure 4.37).  
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Figure 4.38 CTD600 TP reduction rates of the SWAT model, AnnAGNPS, and WEBs 

For the TP, the one-way ANOVA also shows that there is no statistically significant 

difference between the TP results of the SWAT and AnnAGNPS models and WEBs (Figure 

4.38).  
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4.5 Performances of the CTD scenarios under climate changes 

4.5.1 Climate change scenarios 

As discussed in Section 2.7, numerous climate models are applied worldwide. This study 

uses the statistical downscaling results from coupling GCMs and RCMs with different 

configurations, as listed in Table 2.5.  

In order to test the performances of the CTD scenarios under dynamic climate circumstances 

and a long period of climate change, using the improved SWAT model, 12 climate change 

datasets were prepared for the model based on a combination of GCM and RCM 

configurations, which are: CanESM3+ CanRCM4+4.5 (CAN45), CanESM3+ 

CanRCM4+8.5 (CAN85), EC-EARTH+RCA4+4.5 (ECER45), EC-EARTH+RCA4+8.5 

(ECER85), EC-EARTH+ HIRHAM5+4.5 (ECEH45), EC-EARTH+ HIRHAM5+8.5 

(ECEH85), GFDL-ESM2M+RegCM4+8.5 (GFDLR85), GFDL-ESM2M+WRF+8.5 

(GFDLW85), HadGEM2-ES+RegCM4+8.5 (HADR85), HadGEM2-ES+WRF+8.5 

(HADW85), MPI-ESM-LR+ RegCM4+8.5 (MPIR85), and MPI-ESM-LR+WRF+8.5 

(MPIW85).  

4.5.2 Simulations and discussion of climate change scenarios 

The CTD scenarios were examined for two equal simulation periods, the reference period 

(1981–2010) as a baseline and one future period (2021–2050), in order to represent a change 

in climate. In the baseline period from 1981 to 2010, the modified SWAT model was run 

with historical climate data (BASE), while for the climate change period from 2021 to 2050, 

12 climate datasets were applied to the improved SWAT model. The crop distribution, 

fertilizer application rate and physical features of the watershed were unchanged. 

4.5.2.1 Output variations of climate change scenarios over 30 years 

For the current tile drainage condition (UCTD) using the modified SWAT model, the outputs 

of each climate change and baseline scenario are shown in Figures 4.39–4.48.  
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Figure 4.39 Average flow under the baseline and future climate  
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Figure 4.40 Average sediment under the baseline and future climate  
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Figure 4.41 Average Org-N under the baseline and future climate   
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Figure 4.42 Average Org-P under the baseline and future climate  
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Figure 4.43 Average NO3
--N Under the baseline and future climate  
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Figure 4.44 Average NH4
+-N under the baseline and future climate  
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Figure 4.45 Average NO2
--N under the baseline and future climate  
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Figure 4.46 Average Min-P under the baseline and future climate  
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Figure 4.47 Average TN under the baseline and future climate  
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Figure 4.48 Average TP under the baseline and future climate  

The simulation results suggest that flow, sediment, NO3
--N, TN, and TP will increase in the 

future period compared to the baseline (Table 4.16), which means that the nutrient loadings 

from the watershed will be more likely to increase with climate changes. Flow, sediment, 

NO3
--N, TN, and TP are expected to increase by 13.2, 7.57, 0.44, 0.10, and 9.85%, 

respectively. Consequently, the pollution caused by agricultural activities will likely worsen 

in the future. 

Table 4.16 Annual water quantity and quality parameters in baseline and future 

periods  

Climate 
scenario 

Flow 
(m3/s) 

Sediment 
(ton) 

Org-N 
(kg) 

Org-P 
(kg) 

NO3
--N 

(kg) 
NH4

+-N 
(kg) 

NO2
--N 

(kg) 
Min-P 

(kg) 
TN        
(kg) 

TP       
(kg) 

CAN45 5.8E+01 2.5E+05 1.8E+05 5.1E+04 7.4E+05 1.8E+05 9.0E+04 8.4E+04 1.2E+06 1.4E+05 

CAN85 4.8E+01 1.8E+05 1.2E+05 2.6E+04 7.2E+05 1.2E+05 7.0E+04 4.9E+04 1.0E+06 7.5E+04 

ECER45 5.5E+01 2.2E+05 1.7E+05 4.5E+04 7.5E+05 1.7E+05 9.1E+04 7.9E+04 1.2E+06 1.2E+05 

ECER85 5.9E+01 2.4E+05 1.8E+05 4.6E+04 8.4E+05 1.8E+05 9.3E+04 8.2E+04 1.3E+06 1.3E+05 

ECEH45 5.3E+01 2.3E+05 1.6E+05 4.8E+04 7.3E+05 1.6E+05 8.3E+04 8.3E+04 1.1E+06 1.3E+05 

ECEH85 5.3E+01 2.3E+05 1.6E+05 4.5E+04 7.9E+05 1.6E+05 8.4E+04 7.9E+04 1.2E+06 1.2E+05 

GFDLR85 6.3E+01 3.0E+05 1.8E+05 6.0E+04 7.2E+05 1.8E+05 9.4E+04 1.0E+05 1.2E+06 1.6E+05 

GFDLW85 5.6E+01 2.4E+05 1.7E+05 5.0E+04 7.0E+05 1.7E+05 8.9E+04 8.3E+04 1.1E+06 1.3E+05 

HADR85 5.7E+01 2.9E+05 1.3E+05 4.9E+04 1.3E+06 1.3E+05 7.7E+04 8.3E+04 1.6E+06 1.3E+05 

HADW85 6.1E+01 2.5E+05 1.7E+05 4.8E+04 7.7E+05 1.7E+05 9.1E+04 8.7E+04 1.2E+06 1.4E+05 

MPIR85 5.7E+01 2.5E+05 1.6E+05 4.9E+04 7.8E+05 1.6E+05 8.6E+04 8.3E+04 1.2E+06 1.3E+05 

MPIW85 4.8E+01 2.0E+05 1.5E+05 4.1E+04 6.6E+05 1.5E+05 7.8E+04 6.9E+04 1.0E+06 1.1E+05 

Mean 5.7E+01 2.4E+05 1.7E+05 4.8E+04 7.5E+05 1.7E+05 8.7E+04 8.3E+04 1.2E+06 1.3E+05 

BASE 5.0E+01 2.3E+05 1.8E+05 4.7E+04 7.4E+05 1.7E+05 9.0E+04 7.2E+04 1.2E+06 1.2E+05 
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4.5.2.2 Annual reductions of climate change and baseline scenarios over 30 years  

The ensemble of climate change experiments covered a broad range of plausible future 

climate regimes. The modified SWAT model was used to simulate CTD200 and CTD600 under 

the baseline and future climate regimes, and the results are shown in Table 4.17 and Figure 

4.49. In the future period, the average change when the CTD200 is employed instead of the 

UCTD range from –0.45 to –0.18, –0.30 to 1.30, 6.00 to 9.84, 8.58 to 14.81, –11.62 to –9.19, 

5.45 to 10.03, 5.34 to 10.43, 11.55 to 16.24, –6.21 to –2.71, and 10.47 to 15.74% for flow, 

sediment, Org-N, Org-P, NO3
--N, NH4

+-N, NO2
--N, Min-P, TN, and TP, respectively. In the 

baseline period from 1981 to 2010, the average reductions by the CTD200 scenario were –

0.3, 0.1, 4.6, 4.8, –11.7, 5.0, 6.0, 7.1, –5.4, and 6.2 for flow, sediment, Org-N, Org-P, NO3
--

N, NH4
+-N, NO2

--N, Min-P, TN, and TP, respectively. The reductions in the baseline period 

were not significantly different from those in the future, which means that the CTD200 

scenario under the various climate scenarios works well in the future.  
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Table 4.17 Annual reductions of CTDs under baseline and climate change scenarios 

CTD200 Flow 
(%) 

Sediment 
(%) 

Org-N 
(%) 

Org-P 
(%) 

NO3
--N 

(%) 
NH4

+-N 
(%) 

NO2
--N 

(%) 
Min-P 

(%) 
TN    
(%) 

TP    
(%) 

BASE -0.30 0.13 4.63 4.84 -11.65 5.02 5.96 7.14 -5.41 6.20 

CAN45 -0.31 0.97 8.34 10.01 -9.58 8.30 8.89 12.87 -2.87 11.79 

CAN85 -0.45 0.50 6.00 14.81 -9.47 5.45 5.34 16.24 -4.99 15.74 

ECER45 -0.26 -0.30 7.57 9.11 -9.22 7.59 8.44 11.77 -3.01 10.84 

ECER85 -0.26 0.58 8.35 10.68 -9.31 8.25 9.15 13.55 -3.12 12.51 

ECEH45 -0.19 0.57 8.16 8.58 -9.58 8.08 8.75 11.55 -3.27 10.47 

ECEH85 -0.29 0.74 7.89 9.34 -11.62 7.88 8.73 12.54 -4.94 11.38 

GFDLR85 -0.28 1.09 8.28 8.87 -9.84 8.01 8.63 11.63 -2.76 10.62 

GFDLW85 -0.26 0.16 7.90 8.75 -10.38 7.83 8.76 11.74 -3.33 10.62 

HADR85 -0.24 1.30 9.84 12.03 -10.43 10.03 10.43 15.13 -6.21 13.99 

HADW85 -0.18 0.81 8.78 11.26 -9.19 8.87 9.67 14.12 -2.71 13.11 

MPIR85 -0.34 0.75 8.82 9.68 -10.32 8.83 9.54 12.81 -3.58 11.65 

MPIW85 -0.29 0.13 8.57 9.76 -10.77 8.38 9.18 12.80 -3.75 11.66 

CTD600                     

BASE -0.06 0.00 1.36 1.64 -5.97 1.38 1.50 2.13 -3.21 1.93 

CAN45 -0.08 0.31 2.08 2.84 -5.13 2.03 2.05 3.31 -2.45 3.13 

CAN85 -0.01 -0.15 0.54 3.19 -2.89 0.31 0.30 3.14 -1.92 3.16 

ECER45 -0.07 -0.08 2.28 2.89 -4.00 2.24 2.35 3.35 -1.70 3.21 

ECER85 -0.06 0.37 2.31 3.18 -4.19 2.24 2.33 3.69 -1.94 3.50 

ECEH45 -0.05 0.06 2.24 2.52 -4.90 2.21 2.38 3.11 -2.37 2.90 

ECEH85 -0.06 0.05 2.08 2.67 -5.67 2.01 2.07 3.38 -3.06 3.11 

GFDLR85 -0.09 0.34 2.19 2.65 -5.24 2.13 2.28 3.24 -2.34 3.02 

GFDLW85 -0.06 0.07 2.13 2.56 -5.97 2.00 2.11 3.15 -2.89 2.93 

HADR85 -0.05 0.20 1.84 2.84 -4.30 1.82 1.89 3.10 -3.03 3.01 

HADW85 -0.03 0.18 2.52 3.50 -4.43 2.55 2.63 4.05 -1.94 3.87 

MPIR85 -0.07 0.35 2.35 2.85 -5.04 2.34 2.45 3.58 -2.45 3.31 

MPIW85 -0.06 -0.04 2.14 2.71 -4.89 2.00 2.10 3.13 -2.37 2.97 
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Figure 4.49 Annual reductions of CTD600 under baseline and climate change scenarios 
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The changes when UCTD is replaced by CTD600 in the 12 climate experiments ranged from 

–0.09 to –0.18, –0.15 to 0.37, 6.00 to 9.84, 8.58 to 14.81, –11.62 to –9.19, 5.45 to 10.03, 

11.55 to 16.24, –6.21 to –2.71, and 10.47 to 15.74% for flow, sediment, Org-N, Org-P, NO3
-

-N, NH4
+-N, NO2

--N, Min-P, TN, and TP, respectively. In the baseline period from 1981 to 

2010, the average changes by the CTD600 scenario were –0.1, 0.0, 1.4, 1.6, –6.0, 1.4, 1.5, 

2.1, –3.2, and 1.9 for flow, sediment, Org-N, Org-P, NO3
--N, NH4

+-N, NO2
--N, Min-P, TN, 

and TP, respectively. The CTD600 behaved the same as the CTD200 scenario under the 12 

climate scenarios, and it functioned well under the future dynamic climates.  

Thus, compared to the baseline, the outputs, flow, sediment, NO3
--N, TN, and TP of the 

climate change scenarios increase in the watershed, and subsequently the pollution from the 

agricultural field will deteriorate under the current uncontrolled tile drainage. Comparisons 

between the simulations for the baseline period and the predicted period of the CTD 

scenarios indicate that the CTD scenarios performed effectively and stably with the current 

modeling settings using the improved SWAT model. 
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5 MODELING THE ECOLOGICAL IMPACTS OF CTD ON 

RIVER USING QUAL2KW 

5.1 Rationale 

As described in Section 1.2.1, although many studies have examined CTD for fields or 

watersheds, there has been no assessment of the environmental effects of CTD on combined 

watershed and river system. Most CTD studies have focused on how much pollutants can 

migrate from either a field or watershed, but did not further assess the ecological impacts of 

CTD on a river system. Therefore, this chapter intends to further investigate the ecological 

effects of CTD on a river system by coupling the watershed water quality model SWAT and 

the river water quality model QUAL2Kw.  

5.2 Methodology and parameterization 

5.2.1 Study river 

The South Nation River runs for about 175 km and has several major branches, i.e., the North 

Branch South Nation River, Sandy Creek, Payne River, Castor River, Moose Creek, Bear 

Brook, Scotch River, and Caledonia Creek. In this study, the main channel of the river from 
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the source to Plantagenet in Ontario was modeled. The total length of the river in the model 

is 152 km. 

 

Figure 5.1 State of the surface water quality of South Nation River 

The surface water quality of the South Nation River and its branches varies from excellent 

to very poor, as shown in Figure 5.1 (South Nation Conservation, 2018). 

5.2.2 Segmentation of the river for the QUAL2Kw model 

As descripted in Section 2.5, the model simulates the main channel of a river through smaller 

segments, which are obtained by subdividing the channel into smaller units. Based on the 
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watershed delineation by the SWAT model (Figure 5.2), the main channel of the river was 

segmented into 10 smaller units with nine branches, as shown in Figure 5.3. 

 

Figure 5.2 Reaches of the QUAL2Kw model 

The flow, sediment, and N and P compounds from the SWAT model for the nine branches 

of the river are presented as point sources flowing into the main channel at corresponding 

positions (outlets of tributaries). Meanwhile, the output of the main channel (reaches) from 

the SWAT model contributes directly to the reaches in the QUAL2Kw model. 
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Figure 5.3 Segmentation of river and locations of pollution sources 

5.2.3 Preparation of the inputs for the QUAL2Kw model 

The model is integrated in Microsoft Excel and programmed in the Visual Basic for 

Applications (VBA) language, and a set of predesigned worksheets in Excel are used as the 

graphical user interface to prepare inputs for the model. 

As a complex model aimed at simulating the water quality of a river or stream, running 

QUAL2Kw requires numerous types of parameters (Chapra, 2012). These parameters can 

be grouped into several categories: river geometric parameters, such as stream length and 

reach segment; meteorological parameter, such as air temperature, dew point, wind speed, 

solar radiation, cloud cover, and shade; hydrologic parameters, such as headwater, tributary 
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inflow, and diversions; hydraulic parameters, such as slope and bottom roughness; water 

quality parameters, such as inflow and upstream boundary conditions; effluent parameters, 

such as flow rates and concentrations; and reaction rate parameters, such as oxidation, 

reaction, and settling rate coefficients (US EPA, 1997). Some of these can be obtained from 

observations and the outputs of the SWAT model, and the others have to be based on 

empirical estimations (model default).  

5.2.3.1 Inputs from the observations 

The water quality parameters, such as alkalinity, conductivity, dissolved oxygen, and pH, 

were retrieved from the database of the Provincial (Stream) Water Quality Monitoring 

Network (PWQMN) (Ontario Ministry of the Environment, 2015). This network only works 

on a seasonal basis, typically from May to November, and the sampling frequency is once 

monthly at gauging stations. In this study, the water quality and effluent data came from four 

water quality gauging stations, 18207015002, 18207016002, 18207010002, and 

18207002002, which are located on reaches one, three, six, and 10, respectively, as shown 

in Figure 5.2.  

Diel meteorological parameters, air temperature, dew point, wind speed, solar radiation, and 

cloud cover data were obtained from the Canadian Weather Energy and Engineering 

Datasets (CWEEDS) (Environment Canada, 2017).  

5.2.3.2 Inputs from the SWAT model 

5.2.3.2.1 Inputs of the QUAL2Kw model and outputs of the SWAT model 

All the river’s geometric parameters, e.g., the length and elevation of each reach, latitude, 

and longitude, were generated by the SWAT model, and were derived from the DEM. Also, 

the flow, sediment, and water quality parameters for the main channel and branches of the 

river, i.e., NH4
+-N, NO2

--N, NO3
--N, Org-N, Min-P, and Org-P, were calculated based on 

the outputs of the SWAT model.  
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The time scale for the outputs of the SWAT model is daily, while the QUAL2Kw model 

requires hourly inputs, so the outputs of the SWAT model must be interpolated into a diel 

time scale. Moreover, the outputs of the SWAT model are mostly in weight form, e.g., kg 

and tonnes, however, the QUAL2Kw model uses concentration for its input and output, and 

therefore the units of weight must be converted into concentration, e.g., mg/l and ug/l.  

5.2.3.2.2 Conversion of the SWAT model outputs into the inputs of the QUAL2Kw model 

Unlike the SWAT model, which runs on a daily basis and is capable of long-term 

simulations, the QUAL2Kw model runs on a diel heat budget and on diel water quality 

kinetics; hence, it is essentially a diel model demanding hourly inputs. The required inputs 

for the QUAL2Kw model – flow, sediment, NH4
+-N, NO2

--N, NO3
--N, Org-N, Min-P, and 

Org-P – were retrieved by output.rch, the main channel output file of the SWAT model, 

which contains summary information for each routing reach in the watershed.  

5.2.3.2.2.1 Headwater  

A worksheet (Figure 5.4) is used to enter the flow and concentration for the system’s 

boundaries. The headwater came from the inflow of sub-watershed 31 in the SWAT model 

(reach 31), and the nutrient concentrations can be calculated by using the inflow and nutrient 

mass. For instance, the calculation formula of the concentration of NO3
--N is defined, as in 

Equation 5.1. 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑁𝑂3
−−𝑁 =

𝑀𝑎𝑠𝑠𝑁𝑂3
−−𝑁(𝑘𝑔)×100000000(

µ𝑔

𝑘𝑔
)

𝐼𝑛𝑓𝑙𝑜𝑤(
𝑚3

𝑠
)×24×60×60(𝑠)×1000(

𝐿

𝑚3)
  Equation 5.1 
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Figure 5.4 Headwater inputs of the QUAL2Kw model 

Similarly, the other parameters, i.e., the inorganic suspended solid (sediment), NH4
+-N, NO3

-

-N, Org-N, Min-P, and Org-P, can be calculated from the output.rch file. The columns for 

these parameters in the output.rch file are listed in Table 5.1.  

Table 5.1 Column of headwater parameter in output.rch  

No. Parameter Column 

1 Flow 6 

2 Sediment 10 

3 Org-N 13 

4 Org-P 15 

5 NO3
--N 17 

6 NH4
+-N 19 

7 Min-P 23 

5.2.3.2.2.2 Continuous sources 

Continuous simulations need continuous source inputs. Continuous sources include two 

parts, main channel reaches (Figure 5.5) and branches (inflows from tributaries) (Figure 5.6).  
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Figure 5.5 Reach inputs of the QUAL2Kw model 

 

Figure 5.6 Inflow source inputs of the QUAL2Kw model 
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Based on Figures 4.8, 5.2, and 5.3, the corresponding reaches of the output.rch file for the 

main channel and branches of the QUAL2Kw model and the SWAT model are shown in 

Tables 5.2 and 5.3. 

Table 5.2 Corresponding reaches for reach inputs 

Reach in QUAL2Kw Reach in SWAT 

1 31 

2 26 

3 25 

4 20 

5 14 

6 13 

7 6 

8 4 

9 2 

10 1 

Table 5.3 Corresponding reaches for inflow source inputs 

Reach in QUAL2Kw Reach in SWAT 

1  

2 27 

3 28 

4 22 

5 15 

6 16 

7 11 

8 5 

9 3 

10 7 

The columns for these parameters in the output.rch file are listed in Table 5.4. 
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Table 5.4  Column of reach and inflow source parameter in output.rch 

No. Parameter Column 

1 Flow 7 

2 Sediment 11 

3 Org-N 14 

4 Org-P 16 

5 NO3
--N 18 

6 NH4
+-N 20 

7 NO2
--N 22 

8 Min-P 24 

After all the daily input parameters are retrieved and calculated from the output.rch file, they 

have to be converted into a diel format (24 hours). Diel data equal to daily data. There are 

184 days in one growing season from May 1st to October 31st, so there will be 184 × 24 = 

4416 records for each parameter each year. The five years of the simulations for the three 

scenarios demand 4416 × 5 × 3 × 19 (reach) = 1,258,560 records for each parameter.  

5.2.4 CTD and UCTD scenarios for the QUAL2Kw model 

In order to evaluate the effects of CTD on the water quality of the river, the CTD and UCTD 

scenarios for the QUAL2Kw model were developed based on the outputs of the CTD and 

UCTD scenarios of the SWAT model. To be more precise, the scenario at 200 mm of the 

tile drainage depth for the model, CTD200, employed outputs from the CTD200 scenario 

simulated by the improved SWAT model. Similarly, the scenario at 600 mm (CTD600) and 

the UCTD scenario (UCTD) were designed based on the outputs of the CTD600 and UCTD 

scenarios of the improved SWAT model, respectively. The outputs from the CTD and UCTD 

scenarios simulated by the improved SWAT model for the branches of the river, sediment, 

NH4
+-N, NO2

--N, NO3
--N, Org-N, TN, Min-P, Org-P, and TP, were transformed into form 

of concentration as the input parameters for the QUAL2K model, and the other parameters 

required by the QUAL2Kw model remained the same. As a result, the effects of CTD on the 

water quality of the river can be evaluated by the CTD scenarios. 
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Although the model is capable of continuous simulation, it has a limit of 365 days, as 

mentioned previously. Continuous simulation requires a vast number of hourly inputs. In 

this study, the model simulated five seasons of growth from 2006 to 2010. With the 

simulation time limit, this study had to set up a yearly model, and thus 15 models were built 

for the three scenarios and the five years. 

5.2.5 Calibration and verification of the QUAL2Kw model 

5.2.5.1 Limitation of the automatic calibration procedure and manual extension  

QUAL2Kw uses a genetic algorithm that modifies the kinetic rate parameters and constants 

to find a best fit for a model application compared to observations (Pelletier et al., 2006). 

The automatic calibration approach adopts a subroutine developed by Charbonneau and 

Knapp (1995). This approach calculates the RMSE between the simulated and the observed 

data, and the inverse of the RMSE for all the parameters in the calibration are defined as the 

“goodness of fit”, which indicates the performance of the model. Therefore, the model 

performs better when the RMSE decreases and the fitness increases.  

However, the QUAL2Kw model can only be calibrated and verified automatically on one 

specific day, so in order to calibrate and verify the model for a longer period, this study 

calibrated and verified the model manually to extend it to three seasons of growth from 2006 

to 2008, and two seasons of growth from 2009 to 2010 respectively. By doing so, the model 

was calibrated and verified for five consecutive growing seasons from 2006 to 2010, and it 

improved and secured the performance of the model. 

5.2.5.2 The observed data and the periods of the calibration and verification 

As a one-dimensional diel kinetics river water-quality model, QUAL2Kw is capable of 

continuous simulation with a limitation of 365 days. The calibration and verification days 

were chosen based on the availability of the observed water quality and quantity data from 
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the PWQMN and the Canadian hydrometric data, which is operated by Ontario Ministry of 

the Environment and Environment and Climate Change Canada, respectively.  

The PWQMN in the watershed was operated monthly, so the observations of the water 

quality for the river were only available on specific day in a month during the seasons of 

growth. Similarly, the hydrometric data and flow were discrete and only available on some 

days at certain hydrometric gauging stations. 

To calibrate and verify the QUAL2Kw model, eight types of data, i.e., alkalinity, DO, 

electrical conductivity (EC), flow, pH, temperature (T), TN, and TP, were obtained from 

four water quality gauging stations, coded as 18207015002, 18207016002, 18207010002, 

and 18207002002, and two hydrometric gauging stations, 02LB007 and 02LB005, along the 

river (Figure 5.2). To be in accordance with the periods of the calibration and validation of 

the SWAT model, the calibration period was set as the three seasons of growth from 2006 

to 2008, and the validation period was the two seasons of growth from 2009 to 2010.  

5.2.5.3 Measurements of the performance of the calibration and verification 

In this study, the subtlety of the QUAL2Kw model’s calibration and verification was 

demonstrated both graphically and statistically. Graphs provided a visual method to examine 

the agreement between the simulated and observed data, and statistical indices gave a 

numerical way to evaluate the performance of the model for the simulation. The adopted 

statistical index was calculated as relative RMSE (RRMSE), as shown below. 

𝑅𝑅𝑀𝑆𝐸 =
𝑅𝑀𝑆𝐸

𝑂̅
                                            5.2 

where 𝑂̅ is the mean of the observed data. The value of 0 for RRMSE is for an ideal situation, 

while a value between 0.0 and 1.0 is acceptable for the performance of the model to simulate 

a river (Gikas, 2014). 
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5.2.5.4 Calibration of the QUAL2Kw model  

Using the observed water quality and hydrometric data from the four water quality gauging 

stations and two hydrometric gauging stations along the river, the model was calibrated and 

verified using eight parameters, that affected the water quality of the river the most. Figure 

5.7 and Table 5.5 present the calibration results of the QUAL2Kw model. 

❖ Alkalinity 
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❖ DO  

  

  

❖ EC 
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❖ Flow  

 

❖ pH  
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❖ T 

 

❖ TN 

 

  

  

  

  



Chapter 5: Modeling the Ecological Impacts of CTD on River Using QUAL2Kw 

                                                                                                                                         130 

❖ TP 

 

Figure 5.7 Calibration of QUAL2Kw in three growing seasons from 2006 to 2008 

5.2.5.5 Verification of the QUAL2Kw model 

Based on the availability of the observed water quality data from the four water quality 

gauging stations and the flow data from the two hydrometric gauging stations along the river, 

the calibrated model was verified using the observed data for the two seasons of growth from 

2009 to 2010.  
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❖ Alkalinity 
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❖ TN 

  

  

❖ TP 

  

  

Figure 5.8 Verification of QUAL2Kw in two seasons of growth from 2009 to 2010 
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As seen in Figures 5.7 and 5.8, generally, the simulated followed the trends of the observed 

for all eight aimed parameters of the model. More importantly, for the alkalinity, DO, EC, 

pH, and T, the model performed quite well, and the RRMSE values of these parameters 

ranged from 0.07 to 0.47 for the calibration and verification, which reflected the excellent 

agreement between the simulated and the observed during the five seasons of growth from 

2006 to 2010. For the nutrient parameters, TN and TP, the RRMSE values were slightly 

higher at 0.87 and 0.94, which are still under the acceptable criteria of one. Only one index 

of the flow calibration, 1.74, exceeded the criteria, while the verification index was within 

the acceptable range.  

The statistical indices for the calibration and verification of the model are listed in Table 5.5 

below.  

Table 5.5 Statistical indices for the calibration and validation of the model 

No. Parameter 

RRMSE 
Ave.  

18207015002 18207016002 18207010002 18207002002 

Cal Val Cal Val Cal Val Cal Val Cal Val 

1 Alkalinity 0.00 0.00 0.05 0.03 0.06 0.06 0.21 0.12 0.08 0.05 

2 DO 0.77 1.05 0.25 0.30 0.45 0.35 0.26 0.19 0.43 0.47 

3 EC 0.00 0.00 0.06 0.07 0.10 0.09 0.12 0.07 0.07 0.06 

4 Flow 1.98 0.94     1.50 0.73 1.74 0.83 

5 pH 0.07 0.09 0.04 0.05 0.05 0.08 0.03 0.06 0.05 0.07 

6 T 0.28 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.08 

7 TN 0.86 0.85 0.97 1.07 0.92 0.98 0.84 0.84 0.90 0.94 

8 TP 0.67 0.84 0.83 0.80 0.93 0.92 1.03 1.08 0.87 0.91 

Considering the long periods of the calibration and verification covering five seasons of 

growth from 2006 to 2010 and the observed data from the four water quality gauging stations 

and two hydrometric gauging stations covering the entire river, the calibration and 
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verification of the model are considered as satisfactory, and it is suitable for the assessment 

of the ecological effects of CTD on the water quality of the river system.  

The following Table 5.6 lists the calibrated parameters for the QUAL2Kw model. 

Table 5.6 Calibrated parameters for the QUAL2Kw model 

Parameter Value Units Auto-cal Min value Max value 

Stoichiometry: 

     

Carbon 37.41 gC Yes 30.00 60.00 

Nitrogen 6.06 gN Yes 5.00 9.00 

Phosphorus 1.49 gP Yes 0.50 2.00 

Dry weight 100.00 gD Yes 100.00 100.00 

Chlorophyll 0.93 gA Yes 0.50 2.00 

Inorganic suspended 
solids: 

     

Settling velocity 1.37 m/d Yes 0.00 2.00 

Oxygen: 

     

Reaeration model User model 
 

f(u h) 
  

User reaeration model 
parameter A 

3.73 
  

3.00 6.00 

User reaeration model 
parameter B 

0.81 
  

0.50 1.00 

User reaeration model 
parameter C 

-1.67 
  

-1.85 -1.50 

Temp correction for 
reaeration 

1.02 
    

Reaeration wind 
effect 

None 
    

O2 for carbon 
oxidation 

2.67 gO2/gC 
   

O2 for NH4 
nitrification 

4.57 gO2/gN 
   

Oxygen inhib model 
CBOD oxidation 

Exponential 
    

Oxygen inhib 
parameter CBOD 
oxidation 

0.60 L/mgO2 No 0.60 0.60 
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Oxygen inhib model 
nitrification 

Exponential 
    

Oxygen inhib 
parameter nitrification 

0.60 L/mgO2 No 0.60 0.60 

Oxygen enhance 
model denitrification 

Exponential 
    

Oxygen enhance 
parameter 
denitrification 

0.60 L/mgO2 No 0.60 0.60 

Oxygen inhib model 
phyto resp 

Exponential 
    

Oxygen inhib 
parameter phyto resp 

0.60 L/mgO2 No 0.60 0.60 

Oxygen enhance 
model bot alg resp 

Exponential 
    

Oxygen enhance 
parameter bot alg 
resp 

0.60 L/mgO2 No 0.60 0.60 

Slow CBOD: 

     

Hydrolysis rate 0.13 /d Yes 0.05 0.25 

Temp correction 1.05 
 

No 1.00 1.07 

Oxidation rate 2.78 /d Yes 0.00 5.00 

Temp correction 1.05 
 

No 1.00 1.07 

Fast CBOD: 

     

Oxidation rate 1.06 /d Yes 0.00 5.00 

Temp correction 1.05 
 

No 1.00 1.07 

Organic N: 

     

Hydrolysis 0.08 /d Yes 0.05 0.30 

Temp correction 1.07 
 

No 1.00 1.07 

Settling velocity 0.05 m/d Yes 0.05 2.00 

Ammonium: 

     

Nitrification 1.56 /d Yes 0.05 3.00 

Temp correction 1.07 
 

No 1.00 1.07 

Nitrate: 

     



Chapter 5: Modeling the Ecological Impacts of CTD on River Using QUAL2Kw 

                                                                                                                                         138 

Denitrification 0.32 /d Yes 0.00 2.00 

Temp correction 1.07 
 

No 1.00 1.07 

Sed denitrification 
transfer coeff 

0.46 m/d Yes 0.00 1.00 

Temp correction 1.07 
 

No 1.00 1.07 

Organic P: 

     

Hydrolysis 0.23 /d Yes 0.05 0.30 

Temp correction 1.07 
 

No 1.00 1.07 

Settling velocity 0.06 m/d Yes 0.05 2.00 

Inorganic P: 

     

Settling velocity 0.44 m/d Yes 0.00 2.00 

Sed P oxygen 
attenuation half sat 
constant 

1.98 mgO2/L Yes 0.00 2.00 

Phytoplankton: 

     

Max Growth rate 2.50 /d No 1.50 3.00 

Temp correction 1.07 
 

No 1.00 1.07 

Respiration rate 0.10 /d No 0.05 0.50 

Temp correction 1.07 
 

No 1.00 1.07 

Death rate 0.00 /d No 0.00 1.00 

Temp correction 1.00 
 

No 1.00 1.07 

Nutrient limitation 
model for N and P 

Minimum 
    

Nitrogen half sat 
constant 

15.00 ugN/L No 10.00 25.00 

Phosphorus half sat 
constant 

2.00 ugP/L No 1.00 5.00 

Inorganic carbon half 
sat constant 

0.00 moles/L No 0.00 0.00 

Phytoplankton use 
HCO3- as substrate 

Yes 
    

Light model Half 
saturation 
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Light constant 57.60 langleys/d No 40.00 110.00 

Ammonia preference 25.00 ugN/L No 15.00 30.00 

Settling velocity 0.15 m/d No 0.05 2.00 

Include transport of 
phytoplankton 

Yes 
    

Nitrogen uptake water 
column fraction 

1.00 
 

No 0.00 1.00 

Phosphorus uptake 
water column fraction 

1.00 
 

No 0.00 1.00 

Bottom plants: 

     

Growth model Zero-order 
    

Max growth rate 51.02 gD/m2/d 
or /d 

Yes 50.00 200.00 

Temp correction 1.07 
 

No 1.00 1.07 

First-order model 
carrying capacity 

100.00 gD/m2 No 50.00 200.00 

Basal respiration rate 0.48 /d No 0.02 0.20 

Photo-respiration rate 
parameter 

0.00 unitless No 0.00 0.60 

Temp correction 1.07 
 

No 1.00 1.07 

Excretion rate 0.28 /d Yes 0.00 0.50 

Temp correction 1.07 
 

No 1.00 1.07 

Death rate 0.49 /d Yes 0.00 0.50 

Temp correction 1.07 
 

No 1.00 1.07 

Scour function Flow 
    

Coefficient of scour 
function 

0.00 /d/cms or 
/d/mps 

No 0.00 0.10 

Exponent of scour 
function 

0.00 
 

No 0.00 2.00 

Minimal biomass after 
scour event 

0.00 gD/m^2 No 0.00 10.00 

Catastrophic scour 
rate during flood 
event 

0.00 /d No 0.00 100.00 

Critical flow or vel for 
catastrophic scour 

0.00 cms or 
m/s 

No 0.00 50.00 
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External nitrogen half 
sat constant 

215.56 ugN/L Yes 100.00 500.00 

External phosphorus 
half sat constant 

78.74 ugP/L Yes 25.00 100.00 

Inorganic carbon half 
sat constant 

0.00 moles/L Yes 0.00 0.00 

Bottom algae use 
HCO3- as substrate 

Yes 
    

Light model Half 
saturation 

    

Light constant 109.72 langleys/d Yes 40.00 110.00 

Ammonia preference 26.33 ugN/L Yes 15.00 30.00 

Nutrient limitation 
model for N and P 

Minimum 
    

Subsistence quota for 
nitrogen 

23.50 mgN/gD Yes 7.20 36.00 

Subsistence quota for 
phosphorus 

2.55 mgP/gD Yes 1.00 5.00 

Maximum uptake rate 
for nitrogen 

1147.43 mgN/gD/d Yes 350.00 1500.00 

Maximum uptake rate 
for phosphorus 

175.50 mgP/gD/d Yes 50.00 200.00 

Internal nitrogen half 
sat ratio 

4.61 
 

Yes 1.05 5.00 

Internal phosphorus 
half sat ratio 

1.35 
 

Yes 1.05 5.00 

Nitrogen uptake water 
column fraction 

1.00 
 

No 0.00 1.00 

Phosphorus uptake 
water column fraction 

1.00 
 

No 0.00 1.00 

Detritus (POM): 

     

Dissolution rate 0.18 /d Yes 0.05 0.50 

Temp correction 1.07 
 

No 1.07 1.07 

Settling velocity 0.05 m/d Yes 0.05 2.00 

Pathogens: 

     

Decay rate 0.80 /d No 0.00 20.00 

Temp correction 1.07 
 

No 1.00 1.07 

Settling velocity 1.00 m/d No 0.00 2.00 

Alpha constant for 
light mortality 

1.00 /d per 
ly/hr 

No 0.00 1.00 
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pH: 

     

Partial pressure of 
carbon dioxide 

347.00 ppm 
   

Hyporheic 
metabolism 

     

Model for biofilm 
oxidation of fast CBOD 

Zero-order 
    

Max biofilm growth 
rate 

5.00 gO2/m^2/
d or /d 

No 0.00 20.00 

Temp correction 1.05 
 

No 1.05 1.05 

Fast CBOD half-
saturation 

0.50 mgO2/L No 0.00 2.00 

Oxygen inhib model Exponential 
    

Oxygen inhib 
parameter 

0.60 L/mgO2 No 0.60 0.60 

Respiration rate 0.20 /d No 0.20 0.20 

Temp correction 1.07 
 

No 1.07 1.07 

Death rate 0.05 /d No 0.05 0.05 

Temp correction 1.07 
 

No 1.07 1.07 

External nitrogen half 
sat constant 

15.00 ugN/L No 15.00 15.00 

External phosphorus 
half sat constant 

2.00 ugP/L No 2.00 2.00 

Ammonia preference 25.00 ugN/L No 25.00 25.00 

First-order model 
carrying capacity 

100.00 gD/m2 No 100.00 100.00 

Generic constituent 

     

Decay rate 0.00 /d No 0.00 20.00 

Temp correction 1.07 
 

No 1.00 1.07 

Settling velocity 0.00 m/d No 0.00 2.00 

Use generic 
constituent as COD? 

No 
    

Photosynthetic 
quotient and 
respiratory quotient 
for phytoplankton 
and bottom algae 
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Photosynthetic 
quotient for NO3 vs 
NH4 use 

1.29 
 

No 1.20 1.80 

Respiratory quotient 1.00   No 0.85 1.00 

5.3 Simulation results and discussions for the QUAL2Kw 

modeling 

5.3.1 Simulation results of the CTD and UCTD scenarios 

The CTD and UCTD scenarios were simulated for two time scales, diel (24 hours) and 

growing season (May–Oct.). The simulation of the diel scale demonstrated how the CTD 

and UCTD scenarios performed during a diel cycle, and the simulation of the seasonal scale 

showed the general trends of the effects of the CTD and UCTD scenarios on the water quality 

of the river over five consecutive seasons of growth from 2006 to 2010. 

5.3.1.1 Diel simulation results of the CTD and UCTD scenarios 

The simulation of the diel cycle was set for June 23, 2008, and to assess the impacts of the 

CTD and UCTD scenarios on the river, nine parameters were evaluated: flow, DO, pH, EC, 

phytoplankton, Org-N, dissolved inorganic-N (NH4
+-N, NO2

--N, NO3
--N), TN, and TP. The 

model’s simulation results for the CTD and UCTD scenarios are presented in Figure 5.9, 

and Tables 5.7 and 5.8 show the reductions by the CTD scenarios. The ratio calculation 

formula is (CTD concentration -UCTD concentration)/ concentration × 100. 

As Figure 4.9 shows, the simulated flows of the CTD200, CTD600, and UCTD scenarios 

became successively greater, which corresponds to the flow simulation results of the CTD 

and UCTD scenarios from the SWAT model.  
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Table 5.7 Reduced ratios by the CTD200 for the diel simulation 

Distance Flow DO pH EC Phytoplankton  DissInor-N Org-N  TN  TP 

km % % % % % % % % % 

152.6 0.6 0.0 0.0 0.0 0.0 0.0 0.8 0.8 0.5 

108.1 0.5 0.0 0.0 0.0 0.5 0.3 1.1 1.0 1.0 

103.7 -1.2 0.0 0.0 0.0 -1.8 -0.4 1.5 0.9 0.3 

63.2 -12.7 0.1 0.1 -0.1 -13.7 1.4 6.6 3.9 -1.3 

56.9 -10.3 0.0 0.0 0.0 -3.3 16.7 42.4 28.5 14.8 

55.0 -10.9 0.0 0.0 0.2 -1.7 -3.4 81.1 40.1 27.0 

33.3 -1.1 0.0 0.0 0.5 2.5 -12.8 96.3 42.3 35.5 

30.3 -1.2 0.0 0.0 0.4 2.4 -19.8 99.7 42.2 37.3 

24.2 -0.6 0.0 0.0 0.3 2.4 -20.0 86.7 37.2 34.8 

18.8 -0.5 0.0 0.0 0.3 2.8 -25.1 79.0 36.1 36.3 

0.0 1.0 0.0 0.0 0.2 4.4 -26.8 67.5 32.0 34.4 

Table 5.8 Reduced ratios by the CTD600 for the diel simulation 

Distance Flow DO pH EC Phytoplankton  DissInor-N Org-N  TN  TP 

km % % % % % % % % % 

152.6 0.7 0.0 0.0 0.0 0.0 -0.4 0.1 0.1 0.0 

108.1 0.7 0.0 0.0 0.0 0.5 0.0 0.4 0.4 0.4 

103.7 0.4 0.0 0.0 0.0 -0.1 0.1 0.5 0.4 0.3 

63.2 -6.3 0.1 0.1 -0.1 -7.0 0.7 3.3 2.0 -0.6 

56.9 -4.4 0.0 0.0 0.0 -1.0 8.9 8.1 7.8 4.6 

55.0 -4.4 0.0 0.0 0.2 -0.2 4.1 21.0 12.5 7.9 

33.3 -0.3 0.0 0.0 0.5 1.2 0.7 26.5 13.5 9.8 

30.3 -0.4 0.0 0.0 0.4 1.2 -1.4 27.8 13.5 10.1 

24.2 -0.2 0.0 0.0 0.3 1.1 -2.9 25.1 12.0 9.5 

18.8 -0.1 0.0 0.0 0.3 1.3 -4.8 23.3 11.6 9.8 

0.0 0.6 0.0 0.0 0.2 1.8 -6.0 20.0 10.2 9.3 
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Figure 5.9 Diel simulations of CTD and UCTD scenarios 
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The indices of the water quality, DO, pH, and EC, changed over the distance to the outlet of 

the river. The EC for CTD200 was slightly higher than that of the other two scenarios CTD600 

and UCTD, while the differences between the three scenarios for DO and pH were 

negligible. Therefore, the CTD scenarios had no significant impact on these three indices of 

water quality in the river. The ecological indices, the phytoplankton, behaved differently 

over the length of the river. The CTDs reduced the phytoplankton midstream, whereas the 

CTD scenarios encouraged phytoplankton growth downstream.  

In the model, TN consists of inorganic-N, and Org-N, which increased over the river. For 

the dissolved inorganic-N compounds, NH4
+-N and NO2

--N+NO3
--N, there was a significant 

reduction between the CTDs and the UCTD scenarios at the end of the river. As a major part 

of TN, the Org-N of the two CTD scenarios was clearly greater than that in the UCTD 

scenario, and this resulted in the TN of the two CTD scenarios increasing compared to the 

UCTD scenario. Likewise, the TP from the CTD scenarios increased when the tile drainage 

depth was decreased.  

5.3.1.2 Continuous simulations of the CTD scenarios over five seasons of growth 

To continuously assess the effects of the CTD scenarios on the water quality of the river, the 

calibrated model simulated the river for five consecutive seasons of growth between 2006 

and 2010. Since the model is only capable of simulating 365 days, there must be one model 

for a certain year and a certain CTD scenario. Therefore, there were 5 (year) × 3 (CTD200, 

CTD600, and UCTD) models, with 15 models in total, and each model covered 184 days 

from May 1st to October 31st.  
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Figure 5.10 Continuous simulations of CTD and UCTD scenarios 
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The simulation results were represented as the daily averages of the five seasons (daily 

sum/5/184 days). Like the diel simulation, nine parameters were simulated, which were flow, 

DO, pH, EC, phytoplankton, Org-N, dissolved inorganic-N, TN, and TP. The simulation 

results are shown in Figure 5.10, and the reduced ratios for CTD200 and CTD600 are listed in 

Tables 5.9 and 5.10. 

Table 5.9 Reduced ratios by CTD200 for the continuous simulation 

Distance Flow DO pH EC Phytoplankton  DissInor-N Org-N TN  TP 

km % % % % % % % % % 

152.6 -4.6 0.0 0.0 0.0 0.0 -32.3 7.7 3.6 8.3 

108.1 -4.7 0.1 0.0 0.0 -3.2 -12.5 3.4 -8.7 5.7 

103.7 -4.9 0.2 0.1 0.0 -2.1 -5.2 12.0 -0.8 8.3 

63.2 -7.6 0.1 0.1 -0.3 -4.5 -8.9 19.7 -6.6 15.7 

56.9 -7.5 0.1 0.1 -0.2 -2.0 -6.3 45.9 -1.4 19.5 

55.0 -8.1 0.3 0.1 -0.1 -1.6 -5.5 55.2 0.6 21.3 

33.3 -7.7 0.1 0.1 0.0 -1.6 -3.9 62.4 1.4 25.0 

30.3 -7.6 0.2 0.1 0.1 -0.6 -3.7 67.4 2.1 25.5 

24.2 -6.8 0.8 0.2 0.1 -0.1 -4.7 64.8 2.7 26.0 

18.8 -6.5 0.5 0.2 0.1 0.2 -4.3 66.2 2.1 26.5 

0.0 -6.5 0.1 0.1 0.1 0.9 -4.8 65.9 0.0 27.2 

 

Table 5.10 Reduced ratios by the CTD600 for the continuous simulation  

Distance Flow DO pH EC Phytoplankton  DissInor-N Org-N TN  TP 

km % % % % % % % % % 

152.6 -1.3 0.0 0.0 0.0 0.0 -9.3 1.9 0.8 2.4 

108.1 -1.3 0.0 0.0 0.0 -0.6 -2.9 1.6 -1.8 2.2 

103.7 -1.3 0.0 0.0 0.0 -0.5 -2.0 2.8 -0.8 2.4 

63.2 -2.2 0.0 0.0 -0.1 -1.4 -6.1 4.1 -5.2 4.2 

56.9 -2.2 0.0 0.0 -0.1 -0.4 -5.2 9.7 -3.8 5.0 

55.0 -2.3 0.0 0.0 0.0 -0.2 -4.8 13.1 -3.0 5.5 

33.3 -2.2 0.0 0.0 0.0 -0.3 -4.6 13.3 -3.2 6.0 

30.3 -2.2 0.0 0.0 0.0 0.0 -4.3 13.7 -2.8 6.1 

24.2 -2.0 0.1 0.0 0.0 0.1 -4.3 13.2 -2.4 6.2 

18.8 -1.9 0.0 0.0 0.0 0.2 -4.3 12.8 -2.7 6.3 

0.0 -1.7 0.0 0.0 0.0 0.5 -4.5 13.4 -3.2 6.4 
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Some patterns of the water quality parameters for the continuous simulation results of the 

CTD and UCTD scenarios resembled those in the diel simulation, while others performed 

differently. The flows for CTD200, CTD600, and UCTD differentiated themselves from the 

midstream. Compared to the UCTD, the CTD600 and the CTD200, all of them lowered the 

flow in each scenario as simulated by the SWAT model. For DO, pH, and EC, the simulation 

results for the CTD200 and CTD200 scenarios were almost the same.  

CTD200 reduced phytoplankton along all the reaches, except for reaches 9 and 10, and 

CTD600 reduced phytoplankton along reaches 1 to 6 and increased slightly along reaches 8 

to 10.  

For the dissolved inorganic N, both CTD scenarios yielded less than the UCTD scenario, 

and the CTD200 outputted the least. CTD600 decreased TN along the river, while CTD200 

reduced TN upstream and increased it slightly downstream. All the CTDs showed that the 

TP concentrations increased along the river channel.  

5.3.2 Discussion 

To assess the ecological impact of CTD on the river, two CTD scenarios, CTD200 and 

CTD600, were developed and evaluated using the calibrated QUAL2Kw model at two 

different time scales, diel and seasonal. The diel simulation only represented the changes 

in river water quality over the distance on a specific day, and the general trend of the 

changes in river water quality required long-term continuous simulation. However, most 

recent QUAL2K models were the diel scale, and continuous simulation over a long period 

was rare.  

In this study, for the five seasons of growth from May to October between 2006 and 2010, 

the continuous simulation of the CTD scenarios revealed different trends concerning how 

the water quality evolved over time. Compared to the baseline UCTD, the CTD scenarios 
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reduced the biologically available dissolved inorganic-N levels in the river. McIsaac et al. 

(2001) documented that NO3
--N was the major contributor to eutrophication, and from this 

point of view, the simulation results of the CTD scenarios indicated that CTD is beneficial 

to the water quality of the river. Moreover, the general trends shown by the continuous 

simulation suggested that the CTD scenarios could improve the water quality of the river by 

reducing the dissolved inorganic-N and TN levels. Less dissolved inorganic-N would 

discourage the growth of phytoplankton in the water body, and the concentrations of 

phytoplankton in both the CTD200 and CTD600 scenarios were decreased along most river 

sections. 

The QUAL2Kw model requires varieties of water quality and biological inputs to simulate 

a river. However, collecting these field data is a costly and time-consuming task, especially 

for a river running along 175 km. This study did not have the budget to collect the required 

field water quality and climate data required by the QUAL2Kw model, and therefore it relied 

on data from public sources, e.g., PWQMN, CWEEDS, and the National Hydrometric 

Program operated by the Water Survey of Canada. This model simulates a diel heat budget 

and water-quality kinetics, and consequently it demands diel input to simulate diel water 

quality dynamics in a river given certain initial conditions. This resulted in preparing large 

amounts of input data for the model. Moreover, the river was segmented into reaches and 

tributaries, all required related inputs.  

5.4 Climate changes on river water quality with CTD scenarios  

As modeled in Section 5.3, the practice of CTD had ecological effects on the river water 

quality. Also, climate change plays a big role in the future of river water quality (Rehana 

and Mujumdar, 2011; Whitehead et al., 2009), and so it is necessary to further investigate 

the combined effects of CTD and climate change on river water quality under dynamic 

climate change scenarios.  
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Two climate change scenarios, CAN45 and CAN85, were used to predict the combined 

effects of CTD and climate change on the river. As described in Section 5.2.3.2, the 

QUAL2Kw model was fed with the outputs of the climate change scenarios and simulated 

by the SWAT model. The simulation period was the five connective seasons of growth from 

2056 to 2060 in order to compare it to the baseline period from 2006 to 2010.  

5.4.1 Simulations of CTDs under climate changes 

Like the previous simulation for the observed period 2006–2010, the climate change 

scenarios were examined with two CTD scenarios, CTD200 and CTD600. The reductions 

predicted by the two CTD scenarios under the climate change scenarios are shown in Figures 

5.11 and 5.12 and Tables 5.11 and 5.12.  

The impacts of the two CTDs on water quality under the two climate change scenarios were 

highly similar. For CTD200, flow reductions varied from –5.5% to –3.5% and –4.3% to –

2.1% along the river under CAN45 and CAN85, respectively, while for CTD600, they 

ranged from –1.5% to –0.9% and –0.9% to 0.2% under CAN45 and CAN85, respectively. 

Although the combined CTD and climate changes increase DO and decrease EC, the effects 

are negligible, and the changes of the pH are invisible during the simulation period. For 

phytoplankton, the reductions along the river ranged from –3.5% to 1.1% and –2.9% to 0.4% 

by CTD200, –1.6% to 0.0%, and –1.2% to 0.4% by CTD600 under CAN45 and CAN85, 

respectively. 
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Figure 5.11 Continuous simulations of CTD and UCTD under CAN45  
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Figure 5.12 Continuous simulations of CTD and UCTD under CAN85  
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Table 5.11 Reductions by CTD scenarios under CAN45 for the QUAL2Kw model 

CTD200                   

Distance Flow DO pH EC Phytoplankton  DissInor-N Org-N TN  TP 

km % % % % % % % % % 

152.6 -3.5 0.0 0.0 0.0 0.0 -28.2 4.7 1.7 5.4 

108.1 -3.5 0.1 0.0 0.0 -0.9 -2.5 5.7 -0.4 5.6 

103.7 -3.6 0.1 0.1 0.0 -1.1 -3.1 6.2 -1.0 5.8 

63.2 -5.3 0.2 0.0 -0.2 -3.5 -17.4 11.5 -15.0 10.3 

56.9 -5.1 0.1 0.0 -0.2 -1.8 -17.7 17.9 -14.5 11.7 

55.0 -5.3 0.2 0.0 -0.1 -1.3 -17.8 20.3 -14.4 12.3 

33.3 -4.9 0.1 0.0 -0.1 -1.0 -19.4 22.0 -16.3 14.1 

30.3 -4.8 0.1 0.0 0.0 -0.2 -18.6 24.6 -15.4 14.6 

24.2 -4.3 0.3 0.1 0.0 0.2 -19.0 31.2 -14.6 15.2 

18.8 -4.2 0.2 0.1 0.0 0.4 -18.6 33.1 -14.8 15.5 

0.0 -4.2 0.1 0.1 0.0 1.1 -17.0 27.7 -14.7 15.6 

CTD600                   

152.6 -0.9 0.0 0.0 0.0 0.0 -4.0 0.8 0.4 1.1 

108.1 -0.9 0.0 0.0 0.0 -0.2 -0.4 1.3 0.0 1.3 

103.7 -0.9 0.0 0.0 0.0 -0.3 -1.1 1.0 -0.6 1.3 

63.2 -1.5 0.0 0.0 -0.1 -1.6 -9.1 2.0 -8.2 2.8 

56.9 -1.4 0.0 0.0 -0.1 -0.8 -9.3 4.5 -8.0 3.3 

55.0 -1.5 0.0 0.0 0.0 -0.6 -9.2 5.0 -7.9 3.5 

33.3 -1.4 0.0 0.0 0.0 -0.5 -10.0 5.3 -8.8 4.0 

30.3 -1.4 0.0 0.0 0.0 -0.2 -9.5 6.3 -8.3 4.3 

24.2 -1.2 0.1 0.0 0.0 0.0 -9.5 9.1 -7.9 4.5 

18.8 -1.3 0.1 0.0 0.0 0.1 -9.3 9.2 -7.9 4.5 

0.0 -1.1 0.0 0.0 0.0 0.3 -8.6 6.7 -7.8 4.2 

 

Both CTD scenarios significantly reduced dissolved inorganic-N and TN under two climate 

change scenarios. The reduction of dissolved inorganic-N by CTD200 ranged from –28% to 

–2.5% and –18.5% to –4.0% and –10.0% to –0.4% and –8.5% to 4.1% by CTD600 under 

CAN45 and CAN85, respectively. Although the CTD scenarios increased Org-N, the levels 
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of TN were decreased moderately because the reductions of dissolved inorganic-N were 

highly significant. The CTD scenarios raised the level of TP under two climate changes.  

Table 5.12 Reductions by CTD scenarios under CAN85 for the QUAL2Kw model 

CTD200                   

Distance Flow DO pH EC Phytoplankton  DissInor-N Org-N TN  TP 

km % % % % % % % % % 

152.6 -2.1 0.0 0.0 0.0 0.0 -9.9 0.7 -0.6 1.2 

108.1 -2.1 0.0 0.0 0.0 -0.1 -4.0 1.8 -2.6 1.9 

103.7 -2.2 0.0 0.0 0.0 -0.4 -4.4 1.4 -3.3 2.0 

63.2 -4.3 0.1 0.0 -0.3 -2.9 -17.6 2.3 -16.2 6.0 

56.9 -4.0 0.0 0.0 -0.2 -1.3 -18.5 8.3 -16.5 6.9 

55.0 -4.1 0.1 0.0 -0.1 -0.8 -18.3 13.3 -15.9 7.4 

33.3 -4.1 0.0 0.0 -0.1 -0.8 -18.4 14.2 -16.3 8.6 

30.3 -4.1 0.1 0.0 -0.1 -0.3 -17.1 15.3 -15.1 8.7 

24.2 -3.7 0.2 0.0 0.0 0.0 -16.5 17.3 -13.9 9.0 

18.8 -3.7 0.2 0.0 0.0 0.1 -16.1 19.3 -13.8 9.2 

0.0 -3.9 0.1 0.0 0.0 0.4 -15.0 19.4 -13.5 9.5 

CTD600                   

152.6 -0.1 0.0 0.0 0.0 0.0 4.1 -0.5 0.1 -0.3 

108.1 0.2 0.4 0.0 0.0 0.2 0.8 -1.0 0.4 -0.2 

103.7 0.1 0.4 0.0 0.0 0.0 -0.2 -1.3 -0.4 -0.2 

63.2 -0.9 0.3 0.0 -0.2 -1.2 -7.8 -3.8 -7.5 0.9 

56.9 -0.9 0.1 0.0 -0.1 -0.5 -8.3 0.4 -7.6 1.3 

55.0 -0.9 0.3 0.0 -0.1 -0.3 -8.2 1.4 -7.5 1.4 

33.3 -0.9 0.4 0.0 -0.1 -0.3 -8.5 1.0 -7.9 2.0 

30.3 -0.9 0.2 0.0 -0.1 0.0 -8.0 2.2 -7.3 2.1 

24.2 -0.9 0.1 0.0 0.0 0.1 -7.6 2.7 -6.8 2.2 

18.8 -0.8 0.1 0.0 0.0 0.2 -7.4 2.9 -6.7 2.2 

0.0 -0.5 0.0 0.0 0.0 0.3 -6.9 1.1 -6.5 1.9 

5.4.2 Comparisons of climate change scenarios to the baseline  

During the simulation period 2056 - 2060, the predicted reductions in the two CTD 

scenarios under CAN45 and CAN85 are compared to the baseline simulation of the 

observed period 2006 - 2010 (OBS), as shown in Figures 5.13 and 5.14.  
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Figure 5.13 Reductions of CTD200 under OBS, CAN45, and CAN85  
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Figure 5.14 Reductions of CTD600 under OBS, CAN45, and CAN85  
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Generally, the predicted reductions of CTD200 and CTD600 under CAN45 and CAN85 are 

in line with the findings under OBS, and they had similar trends along the river. The 

simulations of both CTD scenarios under the observed period 2006 to 2010 and the two 

future climate change scenarios during the period 2056 to 2060 suggest that CTD can reduce 

biologically available dissolved inorganic-N and TN and discourage phytoplankton growth 

in the river.  

This study evaluated the biological effects of two CTD scenarios on river water quality at 

two different time scales, diel and seasonal, and it developed innovative approaches and 

programs to retrieve and prepare necessary inputs required by the QUAL2Kw model from 

the outputs of the SWAT model, which distinguishes this study from other QUALs models. 

Furthermore, this study applies climate changes to the modeling and investigates the 

behaviour of CTD under dynamic climate changes in the future. Long periods of continuous 

simulation and climate change scenarios also make this study stand out from other QUALs 

modeling. 
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6 CONCLUSIONS AND RECOMMENDATIONS 

In this study, the algorithm for calculating NO3
--N in tile flow was improved in order to 

simulate CTD properly. The improvement in the algorithm was verified with the paired 

experimental micro watersheds. The improvement enhanced the SWAT model and expanded 

the scope of its application to CTD. According to the author’s knowledge, this is the first 

successful attempt to assess the environmental effects of CTD on watershed using the SWAT 

model.  

The modified model was calibrated and validated by comparing the model results with field 

observations at the outlet of the watershed near Plantagenet, an agriculture-dominated sub 

watershed of the Ottawa River basin, in eastern Ontario, Canada. The statistical performance 

indices for flow, sediment, NO3
--N, TN, and TP were 0.90, 0.76, 0.45, 0.64, and 0.56 for 

NSE, –10.40, –12.80, –18.10, 2.80, and 2.60 for PBIAS, and 0.31, 0.49, 0.75, 0.60, and 0.66 

for RSR respectively, for the calibration, 0.81, 0.69, 0.79, 0.64, and 0.55 for NES, –8.30, –

20.00, –20.10, –3.30, and 2.50 for PBIAS, and 0.43, 0.56, 0.46, 0.44, and 0.67 for RSR, 

respectively, for the validation. The calibration and validation of the model are satisfactory, 

and the model can represent the watershed and be used to evaluate the CTD and UCTD 

scenarios. 



Chapter 6: Conclusions and Recommendations 

                                                                                                                                         159 

These results are in line with those of Que (2015), who performed a similar simulation using 

AnnAGNPS. Despite SWAT and AnnAGNPS having very different flow simulation 

algorithms, the results of this study are consistent with those of the AnnAGNPS model and 

field project WEBs. This finding further verifies those of previous studies in this watershed 

and helps with understanding the environmental effects and operating mechanism of CTD 

on flow, sediment, and nutrient loadings at a watershed scale, which aids in better drainage 

management practices in an effort to reduce nutrient loadings in agricultural runoff, 

specifically in agricultural-dominated watersheds. Moreover, the performances of the CTD 

scenarios were examined under a matrix of climate change scenarios, and the results 

indicated that the CTD scenarios would perform effectively and stably under broad climate 

change scenarios based on varieties of GCMs and RCMs with different configurations. Also, 

the climate change scenarios predicted that the nutrient loadings from the watershed will 

increase during the simulation period 2021 to 2050. Thus, the pollution from the agricultural 

field will deteriorate with the current uncontrolled tile drainage. 

To assess the ecological impacts of CTD on a river, this study applied the river water quality 

model, QUAL2Kw, to the South Nation River in eastern Ontario, Canada by addressing the 

preparation of input data, model setup, calibration and verification, and evaluation under 

CTD and UCTD scenarios evolving from the outputs of the SWAT model. The model was 

calibrated and verified at observed locations along the river during the five seasons of growth 

from 2006 to 2010. The calibration and verification of the model are satisfactory, and thus 

the model is capable of assessing the ecological effects of CTD on the water quality of the 

river. 

This study evaluated the biological effects of two CTD scenarios on river water quality at 

two different time scales, diel and seasonal. The diel simulation results indicated that the 

CTD could lower the flow rate, NH4
+-N, NO2

--N, NO3
--N, and phytoplankton levels, 
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increase the TN and TP levels, and have marginal effects on DO, EC, and Min-P. 

Considering that the CTD scenarios could reduce the dissolved N levels in the river, NH4
+-

N, NO2
--N and NO3

--N, the study suggests that CTD was beneficial to the water quality of 

the river since biologically available dissolved N is the major contributor to eutrophication 

and seasonal hypoxia. However, the diel simulation only represented the changes in river 

water quality over the distance on a specific day, and the general trend of the changes of 

river water quality required long-term continuous simulation. So, in this study, CTD was 

continuously simulated for the five seasons of growth from May to October during the period 

2006 to 2010. The continuous simulation suggested that the practice of CTD could 

significantly improve the water quality of the river by reducing dissolved inorganic-N levels 

and thereby impeding phytoplankton growth in the river. Most previous QUAL2Ks 

modeling has been conducted at a diel scale, and continuous simulation over a long period 

such as in this study is rare. Also, the evaluations were scrutinized under climate change 

scenarios. Long periods of continuous simulation and climate change scenarios also make 

this study stand out from other QUALs modeling studies. 

To the author’s knowledge, this study is the first attempt to date to assess the environmental 

effects of CTD on a watershed and river by coupling the modified SWAT model and the 

QUAL2Kw model. The findings in the place indicated that CTD implementation in a 

watershed can benefit not only the watershed by barring N from leaving fields, but also the 

river by reducing biologically available dissolved N and thereby impeding phytoplankton 

growth in the river. The findings have expanded the current scope of knowledge in the area 

of the environmental effects of CTD on watersheds and rivers under current and future 

climate regimes.  

This study successfully achieved its objectives and creatively extended the capabilities of 

the SWAT model and the QUAL2Kw model to simulate CTD bridging the SWAT model 
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and the QUAL2Kw model and laying a foundation for other research. However, there are 

some limitations. The SWAT model does not have a function for calculating P in tile flow, 

and so the model cannot directly assess the effects of CTD on the P cycle in tile flow. This 

might result in underestimating P outputs in the CTD and UCTD scenarios and therefore 

compromise the performance of CTD. The QUAL2Kw model has a running limit of 365 

days, which restricts the application of the model for longer periods. This study managed to 

simulate consecutive seasons of growth for the period 2006-2010 through building one 

model for one season.  

This study suggests that the P cycle in tile flow should be further investigated for the SWAT 

model. The function for calculating P in tile flow may be irrelevant for watersheds without 

tile drainage, but it is indispensable for watersheds with tile drainage. It will compromise the 

performance of the SWAT model, particularly for heavily tile-drained watersheds.  
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APPENDICES 

i. Appendix 1 Tile drainage depth program  

% Read SWAT model mgt files that contain tile drain depth and replace with desired tile 

% drain depth 600 mm. 

% By Que, zhenyang. Septemper, 2015 in Morden, MB 

  

for k = 1:31 

    % Create a text file name, and read the file. 

    if k <=9 

        for j = 1:600 

            if j<=9 

                textFileName = ['0000' num2str(k) '000' num2str(j) '.hru']; 

                if exist(textFileName, 'file') 

                    fid = fopen(textFileName,'r'); 

                     

                    depth_to_change = '            6000    '; 

                    new_depth = '            3000    '; 

                    % Find the tile depth to change 

                    while ~feof(fid) 

                        tline = fgetl(fid); 

                        temp = strsplit(tline,'|'); % Split the tile drain line into 2 cells 

                        if strcmp(temp{1},depth_to_change) 

                            newline = strrep(tline,temp{1},new_depth); 

                            frewind(fid); % Go back to start of the file 

                            fulltext = fread(fid,'*char')'; % Reserve entire file prior to discarding 

                            fclose(fid); 

                            fid = fopen(textFileName,'w'); % Loading with write flag discards the file 

contents 

                            fulltext = strrep(fulltext,tline,newline); % Replace tile depth 

                            fprintf(fid,'%s',fulltext); % Write modified text back to file 

                            fclose(fid); 

                            fprintf('Tile depth in file %s has been changed successfully!\n', 

textFileName);                             

                           break 

                        end 
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                    end 

                    fclose('all'); 

                else 

                    fprintf('File %s does not exist.\n', textFileName); 

                end 

            elseif (10<= j)&&(j <= 99) 

                textFileName = ['0000' num2str(k) '00' num2str(j) '.hru']; 

                if exist(textFileName, 'file') 

                   fid = fopen(textFileName,'r'); 

                    depth_to_change = '            6000    '; 

                    new_depth = '            3000    '; 

                    % Find the tile depth to change 

                    while ~feof(fid) 

                        tline = fgetl(fid); 

                        temp = strsplit(tline,'|'); % Split the tile drain line into 2 cells 

                        if strcmp(temp{1},depth_to_change) 

                            newline = strrep(tline,temp{1},new_depth); 

                            frewind(fid); % Go back to start of the file 

                            fulltext = fread(fid,'*char')'; % Reserve entire file prior to discarding 

                            fclose(fid); 

                            fid = fopen(textFileName,'w'); % Loading with write flag discards the file 

contents 

                            fulltext = strrep(fulltext,tline,newline); % Replace tile depth 

                            fprintf(fid,'%s',fulltext); % Write modified text back to file 

                            fclose(fid); 

                            fprintf('Tile depth in file %s has been changed successfully!\n', 

textFileName);                             

                            break 

                        end 

                    end 

                    fclose('all'); 

                else 

                    fprintf('File %s does not exist.\n', textFileName); 

                end 

            elseif (100 <= j)&&(j <=600) 

                textFileName = ['0000' num2str(k) '0' num2str(j) '.hru']; 

                if exist(textFileName, 'file') 
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                    fid = fopen(textFileName,'r'); 

                    depth_to_change = '            6000    '; 

                    new_depth = '            3000    '; 

                    % Find the tile depth to change 

                    while ~feof(fid) 

                        tline = fgetl(fid); 

                        temp = strsplit(tline,'|'); % Split the tile drain line into 2 cells 

                        if strcmp(temp{1},depth_to_change) 

                            newline = strrep(tline,temp{1},new_depth); 

                            frewind(fid); % Go back to start of the file 

                            fulltext = fread(fid,'*char')'; % Reserve entire file prior to discarding 

                            fclose(fid); 

                            fid = fopen(textFileName,'w'); % Loading with write flag discards the file 

contents 

                            fulltext = strrep(fulltext,tline,newline); % Replace tile depth 

                            fprintf(fid,'%s',fulltext); % Write modified text back to file 

                            fclose(fid); 

                            fprintf('Tile depth in file %s has been changed successfully!\n', 

textFileName);                             

                            break 

                        end 

                    end 

                    fclose('all'); 

                else 

                    fprintf('File %s does not exist.\n', textFileName); 

                end 

            end 

        end 

    else 

        for j = 1:600 

            if j<=9 

                textFileName = ['000' num2str(k) '000' num2str(j) '.hru']; 

                if exist(textFileName, 'file') 

                   fid = fopen(textFileName,'r'); 

                    depth_to_change = '            6000    '; 

                    new_depth = '            3000    '; 

                    % Find the tile depth to change 
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                    while ~feof(fid) 

                        tline = fgetl(fid); 

                        temp = strsplit(tline,'|'); % Split the tile drain line into 2 cells 

                        if strcmp(temp{1},depth_to_change) 

                            newline = strrep(tline,temp{1},new_depth); 

                            frewind(fid); % Go back to start of the file 

                            fulltext = fread(fid,'*char')'; % Reserve entire file prior to discarding 

                            fclose(fid); 

                            fid = fopen(textFileName,'w'); % Loading with write flag discards the file 

contents 

                            fulltext = strrep(fulltext,tline,newline); % Replace tile depth 

                            fprintf(fid,'%s',fulltext); % Write modified text back to file 

                            fclose(fid); 

                            fprintf('Tile depth in file %s has been changed successfully!\n', 

textFileName);                             

                            break 

                        end 

                    end 

                    fclose('all'); 

                else 

                    fprintf('File %s does not exist.\n', textFileName); 

                end 

            elseif (10<= j)&&(j <= 99) 

                textFileName = ['000' num2str(k) '00' num2str(j) '.hru']; 

                if exist(textFileName, 'file') 

                   fid = fopen(textFileName,'r'); 

                    depth_to_change = '            6000    '; 

                    new_depth = '            3000    '; 

                     

                    % Find the tile depth to change 

                    while ~feof(fid) 

                        tline = fgetl(fid); 

                        temp = strsplit(tline,'|'); % Split the tile drain line into 2 cells 

                        if strcmp(temp{1},depth_to_change) 

                            newline = strrep(tline,temp{1},new_depth); 

                            frewind(fid); % Go back to start of the file 

                            fulltext = fread(fid,'*char')'; % Reserve entire file prior to discarding 
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                            fclose(fid); 

                            fid = fopen(textFileName,'w'); % Loading with write flag discards the file 

contents 

                            fulltext = strrep(fulltext,tline,newline); % Replace tile depth 

                            fprintf(fid,'%s',fulltext); % Write modified text back to file 

                            fclose(fid); 

                            fprintf('Tile depth in file %s has been changed successfully!\n', 

textFileName);              

                            break 

                        end 

                    end 

                    fclose('all'); 

                else 

                    fprintf('File %s does not exist.\n', textFileName); 

                end 

            elseif (100 <= j)&&(j <=600) 

                textFileName = ['000' num2str(k) '0' num2str(j) '.hru']; 

                if exist(textFileName, 'file') 

                    fid = fopen(textFileName,'r'); 

                    depth_to_change = '            6000    '; 

                    new_depth = '            3000    '; 

                    % Find the tile depth to change 

                    while ~feof(fid) 

                        tline = fgetl(fid); 

                        temp = strsplit(tline,'|'); % Split the tile drain line into 2 cells 

                        if strcmp(temp{1},depth_to_change) 

                            newline = strrep(tline,temp{1},new_depth); 

                            frewind(fid); % Go back to start of the file 

                            fulltext = fread(fid,'*char')'; % Reserve entire file prior to discarding 

                            fclose(fid); 

                            fid = fopen(textFileName,'w'); % Loading with write flag discards the file 

contents 

                            fulltext = strrep(fulltext,tline,newline); % Replace tile depth 

                            fprintf(fid,'%s',fulltext); % Write modified text back to file 

                            fclose(fid); 

                            fprintf('Tile depth in file %s has been changed successfully!\n', 

textFileName);                  
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                            break 

                        end 

                    end 

                     

                    fclose('all'); 

                else 

                    fprintf('File %s does not exist.\n', textFileName); 

                end 

            end 

        end 

    end 

end 
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Appendix 2 Comparison the original and improved SWAT models   

A2.1 Reductions of the original version of SWAT at depths of 200 and 600 mm 

CTD200 
Flow 
(%) 

Sediment 
(%) 

Org-N 
(%) 

Org-P 
(%) 

NO3
--N 

(%) 
NH4

+-N 
(%) 

NO2
--N 

(%) 
Min-P 

(%) 
TN    
(%) 

TP    
(%) 

1981 -7.2 -6.6 12.3 12.1 18.5 16.4 20.1 20.4 17.9 18.3 

1982 -2.7 -1.5 5.6 6.5 0.6 7.7 9.3 12.8 3.5 11.2 

1983 -9.0 -11.1 7.5 5.9 -19.6 10.8 13.1 13.1 -7.9 10.9 

1984 -7.6 -7.1 9.2 6.8 7.9 13.5 15.4 15.1 10.1 12.7 

1985 -5.3 -8.2 4.6 6.2 -16.9 6.8 8.6 14.0 -7.8 11.5 

1986 -3.5 -2.5 7.8 6.5 8.9 10.0 13.9 17.0 9.3 14.0 

1987 1.9 5.9 3.5 4.5 -3.3 3.9 5.1 9.2 -0.4 7.9 

1988 -0.3 0.6 2.0 4.0 0.0 3.1 5.6 9.9 1.2 8.4 

1989 -1.3 -1.3 6.7 4.0 -5.2 9.0 11.1 12.1 -0.7 9.9 

1990 -3.0 0.6 4.7 6.2 -12.2 6.2 6.8 11.7 -5.5 10.1 

1991 1.3 4.0 1.7 2.6 -2.6 1.9 2.1 4.7 -0.5 4.0 

1992 -0.8 -0.6 0.9 -0.1 0.7 0.9 1.2 1.5 0.8 1.0 

1993 -0.3 1.9 2.0 1.6 -0.7 2.0 1.8 2.6 0.1 2.3 

1994 0.1 0.5 2.5 2.8 -0.6 2.4 1.7 4.2 0.5 3.8 

1995 -0.9 0.4 1.6 1.5 -8.0 1.9 2.3 3.2 -6.6 2.7 

1996 -0.6 -2.9 2.3 2.4 -3.7 2.2 2.1 4.9 -1.9 4.3 

1997 2.8 3.1 3.8 5.2 2.9 3.2 2.7 5.4 3.0 5.4 

1998 1.5 2.0 1.2 2.4 -3.1 0.9 0.4 3.8 -2.1 3.4 

1999 8.7 7.3 5.8 8.0 -4.0 4.3 2.7 7.7 -1.9 7.8 

2000 2.7 5.2 6.1 12.5 1.3 5.2 4.3 13.7 2.2 13.4 

2001 8.6 13.3 4.8 5.9 -4.6 3.8 2.6 6.8 -2.1 6.5 

2002 2.6 4.3 2.8 6.9 -5.1 2.7 2.0 11.2 -4.0 9.8 

2003 3.3 6.7 4.9 10.5 -4.7 4.7 4.0 12.7 -2.9 12.0 

2004 5.0 5.7 4.0 3.1 -6.9 3.7 3.8 5.5 -3.2 4.9 

2005 1.6 3.1 11.1 14.1 -7.2 11.3 12.3 26.6 -4.0 23.5 

Total -0.5 0.4 5.2 6.3 -1.9 6.2 7.0 11.2 0.4 9.8 

CTD600                     

1981 -1.5 -0.7 1.7 2.4 20.9 1.7 2.2 4.3 16.1 3.8 

1982 -1.2 -0.9 1.2 1.5 6.5 1.5 2.0 4.0 4.5 3.3 

1983 -2.2 0.1 0.8 0.2 13.3 1.1 2.0 2.6 8.6 1.9 

1984 -2.8 -7.0 2.7 2.1 7.5 3.4 4.0 4.4 5.5 3.7 

1985 -2.3 -4.0 2.0 2.3 34.7 2.7 3.4 5.3 22.2 4.4 

1986 -0.6 -0.6 1.0 1.3 6.7 1.2 1.8 4.2 5.4 3.3 

1987 -0.1 0.1 1.7 1.6 18.9 2.1 2.5 3.2 12.2 2.7 

1988 -0.2 -1.7 0.7 1.3 23.6 0.9 1.8 3.5 15.6 3.0 

1989 -0.3 -1.4 1.4 1.2 39.2 1.9 2.2 2.7 27.4 2.3 

1990 -0.5 -0.2 1.2 1.3 24.8 1.3 1.5 3.3 16.1 2.7 

1991 -0.9 -0.7 1.5 1.0 21.7 1.8 1.9 2.1 12.3 1.8 

1992 0.0 -0.1 0.5 0.6 4.2 0.4 0.3 1.0 2.6 0.9 

1993 -0.1 -1.6 0.9 0.3 3.0 0.9 0.9 0.5 2.4 0.5 

1994 0.0 -0.1 0.7 0.7 0.2 0.8 0.5 1.2 0.4 1.1 

1995 -0.1 1.8 0.0 0.1 1.4 0.0 0.0 0.6 1.2 0.5 

1996 -0.2 -1.6 0.5 0.3 3.5 0.5 0.5 1.1 2.6 0.9 

1997 0.0 -0.2 0.6 1.4 14.2 0.6 0.6 1.5 8.6 1.5 

1998 0.5 0.8 0.3 0.7 3.0 0.1 0.0 1.1 2.2 1.0 

1999 3.3 0.0 2.0 2.2 5.0 1.5 1.1 1.9 4.1 2.0 

2000 1.0 2.6 1.5 4.3 4.0 1.1 0.6 4.0 3.3 4.1 

2001 2.6 4.4 1.7 2.8 10.3 1.4 0.9 2.6 7.6 2.6 

2002 1.1 -0.2 1.1 2.3 3.4 1.0 1.1 3.6 3.0 3.2 

2003 1.4 2.9 1.6 3.4 3.7 1.7 1.5 4.6 3.3 4.2 

2004 1.6 1.3 2.1 1.6 8.0 1.9 1.7 2.5 5.9 2.2 

2005 1.3 3.6 2.3 3.8 3.2 2.2 2.5 6.7 3.0 6.0 

Total 0.0 -0.1 1.3 1.8 9.7 1.4 1.6 3.1 7.4 2.7 
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ii. A2.2 Reductions by the improved version of swat at depths of 200 and 600 mm 

CTD200 Flow 
(%) 

Sediment 
(%) 

Org-N 
(%) 

Org-P 
(%) 

NO3
--N 

(%) 
NH4

+-N 
(%) 

NO2
--N 

(%) 
Min-P 

(%) 
TN    
(%) 

TP    
(%) 

1981 -7.2 -6.6 12.3 12.1 -31.8 16.3 20.1 20.4 -19.7 18.3 

1982 -2.7 -1.5 5.6 6.5 -0.7 7.6 9.3 12.8 2.8 11.2 

1983 -9.0 -11.1 7.5 5.9 -25.4 10.8 13.1 13.0 -11.6 10.9 

1984 -7.6 -7.1 9.2 6.8 0.0 13.5 15.4 15.1 5.9 12.6 

1985 -5.3 -8.2 4.6 6.2 -20.1 6.8 8.6 14.0 -9.7 11.5 

1986 -3.5 -2.5 7.8 6.5 -25.5 10.0 13.9 17.0 -17.1 14.0 

1987 1.8 5.9 3.5 4.5 -8.5 3.9 5.1 9.1 -3.5 7.8 

1988 -0.3 0.6 2.0 4.0 -14.1 3.1 5.6 9.9 -7.9 8.4 

1989 -1.3 -1.3 6.6 4.0 -12.4 9.0 11.0 12.0 -5.7 9.8 

1990 -3.0 0.6 4.7 6.2 -20.2 6.2 6.8 11.7 -10.6 10.0 

1991 1.3 4.0 1.7 2.6 -4.5 1.9 2.1 4.7 -1.5 4.0 

1992 -0.8 -0.6 0.9 -0.1 -1.5 0.9 1.2 1.5 -0.5 1.0 

1993 -0.3 1.9 2.0 1.6 -5.7 2.0 1.8 2.6 -3.5 2.3 

1994 0.1 0.5 2.5 2.8 -2.2 2.4 1.7 4.2 -0.6 3.8 

1995 -0.9 0.4 1.6 1.5 -10.3 1.8 2.2 3.1 -8.6 2.6 

1996 -0.6 -2.9 2.3 2.4 -8.0 2.2 2.1 4.8 -4.8 4.2 

1997 2.8 3.1 3.8 5.2 0.9 3.2 2.7 5.4 1.9 5.3 

1998 1.4 2.0 1.2 2.4 -5.5 0.9 0.4 3.7 -3.8 3.4 

1999 8.7 7.3 5.8 8.1 -8.9 4.3 2.7 7.7 -5.6 7.8 

2000 2.7 5.2 6.1 12.4 -10.9 5.2 4.3 13.6 -7.4 13.3 

2001 8.6 13.3 4.8 5.9 -8.6 3.8 2.6 6.8 -4.9 6.5 

2002 2.6 4.3 2.8 7.0 -12.6 2.7 2.0 11.2 -10.3 9.8 

2003 3.3 6.7 4.9 10.5 -10.2 4.7 3.9 12.7 -7.4 12.0 

2004 5.0 5.7 4.0 3.1 -8.6 3.7 3.8 5.5 -4.3 4.8 

2005 1.6 3.1 11.1 14.2 -12.7 11.3 12.3 26.6 -8.6 23.5 

Total -0.5 0.4 5.2 6.3 -13.0 6.2 7.0 11.1 -7.6 9.8 

CTD600                     

1981 -1.5 -0.7 1.7 2.4 -14.0 1.7 2.2 4.2 -10.0 3.8 

1982 -1.2 -0.9 1.2 1.5 -2.3 1.5 2.0 3.9 -0.7 3.3 

1983 -2.2 0.1 0.8 0.2 -7.6 1.1 2.0 2.6 -4.1 1.9 

1984 -2.8 -7.0 2.7 2.1 0.5 3.4 4.0 4.4 1.8 3.7 

1985 -2.3 -4.0 2.0 2.3 -11.0 2.7 3.4 5.3 -5.7 4.4 

1986 -0.6 -0.6 1.0 1.3 -15.1 1.2 1.8 4.1 -11.3 3.3 

1987 -0.1 0.1 1.7 1.6 -4.2 2.1 2.5 3.2 -1.7 2.7 

1988 -0.2 -1.8 0.7 1.3 -9.3 0.9 1.8 3.5 -5.6 2.9 

1989 -0.3 -1.4 1.4 1.2 -7.1 1.8 2.1 2.6 -4.3 2.2 

1990 -0.5 -0.2 1.2 1.3 -7.3 1.3 1.5 3.2 -4.1 2.7 

1991 -0.9 -0.7 1.5 1.0 -2.8 1.8 1.9 2.1 -0.7 1.7 

1992 0.0 -0.1 0.5 0.6 -1.2 0.4 0.3 1.0 -0.5 0.9 

1993 -0.2 -1.6 0.9 0.3 -2.1 0.9 0.9 0.5 -1.2 0.4 

1994 0.0 -0.1 0.7 0.7 -1.3 0.8 0.5 1.2 -0.6 1.1 

1995 -0.1 1.8 0.0 0.1 -3.3 0.0 0.0 0.5 -2.8 0.4 

1996 -0.2 -1.6 0.5 0.3 -2.4 0.5 0.5 1.0 -1.5 0.8 

1997 0.0 -0.2 0.6 1.4 -0.8 0.6 0.6 1.5 -0.2 1.4 

1998 0.5 0.8 0.3 0.7 -3.2 0.1 0.0 1.1 -2.3 1.0 

1999 3.3 0.1 2.0 2.2 -4.2 1.4 1.1 1.9 -2.7 2.0 

2000 1.0 2.6 1.5 4.2 -4.5 1.1 0.6 4.0 -3.3 4.0 

2001 2.6 4.4 1.7 2.8 -4.6 1.4 0.9 2.5 -2.9 2.6 

2002 1.1 -0.2 1.1 2.4 -5.2 1.0 1.1 3.6 -4.2 3.2 

2003 1.4 2.9 1.6 3.4 -4.2 1.7 1.5 4.5 -3.0 4.2 

2004 1.6 1.3 2.1 1.6 -5.5 1.9 1.7 2.4 -2.9 2.2 

2005 1.3 3.6 2.3 3.8 -6.1 2.2 2.5 6.7 -4.7 6.0 

Total 0.0 -0.1 1.3 1.7 -6.0 1.4 1.6 3.1 -3.9 2.7 
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Appendix 3 Parameters of the SWAT model for the SNRW   

No. Parameter 
Starting 

value 
Final value Unit Name 

1 r__CN2.mgt -0.1~0.1 -0.043048   SCS runoff curve number 

2 v__TDRAIN.mgt 0~48 35.106438 hour Time to drain soil to field 
capacity 

3 v__GDRAIN.mgt 0~30 20.008259 hour Drain tile lag time 

4 v__ALPHA_BF.gw 0~1 0.691866 1/days Base flow factor 

5 v__GW_DELAY.gw 0~500 229.675888 day The delay time 

6 v__GWQMN.gw 0~5000 2816.03125 mm H2O 
Treshold depth of water in 
the shallow aquifer required 
for return flow to occur 

7 v__RCHRG_DP.gw 0~1 0.605321   Deep aquifer percolation 
fraction 

8 v__REVAPMN.gw 0~500 107.826782 mm H2O 
Threshold depth of water in 
the shallow aquifer for 
"revap" to occur (mm) 

9 v__GW_REVAP.gw 0.02~0.2 0.093265   
Groundwater "revap" 
coefficient 

10 r__SOL_AWC().sol -0.1~0.1 -0.076302   Available water capacity of 
the soil layer 

11 r__SOL_K().sol -0.1~0.2 0.19277   
Saturated hydraulic 
conductivity 

12 r__SOL_BD().sol -0.1~0.2 0.18851   Moist bulk density 

13 v__ESCO.hru 0~1 0.57879    Soil evaporation 
compensation factor 

14 v__EPCO.hru 0~1 0.336837   Plant uptake compensation 
factor 

15 r__OV_N.hru -0.3~0.3 -0.25095   Manning's "n" value for 
overland flow 

16 v__SURLAG.bsn 0.5-10 6.790113   Surface runoff lag time 

17 v__SNOCOVMX.bsn 0~500 288.504272 mm H2O 
Minimum snow water 
content that corresponds to 
100% snow cover 

18 v__SNO50COV.bsn 0~1 0.268921   
Snow water equivalent that 
corresponds to 50% snow 
cover 

19 v__TIMP.bsn 0~1 0.414115   Snow pack temperature lag 
factor 

20 v__SFTMP.bsn -5~5 -2.392653 °C Snowfall temperature 

21 v__SMTMP.bsn -5~5 4.558773 °C Snow melt base temperature 

22 v__SMFMX.bsn 0~10 7.781702 
mm H2O/°C-

day 

 Minimum melt rate for snow 
during the year (occurs on 
winter solstice) 

23 v__SMFMN.bsn 0~10 9.977348 
mm H2O/°C-

day 
Melt factor for snow on 
December 21 

24 v__CH_N2.rte -0.01~0.3 0.099838   Manning's "n" value for the 
main channel 

25 v__CH_K2.rte 0~100 41.019154   
Effective hydraulic 
conductivity in main channel 
alluvium 

26 v__PRF_BSN.bsn 0~2 0.855813   
Peak rate adjustment factor 
for sediment routing in the 
main channel. 
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No. Parameter 
Starting 

value 
Final value Unit Name 

27 v__SPEXP.bsn 1~1.5 1.487642   

Exponent parameter for 
calculating sediment 
reentrained in channel 
sediment routing 

28 v__SPCON.bsn 0.0001~0.01 0.004318   

Linear parameter for 
calculating the maximum 
amount of sediment that can 
be reentrained during 
channel sediment routing 

29 v__ADJ_PKR.bsn 0.5~2 0.741114   
Peak rate adjustment factor 
for sediment routing in the 
subbasin 

30 r__CH_ERODMO().rte 0~1 0.220732   Channel erodibility factor 

31 v__CH_COV1.rte 0~0.6 0.409625   Channel erodibility factor 

32 v__CH_COV2.rte 0~1 0.341298   Channel cover factor 

33 v__CH_BNK_BD.rte 1.1~1.9 1.688361 g/cc Bulk density of channel bank 
sediment 

34 v__CH_BED_BD.rte 1.1~1.9 1.357708 g/cc Bulk density of channel bed 
sediment  

35 v__CH_BNK_KD.rte 0.001~3.75 1.735133 cm3/N-s Erodibility of channel bank 
sediment by jet test  

36 v__CH_BED_KD.rte 0.001~3.75 0.681571 cm3/N-s Erodibility of channel bed 
sediment by jet test 

37 v__CH_BNK_D50.rte 1~10000 5268.851074 μm 
D50 Median particle size 
diameter of channel bank 
sediment 

38 v__CH_BED_D50.rte 1~10000 4540.993164 μm 
D50 Median particle size 
diameter of channel bed 
sediment 

39 v__CH_BNK_TC.rte 0~400 181.069687 N/m2 Critical shear stress of 
channel bank 

40 v__CH_BED_TC.rte 0~400 384.046539 N/m2 Critical shear stress of 
channel bed 

41 r__USLE_C{5}.plant.dat -0.2~0.2 0.095463   
Min value of USLE C factor 
applicable to the land 
cover/plant 

42 r__USLE_C{6}.plant.dat -0.2~0.2 -0.177423   
Min value of USLE C factor 
applicable to the land 
cover/plant 

43 r__USLE_C{9}.plant.dat -0.2~0.2 0.013185   
Min value of USLE C factor 
applicable to the land 
cover/plant 

44 r__USLE_C{19}.plant.dat -0.2~0.2 0.177856   
Min value of USLE C factor 
applicable to the land 
cover/plant 

45 r__USLE_C{27}.plant.dat -0.2~0.2 0.025298   
Min value of USLE C factor 
applicable to the land 
cover/plant 

46 r__USLE_C{56}.plant.dat -0.2~0.2 0.061992   
Min value of USLE C factor 
applicable to the land 
cover/plant 

47 r__USLE_P.mgt -0.2~0.1 -0.116386    USLE equation support 
practice factor 

48 r__USLE_K().sol -0.4~0.4 -0.387948   USLE equation soil erodibility 
(K) factor. 

49 v__LAT_SED.hru 0~5000 41.079483 mg/L 
Sediment concentration in 
lateral flow and 
groundwater flow 

50 v__SLSOIL.hru 0~150 123.835594 m Slope length for lateral 
subsurface flow 
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No. Parameter 
Starting 

value 
Final value Unit Name 

51 v__SOL_SOLP().chm 0~100 2.333235 mg/kg Initial P concentration in the 
soil layer 

52 v__PPERCO_SUB().chm 10~17.5 16.828157   Phosphorus percolation 
coefficient 

53 v__SOL_ORGP().chm 0~100 0.795955 mg/kg 
Initial organic P 
concentration in surface soil 
laye 

54 v__CH_OPCO.rte 0~100 8.002236 ppm Organic phosphorus 
concentration in the channel 

55 v__CH_OPCO_BSN.bsn 0~100 0.324459   Organic phosphorus 
concentration in the channel 

56 v__P_UPDIS.bsn 0~100 20.883842   Phosphorus uptake 
distribution parameter 

57 v__PPERCO.bsn 10~17.5 16.828157   Phosphorus percolation 
coefficient 

58 v__PHOSKD.bsn 100~200 118.36953 m3/Mg Phosphorus soil partitioning 
coefficient 

59 v__PSP.bsn 0.01~0.7 0.171872   
Phosphorus sorption 
coefficient 

60 v__GWSOLP.gw 0~1000 0.86165 mg/L 

Concentration of soluble 
phosphorus in groundwater 
contribution to streamflow 
from subbasin 

61 v__LAT_ORGP.gw 0~200 0.602048 mg/L Organic P in baseflow 

62 v__ERORGP.hru 0~5 4.681594   Organic P enrichment ratio 

63 v__BC4_BSN.bsn 0.01~0.7 0.089554 1/day 
Rate constant for decay of 
organic phosphorus to 
dissolved phosphorus 

64 v__SOL_NO3().chm 0~100 14.921002 mg/kg Initial NO3 concentration in 
the soil layer 

65 v__SOL_ORGN().chm 0~100 59.391693 mg/kg 
Initial organic N 
concentration in the soil 
layer 

66 v__CH_ONCO.rte   6.013103     

67 v__BC1_BSN.bsn 0.1~1 0.703924 1/day Rate constant for biological 
oxidation of NH3  

68 v__BC2_BSN.bsn 0.2~2 0.275338 1/day Rate constant for biological 
oxidation NO2 to NO3 

69 v__BC3_BSN.bsn 0.02~0.4 0.106304 1/day 
Rate constant for hydrolosis 
of organic nitrogen to 
ammonia 

70 v__CH_ONCO_BSN.bsn 0~100 0.781747 ppm Channel organic nitrogen 
concentration in basin  

71 v__CMN.bsn 0.001~0.003 0.000899   
Rate factor for humus 
mineralization of active 
organic nitrogen 

72 v__SDNCO.bsn 0~1 0.917777   Denitrification threshold 
water content 

73 v__RSDCO.bsn 0.02~0.1 0.064758   Residue decomposition 
coefficient 

74 v__LAT_ORGN.gw 0~200 2.611476   Organic N in the baseflow 

75 v__HLIFE_NGW.gw 0~200 60.574234 day Half-life of nitrate in the 
shallow aquifer 

76 v__ERORGN.hru 0~5 4.690934   Organic N enrichment ratio 

77 v__CDN.bsn 0~3 0.967263   Denitrification exponential 
rate coefficient 

78 v__DECR_MIN.bsn 0~0.05 0.034065   
Minimum daily residue 
decay 
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No. Parameter 
Starting 

value 
Final value Unit Name 

79 v__N_UPDIS.bsn 0~100 54.750198   Nitrogen uptake 
distribution parameter 

80 v__NPERCO.bsn 0~1 0.223891   
Nitrogen percolation 
coefficient 

81 v__RCN.bsn 0~15 10.49003   Concentration of nitrogen 
in rainfall 

82 v__SHALLST_N.gw 0~1000 454.696289 mg/L 

Concentration of nitrate in 
groundwater contribution 
to streamflow from 
subbasin 

83 v__ANION_EXCL_BSN.bsn 0.01~1 8.435902   Fraction of porosity from 
which anions are excluded 

84 v__RSDIN.hru 0~10000 3002.272461 kg/ha Initial residue cover 

85 r__SOL_CBN().sol -0.4~0.4 -0.348576   Organic carbon content 

86 v__FIXCO.bsn 0~1 0.954823   
Nitrogen fixation 
coefficient 

87 v__RSDCO_PL{5}.plant.dat 0.01~0.099 0.020979   Plant residue 
decomposition coefficient 

88 v__RSDCO_PL{6}.plant.dat 0.01~0.099 0.037235   Plant residue 
decomposition coefficient 

89 v__RSDCO_PL{9}.plant.dat 0.01~0.099 0.060175   Plant residue 
decomposition coefficient 

90 v__RSDCO_PL{19}.plant.dat 0.01~0.099 0.058049   Plant residue 
decomposition coefficient 

91 v__RSDCO_PL{27}.plant.dat 0.01~0.099 0.068602   Plant residue 
decomposition coefficient 

92 v__RSDCO_PL{56}.plant.dat 0.01~0.099 0.053507   Plant residue 
decomposition coefficient 

 

Note:  

v__ means the existing parameter value is to be replaced by the given value and  

r__ means the existing parameter value is multiplied by (1+ a given value). 
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