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ABSTRACT 

The presence of accumulated nutrients in surface waters is a great concern for water quality. In 

Saskatchewan, for many streams, data on water quality is limited both spatially and temporally. An 

eco-hydrological model is a relatively low-cost method to help assess water quality where there are 

limited measurements. The study area is located in the Canadian prairie region where potholes are the 

dominant landscape feature and farming is an extensive activity. Potholes are closed-surface 

depressions that have a significant role in the prairie hydrologic cycle, flood mitigation, and water 

quality.  

The current modelling study was conducted in three southern Saskatchewan watersheds: Pipestone 

Creek above Moosomin Lake, Swift Current Creek below Rock Creek, and Lightning Creek near 

Carnduff. The hydrological model SWAT (the Soil and Water Assessment Tool) with the Probability 

Distributed Landscape Depressions module (SWAT-PDLD) (with seasonally variable soil erodibility) 

used in simulating flow and water quality results were compared to SWAT with its in-built pond routine  

(SWAT-lumped). Model results were then used to determine pond spilling and non-spilling period to 

examine whether any relationships between observed nutrient loading and streamflow differed during 

spilling and non-spilling periods.  

Both the SWAT-PDLD and SWAT-lumped models showed “good” performance for calibration 

period and “satisfactory” performance for validation period respectively for streamflow simulation 

based on statistical metrics for Pipestone Creek and Lightning Creek watershed. However, the SWAT-

PDLD performed “good” for sediment export, total phosphorus export and total nitrogen export 

simulation whereas the SWAT-lumped model performed “satisfactory” for the same cases.  Simulation 

results were improved using SWAT-PDLD over SWAT-lumped model. Spilling and non-spilling 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/prairie
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events were identified and categorized based on pond outflow contribution to streamflow. Both models 

could not satisfactorily simulate the streamflow for the Swift Current Creek watershed. 

It has been noticed that the observed total nitrogen load was significantly higher during model-

predicted spilling periods than non-spilling periods in the Lightning Creek watershed. However, 

observed sediment export and total phosphorus export did not appear any different between spilling 

and non-spilling events. In the Pipestone Creek watershed, the relationship between loadings and 

streamflow did not appear to be different during spilling and non-spillling periods for sediment export, 

nitrogen, and phosphorus. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Water quality in streams in the Canadian prairie region has been a matter of concern for several 

decades (Wheater and Gober 2013). More intensive agricultural practice over the past decades 

(1971-2006) (Statistics Canada 2011) has resulted in adverse impacts on water, quality which has 

threatened aquatic ecosystems (Wheater and Gober 2013). However, water quality data in 

Saskatchewan tend to be sparse in both time and location. An absence of water quality data makes 

it challenging for policy makers to make decisions with respect to watershed management. To help 

“fill in the blanks”, it is therefore important to be able to simulate streamflow water quality. 

Computational modelling of water quality requires both simulation of streamflow and the 

processes related to water quality constituents. 

The hydrology of the Canadian prairie region is complex due to the cold climate and the 

numerous landscape depressions or “potholes.” The prairie pothole region (Figure 1) covers three 

Canadian provinces (Saskatchewan, Manitoba, and Alberta) and five states in the United States 

(Minnesota, Iowa, North and South Dakota, and Montana), where potholes are the dominant 

landscape feature and farming is an extensive activity (Upadhyay et al. 2018). Potholes are closed-

surface depressions that have a significant role in the prairie hydrologic cycle, flood mitigation, 

and water quality (Upadhyay et al. 2018). The dynamic connectivity among depressions and their 

variable storage capacity strongly influence  the hydrology of this region (Shaw et al. 2011). The 

depressions fill and then spill and overland flow makes connections among them, which induces 

higher surface runoff that moves down to the main streams along with accumulated sediment and 

nutrients (Muhammad et al. 2019). A large amount of surface runoff does not flow until the 

storages are filled and the depressions “spill” to contribute to streamflow. There are also non-

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/prairie
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contributing areas where the surface runoff does not contribute to the major river system of the 

basin due to the wetland storage as well as poor and internal drainage (Fang et al. 2007).  

With respect to the cold climate of this region, the freeze-thaw cycle is an important 

characteristic that affects surface runoff during snowmelt, infiltration, and nutrient transport 

(Bechmann and Sharpley 2005). The fill-and-spill mechanism of the depressions is a unique 

characteristic of the prairie region during freeze-thaw cycles (Fang et al. 2007). During freeze-

thaw cycles increased soil erodibility occurs.  As a result, mobilization and transport of sediment 

is expected to be higher during the snowmelt period (McConkey et al. 1996). 

 

Figure 1.1: Prairie Pothole Region of North America (adapted from Howerter 2014). 

Water quality issues in Saskatchewan are primarily related to algal growth in lakes, reservoirs 

and potholes and in some cases immediate downstream effects from sewage outflows into 

watercourses (Pomeroy et al. 2005). Landscape depressions are a trap for sediment and nutrients 

(Du et al. 2005; Almendinger et al. 2014). The landscape depressions are capable of storing water 
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for long periods, in which water quality deteriorates due to eutrophication (Neely and Baker 1989). 

Eutrophication is the process of enrichment of minerals and nutrients in the water body which 

triggers aquatic plant and algal growth and results in depletion of oxygen (Chislock et al. 2013). 

It may occur naturally i.e. with solar radiation, abundance of carbon dioxide and soil nutrients, or 

through anthropogenic activities i.e. with increased usage of fertilizer in agricultural fields (de 

Jonge and Elliott 2001; Smith and Schindler 2009; Chislock et al. 2013).  

Sedimentation in water bodies in prairie watersheds was noticed in the early 1900s after 

introducing agricultural activities on a large scale (Acton and Gregorich 1995, Boer et al. 2005, 

Koroluk and de Boer 2007). Sediment is a concern because of the potential impacts on fish 

(Kjelland et al. 2015), as sediments can cover egg deposition sites, smother juveniles, interfere 

with gills, and alter benthic communities that serve as food  (USEPA 1983). Sediment also carries 

other pollutants to the waterbody (Koroluk and de Boer 2007). For example, phosphorus can be 

transported into streams in a form bound to sediments (Novotny 2003).  

This study will use the hydrological model SWAT (Soil and Water Assessment Tool), 

modified with a probability distributed algorithm to account for dynamic storage in landscape 

depressions and for seasonality in soil erodibility (called SWAT-PDLD), to assess water quality 

in three small watersheds in southern Saskatchewan that are dominated by numerous landscape 

depressions. Specifically, the research is focused on determining the sediment and nutrient loading 

in streamflow. SWAT-PDLD was developed by Mekonnen et al. (2016a-c) but was only tested in 

two large Saskatchewan watersheds. 

1.2 Objectives 

The objectives of the work are as follows: 
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1. To assess how the SWAT-PDLD model with seasonally variable soil erodibility performs in 

simulating flow and water quality for three additional southern Saskatchewan watersheds different 

than those tested by Mekonnen et al. (2016a-c); and 

2. To use SWAT-PDLD to identify when depressions were contributing to streamflow and when they 

were not, and then to examine whether the observed relationship between nutrient concentrations 

and load in the river and discharge are different between the two cases.  

1.3 Scope of the Study 

The scope of this study includes computational modelling and analysis of existing water quality 

data. The study will estimate the streamflow, sediment loads, nitrogen, and phosphorus export 

using Mekonnen et al.’s (2016a-c) modified version of SWAT (SWAT-PDLD) for three 

watersheds in southern Saskatchewan, as well as SWAT with its Pond module. The scope does not 

include measurements of water quality in the field or the collection of water samples for analysis.  

1.4 Organization of the Thesis document  

This thesis document contains six chapters including this introductory chapter. Chapter 2 

provides a literature review of the hydrology of the cold climate prairie region, previous SWAT 

modeling work for the prairie region, and how depressions are handled in hydrological modelling 

of the prairie region. Chapter 3 reviews the mechanics of the SWAT model. Next, Chapter 4 

explains the detailed methodology of the research work and describes the data collection, model 

setup, calibration and validation, and sensitivity analysis. Chapter 5 mainly presents the simulation 

results, model performance, and discussion of the results, as well as an analysis of the water quality 

data in the watershed during spill and non-spill periods. Finally, Chapter 6 presents the conclusions 

of the research work and recommendations for future work. 
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CHAPTER 2:  LITERATURE REVIEW 

 

2.1 Overview of Prairie Hydrology and Water Quality 

The numerous surface-water depressions of the prairie pothole region have been discussed as 

being geographically isolated (Tiner 2003); however, this idea is controversial (Mushet et al. 2015, 

Hay et al. 2017). Over space and time, the connectivity among these water bodies can vary 

(Leibowitz and Vining 2003, Winter and LaBaugh 2003). It is believed that the surface water 

depressions of the prairie pothole region play an important role in the hydrologic cycle (Eisenlohr 

and Sloan 1968, Cohen et al. 2016). In the case of flood control, surface water depressions can 

collect and store precipitation and surface runoff resulting in reduced or delayed flow input to the 

stream channel with reduced peak streamflow (DeLaney 1995, Ludden et al. 1983, Hay et al. 

2017).According to Pomeroy et al. (2007), the key features that represent the cold climate of the 

prairie region are moderate precipitation, seasonal frozen soil and snow coverage that stores a 

considerable amount of water, a poor drainage system due to glacial geomorphic structures, and 

irregular and large runoff events. Furthermore, available soil moisture is a key factor influencing 

surface runoff to the stream. Fang and Pomeroy (2007) found that low antecedent soil moisture 

decreased snowmelt runoff, whereas the volume of runoff resulting from snowmelt increased when 

the preceding fall soil moisture content was high. 

The water budget of the prairie pothole region is a matter of concern during summer because 

summer precipitation is exceeded by evapotranspiration; therefore, the most crucial input to the 

prairie landscape depression water budget is considered to be upland snowmelt (Hayashi et al. 

1998, LaBaugh et al. 1998, Fang and Pomeroy 2008, Mekonnen 2016). The next most important 

inputs are direct precipitation on the depression and surface runoff during intense rainfall events. 
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On the other hand, evapotranspiration and lateral flow of shallow groundwater are the main means 

of water leaving the depressions (Woo and Rowsell 1992, van der Kamp and Hayashi 2009). 

However, due to the low hydraulic conductivity of the deeper soil layers, the influence of deep 

groundwater interaction on the water balance of the depressions is limited (van der Kamp and 

Hayashi 2009).  

It is reported that agricultural management practices are responsible for high concentrations of 

N and P in prairie runoff because they maintain a high degree of soil nutrients in agricultural land 

(Buda et al. 2009; Hansen et al. 2002; Liu et al. 2013; Moog and Whiting 2002). Management 

practices, such as tillage and crop choice, and antecedent soil moisture conditions impact the 

transport of P and N in a watershed (Jamieson and Enright 2003; Christopher et al. 2007). It has 

also been identified that nutrient loss is affected by hydrologic and weather factors (runoff over 

frozen soils, temperature, total rainfall, rainfall intensity, etc.), which are also linked to the water 

chemistry in runoff (Townsend-Small et al. 2011, Tisseuil et al. 2008, Shrestha et al. 2011, Liu et 

al. 2013, Lintern et al. 2018). Nutrient loadings (manure and fertilizers) reach streams through 

surface runoff, but Hargrave and Shaykewich (1997) indicate that nutrient loading is also 

correlated with sediment loss. Liu et al. (2013) noted that the important factors controlling the 

nutrient concentration or loads are the volume of runoff, the snow water equivalent, flow rate, and 

runoff duration. 

Major water quality concerns in reservoirs in the prairie region include eutrophication. A high 

intensity of algal blooms, eutrophication, and growth of non-native species are consequences of 

excess nutrient enrichment in water bodies (Burford et al. 2007, Xu et al. 2010, Connelly et al. 

2007, Morales-Marín et al. 2017). Reservoirs reduce incoming upland flow velocities and this 
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results in the deposition of a large amount of nutrients within a reservoir (Morales-Marín et al. 

2017).  

Several past studies demonstrated that pothole wetlands in prairie catchments trap nutrients 

from surface runoff (Neely and Baker 1989, Crumpton and Goldsborough 1998). Moreover, 

potholes are connected to the downstream water body by draining surface runoff; thus, they are 

potential sources of excess nutrient and sediment pollution of water quality to the receiving streams 

(Leibowitz and Vining 2003; Winter and LaBaugh 2003). Researchers also found that prairie 

wetlands in Canada are contaminated due to increased use of pesticides (Donald et al. 2000, Waite 

et al. 2002). The possible origins of pesticide and herbicides loadings to prairie wetlands are 

atmospheric sources such as wet and dry deposition (Jantunen et al. 2008), surface runoff events, 

or contaminated groundwater inflow  (Waite et al. 1992, Donald et al. 2000). It is estimated that 

the maximum acceptable concentration level of pesticides was exceeded in nearly 24% of the 

wetlands in the province of Saskatchewan according to Canadian guidelines for the protection of 

aquatic life (Messing et al. 2011). 

2.2 Review of Modelling Work 

2.2.1 Streamflow 

The North American prairie pothole region, which consists of many depression-dominated 

areas, is complex to model hydrologically. Modelling in the region is reliant on a clear 

understanding of the dynamic “filling-spilling-merging-splitting processes” of the depressions 

(Nasab et al. 2017). The sizes, storages, and interactions of potholes vary over time, and they are 

spatially distributed over a watershed. However, most hydrologic models and their default 

approaches fail to account for these dynamic processes.  
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According to various literature, there is no doubt that wetland hydrologic function is a key for 

modelling wetland-dominated watersheds (Bengtson and Padmanabhan 1999; Hayashi et al. 

2004). However, the selection of the modelling approach to incorporate wetlands into a hydrologic 

model is a controversial topic. A fully-distributed approach based on GIS was developed to 

represent wetlands in prairie regions to characterize wetlands and their effects on flow and water 

quality at a finer scale (Liu et al. 2018). Simulation of hydrologic processes with detailed spatial 

distribution and providing output in user-defined spatial and temporal scales is possible. However, 

fully-distributed approaches are normally useful for a site-specific wetland assessment with a high 

degree of computational requirements. Pomeroy et al. (2007) and Fang and Pomeroy (2008) 

introduced the Cold Regions Hydrological Model (CRHM) to simulate the water balance for 

individual closed wetlands with no provision of calibration. CRHM was also designed considering 

snow management and to represent the potential impact of enhanced runoff on wetlands during 

dry periods (Fang and Pomeroy 2008). However, CRHM is still developing its water quality 

module for prairie watersheds. 

The MESH (Modélisation Environmentale Communautaire - Surface and Hydrology) model 

has been used to predict streamflow in the prairie region of Saskatchewan (Pietroniro et al. 2006). 

However, it is also not fully capable of water quality assessment, as it does not simulate all the 

commonly required water quality parameters (Mekonnen 2016). Further, water management 

practices for irrigation and agricultural management are not included in MESH (Nazemi and 

Wheater 2015).  

Besides these North American models, there are some advanced hydrological models 

developed in Europe, e.g. MIKE SHE by DHI (Danish Hydrological Institute). However, MIKE 

SHE is a fully distributed commercial model and therefore it is not suitable for simulating a large-
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area watershed. Moreover, a well-developed agricultural management practices module is 

unavailable.  

SWAT is a semi-distributed model developed by Arnold et al. (1993), which is one of the most 

widely used models to predict the impact of different land management practices on water and 

nutrient export over long periods of time. However, very few studies have considered the influence 

of wetlands in simulating streamflow using SWAT. 

Shrestha et al. (2012a) used the pond feature in SWAT to attempt to consider all depressions 

that contribute surface runoff to a watershed, however that approach does not simulate the dynamic 

characteristics of landscape depressions of the prairie pothole region (Nasab et al. 2017). The 

SWAT pond feature considers wetlands in a lumped approach. This means the numerous wetlands 

in a sub-watershed are summed and considered as a single virtual pond for each sub watershed. 

Depending on the sub watershed size and wetland geometry, the lumped approach can simulate 

watershed streamflow with moderate success. However, the lumped approach is not close to the 

actual scenario for the prairie region where the heterogeneity of surface storage capacity is very 

challenging to represent in a hydrologic model (Hossain 2017). Therefore, to more representatively 

incorporate landscape depressions some modification of the SWAT model is necessary. 

A variety of approaches have been used to represent landscape depressions within SWAT for 

modelling in the prairie pothole region. The Hydrologic Equivalent Wetland (HEW) concept, 

coupled with the SWAT model, has been used in several studies (Wang et al. 2008, Perez-Valdivia 

et al. 2017 and Yang et al. 2010). HEW was originally developed by Wang et al. (2008) by 

introducing a variable drainage area that contributes to the wetlands for a watershed in 

northwestern Minnesota. Moreover, a non-linear functional relationship between runoff and 
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wetland characteristics such as surface area and volume that was first introduced by Quinton et al. 

(2003) was also observed by Wang et al. (2008). 

The HEW approach was incorporated into the wetland module available in the SWAT model. 

According to Wang et al. (2008), the HEW has hydrologic characteristics that are identical to the 

actual distributed wetlands. The geometric properties required by the HEW are the surface area 

(SA) at normal and maximum water level, volume of the HEW at normal water level (Vnor), volume 

of the HEW during maximum water level (Vmx) and the fraction of the sub-basin area that drains 

into HEW. The unique aspect of this study was the values of all the parameters that describe the 

HEW were selected by model calibration. In total, the HEW was defined by six calibrated 

parameters: the fraction of sub-basin area that drains into wetlands, the volume of water stored in 

the wetland during normal water level (WET_NVOL), the volume of water stored in the wetland 

during maximum water level, the longest tributary channel length in a sub-basin, the Manning’s n 

value for the tributary channel and the Manning’s n value for the main channel.  

A linear relationship was used between the volume and depth of the wetland in the HEW 

approach, as the surface area does not change significantly with water elevation (Wang et al. 2008). 

The normal and maximum storage of the distributed wetlands are calculated based on the geometry 

and mean normal and maximum water level of the HEW. The spilling of water from the HEW is 

controlled by Vnor to a threshold value of Vmx. So, it is necessary to adjust these two parameters to 

correctly represent the water budget of the distributed wetlands and to simulate the water fill and 

spill effect on streamflow. Moreover, to validate the assumed linear relationship between 

WET_NVOL and SA, the calibrated values of WET_NVOL were plotted against corresponding 

SA.  
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A significant outcome of the work using the HEW approach is that SWAT utilizing a wetlands 

module provides better streamflow simulations than SWAT without using a wetlands assumption 

(Wang et al. 2008). A satisfactory performance was found using the SWAT model with the HEW 

approach in the Otter Tail River watershed (Minnesota) for streamflow (daily, monthly and 

annual). In that study (Wang et al. 2008), better prediction of streamflow was noticed for upstream 

gauging stations than for downstream stations.  

A recent study based on the HEW approach was conducted by Perez-Valdivia et al. (2017) for 

the Pipestone Creek watershed, Saskatchewan. The study found that the contribution of wetlands 

to runoff and streamflow on the Canadian prairies during a selected period is not obvious. 

Similarly, Stichling and Blackwell (1957) stated that the contributing drainage area to runoff varies 

with time. 

Perez-Valdivia et al. (2017) considered a non-contributing drainage area (NCDA), which is 

characterized by numerous landscape depressions with no or low connectivity to the stream 

network. The NCDA was determined from the gross drainage area and effective drainage area of 

the watershed. In a normal runoff year, the wetlands in the NCDA are not expected to fill and spill, 

which results in no streamflow contribution from the depressions to the main channel. Further, 

they indicated there is a threshold water level in the wetlands and, after reaching that threshold 

water level, the wetlands start connecting with other wetlands and spilling downstream to the main 

channel. This effect of prairie wetlands is more significantly noticeable during large magnitude 

low-frequency runoff events (Vining 2002, Perez-Valdivia et al. 2017). The model was calibrated 

for relatively wet periods during which most of the years had larger peaks and volumes of 

streamflow compared to those during normal periods. The selected calibration period may be a 
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reason that the model had difficulty predicting streamflow for daily time steps during dry years. 

No water quality analysis was performed in the study. 

Yang et al. (2010) used the HEW approach coupled with SWAT to assess the effect of wetland 

restoration in the Broughton’s Creek watershed in western Manitoba to develop a better 

understanding of watershed function. The focus of the research was to check the influence of 

wetlands on water quantity through flood attenuation and on water quality through retention of 

sediment and nutrients. Sediment and nutrient (phosphorus and nitrogen) loading to the wetlands 

and streams was estimated based on wetland and stream drainage area as well as nutrient export 

coefficients. An observation from the study is that almost half of the nutrients routed to the stream 

were absorbed by the in-stream processes and the remaining half portion of nutrients were exported 

to the outlet of the watershed. Moreover, a significant amount of stream flow and nutrient reduction 

was noticed due to wetland restoration.  

In the cases discussed above a consideration of prairie landscape depressions was attempted 

using the existing pond or wetland module in the SWAT model. A different approach was 

introduced by Evenson et al. (2016) that uses a “Pothole”  representation that works at the HRU 

level instead of at the sub-watershed. Moreover, a new contributing area for simulating the 

watershed was introduced, which includes active fill and spill pathways of all the HRUs to the 

stream network. Significant improvement of seasonal streamflow was noticed; however, a huge 

computational capacity is required to handle thousands of HRUs created in this approach.  

Nasab et al. (2017) introduced a Puddle Delineation (PD) algorithm coupled with SWAT 

(PD-SWAT). The PD algorithm also works at the HRU level and is used to quantify topographic 

characteristics and the hierarchical relationships of depressions. The approach is initiated by 

determining puddle centres, threshold elevations and the grid cells comprising each depression. 
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The initial steps identify the lower elevation puddles on the land surface and forms the first level 

of puddles. After combining several elevations of puddles, the higher elevation puddles are 

formed, and a hierarchical relationship is established. The relationships developed result in a 

drainage network that represents the hydrologic connectivity among puddles. The typical SWAT 

lumped approach generally overestimates the outflow discharge even when considering the 

depressions. However, the PD-SWAT approach significantly reduces the surface runoff 

considering the threshold control of depressions at the HRU level (Nasab et al. 2017). Nasab et al. 

(2017) stated that the depressions act as a “gatekeeper” for controlling the timing of surface runoff 

movement. 

Probability distributed models have also been used to represent fill and spill of prairie wetland 

depressions (Mekonnen et al. 2016a). Recently, Mekonnen et al. (2016a-c) applied a probability 

distributed approach coupled with the SWAT model called SWAT-PDLD. SWAT-PDLD was 

used to model two large Canadian prairie watersheds and produced satisfactory results for both 

streamflow and water quality assessment. The focus of that study was to represent dynamic storage 

capacity of depressions and their impact on fill and spill phenomena. The landscape depressions 

receive precipitation and upland runoff from HRUs as input and evapotranspiration and seepage 

remove water stored in the depressions. The net amount of water from this input and output either 

fills or empties the depressions. The storage capacity (𝑐) of a depression is a ratio of storage volume 

and surface area. A frequency distribution (exponential distribution) is applied in the PDLD model 

for representing storage capacity (volume per surface area) of depressions within the watershed.  

Hossain (2017) describes a probability distribution (PDM) approach coupled with the MESH 

(Modelisation Environmentale Communautaire -Surface and Hydrology) model for hydrologic 

modelling in the Canadian prairie region. A hybrid modelling approach using MESH, PDM and 
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system dynamics (for lake operation), were used to simulate the natural hydrological processes on 

the prairies. An improved parameterization method was also developed. 

A brief summary of modelling studies using SWAT and its modifications are listed in Table 2.1 

2.2.2 Sediment and Water Quality 

The prairie pothole region of North America is an area of approximately 715,000 km2  (Euliss 

et al. 2002), a large portion of which is used for agricultural cropland (Messing et al. 2011). Due to 

the advancement of modern technology, the use of manure and fertilizer for crops and pasture has 

increased on agricultural fields (Morales-Marín et al. 2017). The forms and sources of nitrogen (N) 

and phosphorus (P) that contribute to nutrient loading vary with agricultural practices, living and 

dead biomass, etc. Nitrite (NO2
 - ), nitrate (NO3

 - ), ammonia (NH3), and ammonium (NH4
 + ) are the 

inorganic sources of N that can accumulate in prairie potholes (Neely and Baker 1989). 

Orthophosphate (PO4
3-), used on agricultural land as fertilizer (inorganic form), and organic P, 

formed normally by biological processes acting on manure and plant matter, are the primary sources 

of P that accumulate in prairie potholes (Mitsch and Gosselink 1993). 

Limited modelling approaches have been reported to simulate sediment and water quality in the 

prairie region. Most of the existing hydrological models are unable to representatively quantify 

sediment mobilization and nutrient export due to the complex hydrology and dynamic 

characteristics of landscape depressions of prairie watersheds (Mekonnen et al. 2016b). 

To estimate upland soil erosion, the soil erodibility factor (K) is an important parameter for 

sediment export modelling and typically, an average annual value of soil erodibility factor is used 

(Wischmeier and Smith 1978). However, soil erodibility has been found to be much greater during 

the snowmelt period in the spring than during the summer (Wall et al. 1988a); therefore seasonal 
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Table 2.1: Summary of modelling studies using SWAT and its modifications 

No. Study Author(s) Study Area Goal  Modification 

01 Development and 

Application of SWAT to 

Landscapes with Tiles 

and Potholes 

Du et al. 

2005 

Story and 

Boone 

Counties in 

central Iowa, 

USA 

An enhanced SWAT model 

(SWAT_M) was compared to an 

older version of SWAT (2000) 

on a watershed in central Iowa. 

SWAT_M 

02 Using Hydrologic 

Equivalent Wetland 

Concept Within SWAT to 

Estimate Streamflow in 

Watersheds with 

Numerous Wetlands 

Wang et al. 

2008 

Northwestern 

Minnesota, 

USA 

Introduced HEW coupled with 

the SWAT model and simulated 

the streamflow in the upper 

portion of the Otter Tail River 

watershed in northwestern 

Minnesota 

HEW 

03 Water quantity and 

quality benefits from 

wetland conservation and 

restoration in the 

Broughton’s Creek 

Watershed 

Yang et al. 

2008 

Southwestern 

Manitoba, 

Canada 

Effect of different wetland 

restoration scenarios on stream 

flow and sediment loading 

through HEW concept 

HEW 

04 Simulated environmental 

effects of wetland 

restoration scenarios in a 

typical Canadian prairie 

watershed 

Yang et al. 

2010 

Western 

Manitoba, 

Canada 

Effect of different wetland 

restoration scenarios on stream 

flow and sediment using HEW 

concept 

HEW 

05 Scenarios to Investigate 

the Effect of Wetland 

Position in a Watershed 

on Nutrient Loadings 

Melles et al. 

2010 

South central 

Manitoba, 

Canada 

Examine the relative effects of 

restoring drained wetland with 

different scenarios 

N/A 

06 Hydrological modeling of 

Alberta using SWAT 

Model: a preliminary 

report 

Karim C. 

Abbaspour 

2012 

Alberta, 

Canada 

Quantification of Alberta’s 

water resources including all 

components of the water balance 

at the sub-basin spatial and 

monthly temporal scale 

N/A 

07 Modelling of climate-

induced hydrologic 

changes in the Lake 

Winnipeg watershed 

Shrestha et 

al. 2012a 

 Upper 

Assiniboine 

River 

catchment, 

Manitoba, 

Canada 

Investigation of the climate-

induced hydrologic changes in 

two snowmelt-driven 

catchments using the SWAT 

model 

N/A 

08 Modeling Climate Change 

Impacts on Hydrology 

and Nutrient Loading in 

the Upper Assiniboine 

River Catchment 

Shrestha et 

al. 2012b 

 Upper 

Assiniboine 

River 

catchment, 

Manitoba, 

Canada 

Study on climate-induced 

changes in hydrologic and 

nutrient fluxes in the Upper 

Assiniboine River catchment, 

located in the Lake Winnipeg 

watershed 

N/A 

09 Use of the Soil and Water 

Assessment Tool to Scale 

Sediment Delivery from 

Field to Watershed in an 

Agricultural Landscape 

with Topographic 

Depressions 

Almendinger 

et al. 2014 

Eastern 

Minnesota, 

USA 

Investigating landscape 

depression influence on 

watershed hydrology and 

sediment yield 

SWAT 

(Modification to 

account for 

surface water-

groundwater 

interactions of 

ponds, wetland 

and reservoirs). 

https://primo-pmtna02.hosted.exlibrisgroup.com/primo-explore/fulldisplay?docid=USaskIII.b42557483&context=L&vid=USASK&lang=en_US&search_scope=UofS&adaptor=Local%20Search%20Engine&tab=default_tab&query=any,contains,Hydrological%20modeling%20of%20Alberta%20using%20SWAT%20model&mode=Basic
https://primo-pmtna02.hosted.exlibrisgroup.com/primo-explore/fulldisplay?docid=USaskIII.b42557483&context=L&vid=USASK&lang=en_US&search_scope=UofS&adaptor=Local%20Search%20Engine&tab=default_tab&query=any,contains,Hydrological%20modeling%20of%20Alberta%20using%20SWAT%20model&mode=Basic
https://primo-pmtna02.hosted.exlibrisgroup.com/primo-explore/fulldisplay?docid=USaskIII.b42557483&context=L&vid=USASK&lang=en_US&search_scope=UofS&adaptor=Local%20Search%20Engine&tab=default_tab&query=any,contains,Hydrological%20modeling%20of%20Alberta%20using%20SWAT%20model&mode=Basic
https://primo-pmtna02.hosted.exlibrisgroup.com/primo-explore/fulldisplay?docid=USaskIII.b42557483&context=L&vid=USASK&lang=en_US&search_scope=UofS&adaptor=Local%20Search%20Engine&tab=default_tab&query=any,contains,Hydrological%20modeling%20of%20Alberta%20using%20SWAT%20model&mode=Basic
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No. Study Author(s) Study Area Goal  Modification 

10 An improved 

representation of 

geographically isolated 

wetlands in a watershed-

scale hydrologic model 

Evenson et 

al. 2016 

North Dakota, 

USA 

An improved representation of 

GIW hydrologic processes 

particularly with respect to inter-

GIW fill and spill hydrology 

Modification of 

representing GIW 

and better 

simulation of fill 

and spill  

11 Incorporated landscape 

depression heterogeneity 

into the Soil and Water 

Assessment Tool (SWAT) 

using a probability 

distribution 

Mekonnen et 

al. 2016a 

Moose Jaw 

River basin & 

Assiniboine 

River basin, 

Canada 

Probability distributed model of 

depression storage is introduced 

into the SWAT model to better 

handle landscape storage 

heterogeneity 

SWAT-PDLD 

12 Sediment Export 

Modeling in Cold Climate 

Prairie Watersheds 

Mekonnen et 

al. 2016b 

Kamsack & 

Moose Jaw 

River 

Watershed, 

Canada 

Application of SWAT PDLD 

with seasonal varying soil 

erodibility factor was tested to 

simulate daily sediment export 

in a cold climate prairie 

watershed 

SWAT-PDLD 

13 Modeling of nutrient 

export and Effects of 

management practices in 

a cold- Climate prairie 

watershed: Assiniboine 

river Watershed, Canada 

Mekonnen et 

al. 2016c 

Assiniboine 

river 

Watershed, 

Canada 

Application of SWAT-PDLD 

model with seasonally 

varying soil erodibility to 

simulate the daily nutrient 

export in a cold climate prairie 

watershed. 

SWAT-PDLD 

14 Hydrological modeling of 

the Pipestone Creek 

watershed using the 

Soil Water Assessment 

Tool (SWAT): Assessing 

impacts of wetland 

drainage on hydrology 

Perez-

Valdivia et 

al. 2017 

Pipestone 

Creek 

Watershed, 

SK, Canada 

Impact of wetland drainage on 

hydrology of prairie watershed 

using HEW approach  

HEW 

15 SWAT Modeling for 

Depression-Dominated 

Areas: 

How Do Depressions 

Manipulate Hydrologic 

Modeling? 

Tahmasebi 

Nasab et al. 

2017 

North Dakota, 

USA 

SWAT coupled with Puddle 

Delineation (PD) algorithm. 

PD-SWAT 

16 Depressional wetlands 

affect watershed 

hydrological, 

biogeochemical, and 

ecological functions 

Evenson et 

al. 2018 

North Dakota, 

USA 

Effect of potentially vulnerable 

depressional wetlands influence 

on watershed functions 

Modification of 

representing GIW 

and better 

simulation of fill 

and spill  

17 SWAT Modeling of Non-

Point Source Pollution in 

Depression-Dominated 

Basins under Varying 

Hydroclimatic Conditions 

Nasab et al. 

2018 

Red River of 

the North 

Basin (RRB), 

USA 

To improve hydrologic and non-

point source water quality 

modelling and calibration for 

depression-dominated basins 

under wet and dry hydroclimatic 

conditions 

N/A 

 

 

18 Assessing the Importance 

of Potholes in the 

Canadian Prairie Region 

under Future Climate 

Change Scenarios 

Muhammad 

et al. 2018a 

Upper 

Assiniboine 

River Basin at 

Kamsack, 

Canada.  

Application of SWAT to project 

streamflow under the potential 

impacts of climate change 

Geographically 

isolated wetlands 

(GIWs) module 

was added to the 

model to simulate 

GIWs (i.e., 

potholes) 

Table 2.1 continued
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No. Study Author(s) Study Area Goal  Modification 

19 Multi-Model Approaches 

for Improving Seasonal 

Ensemble Streamflow 

Prediction Scheme with 

Various Statistical Post-

Processing Techniques in 

the Canadian Prairie 

Region 

Muhammad 

et al. 2018b 

Upper 

Assiniboine 

River basin 

(UARB) at 

Kamsack, 

Saskatchewan, 

Canada 

To improve decision-making 

capacity by developing a 

framework to evaluate the 

forecast skill of an ensemble of 

hydrologic models. 

The 

WATFLOOD 

model + SWAT 

20 Impact of model structure 

on the accuracy of 

hydrological modeling of 

a Canadian Prairie 

watershed 

Muhammad 

et al. 2019 

Upper 

Assiniboine 

River Basin at 

Kamsack, 

Canada.  

Application of SWAT with three 

structural variants is utilized to 

assess the degree of accuracy 

associated with increasing 

model complexity 

SWAT (Lumped, 

semi and fully 

discretized) 

 

variation of the soil erodibility factor is required for water quality modelling (Dickinson et al. 

1986). The freeze-thaw cycle plays a significant role in soil erosion (Wall et al. 1988a). It causes 

increased sediment mobilization (Dickinson et al. 1975, McConkey et al. 1996) during surface 

runoff in the spring due to snowmelt and limited infiltration into frozen or partially frozen soil 

(Granger et al. 1984).  

Researchers suggest for cold climate regions a varying soil erodibility factor should be used 

for different seasons to better represent the seasonal sediment loading pattern (McConkey et al. 

1996). Mekonnen et al. (2016b) introduced SWAT-PDLD with the seasonal variation of soil 

erodibility due to the freeze-thaw cycle for prairie watersheds. The SWAT-PDLD model was 

successfully calibrated and validated for sediment export for two depression dominated watersheds 

in the Moose Jaw and Assiniboine River basins in Saskatchewan, Canada.  

The Modified Universal Soil Loss Equation (MUSLE) which is used to estimate soil erosion 

in the SWAT-PDLD model. The modification to represent seasonal variation was to use different 

soil erodibility factors (K) for the spring and summer season than for other periods of the year. 

Moreover, this approach also performed well for nutrient export modelling of the prairie 

Table 2.1 continued
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watersheds because nutrient (e.g. phosphorus) transport is highly connected to sediment movement 

(Mekonnen et al. 2016c).  

SWAT and the HEW approach was used to examine if wetland restoration and conservation 

in prairie watershed can significantly reduce the sediment loading and nutrient export (Yang et al. 

2010). However, a combined approach considering both wetland and variable stream drainage area 

effects with empirical nutrient export coefficients was necessary for predicting the nutrient export 

at the outlet of the watershed.  

Application of an improved understanding of SWAT Impoundment tools (IT) and 

parameterization for sediment simulation has been presented by Jalowska and Yuan (2019). 

SWAT Impoundment tools are the default SWAT Pond or Wetland modules that can be used to 

provide a lumped representation of landscape depressions in a watershed. An important factor in 

wetland sediment export is the balance between settling of sediment and flow through removal of 

sediment which depends on the sediment concentration in the waterbody. SWAT utilizes an 

equilibrium sediment concentration concept to estimate how much sediment is trapped in the 

wetland. The equilibrium sediment concentration has to be specified through a calibration process 

of model parameters representing landscape, wetland, channel, and reservoir characteristics. Also, 

the fraction of the sub-basin area that drains into the wetland is a crucial factor for simulation of 

wetland sediment export. The study concluded that simulation of sediment export from wetlands 

is more sensitive to the type of impoundment rather than streamflow. 

Almendinger et al. (2014) also emphasized the importance of parameterization for simulating 

sediment yield and phosphorus trapping in depression dominated watersheds. The existing SWAT 

pond and wetland tools were tested for different watersheds. They noted the pond module has more 

outflow control than the wetland module. Excessive sediment export was simulated by SWAT 
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when no ponds were considered. After activating the Pond or Wetland module, SWAT predicted 

less sediment export than without a wetland representation and better results were achieved when 

a calibrated parameter (USLE P) was used. They concluded it is a challenge to achieve a 

parameterization in standard SWAT that effectively represents ponds and wetlands in prairie 

watersheds, hence the depressional storage for the watershed must be represented (Almendinger 

et al. 2014). 

Another study using the SWAT lumped modelling approach to assess water quality was 

published by Melles et al. (2010) for the Lake Winnipeg watershed in the prairie region. The effect 

of non-point source pollution from farms on nutrient loading to Lake Winnipeg was examined, 

and the influence of wetland restoration and positioning within the watershed was also 

investigated. The study results indicated that wetland restoration reduced the annual total nitrogen 

and total phosphorus loading significantly. Moreover, wetland position within sub-watersheds can 

more effectively predict nutrient loading than a single wetland position modeled at the outlet, and 

parameterization was a crucial factor in predicting better seasonal nutrient export. The study also 

found that seasonal variation of nutrient export was correlated with streamflow. 

Shrestha et al. (2012b) conducted a study using the SWAT model in the upper Assiniboine 

River catchment that focused on the effect of climate change on the hydrology and nutrient loading 

in the prairie watershed. The study considered non-point sources as an input for nutrient modelling 

and tracked the transformations of several forms of nitrogen and phosphorus in HRUs of the 

watershed. The calibration and validation result for daily total nitrogen and total phosphorus 

loading were unsatisfactory according to NSE criteria; however, calibration and validation for 

monthly loading results was satisfactory. The authors indicated calibration of parameters for 

nutrient loading instead of concentration, missing observed data during low flow periods and 
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uncertainty in application rates of fertilizer contributed to poor calibration and validation results 

for daily loading. 

Nutrient transport modelling studies in prairie watersheds have been reported using models 

other than SWAT. Two examples are presented here. Costa et al. (2017) introduced a hybrid 

modelling approach called Winter Nutrient field Transport (WINTRA), which is based on the 

CRHM model and several process-based algorithms that represent the snowpack and soil NO3
-
 

interactions. The goal of this study was to simulate only field scale NO3
- 

  during the snowmelt 

period in the prairie region (Stepper catchment, a sub-basin of Lake Winnipeg watershed). The 

study considered several phases for nitrate movement and export during the snowmelt period and 

implemented them through the WINTRA model. Initially, when snowmelt starts, accumulation of 

ions (NO3
-) occurred and their concentration gradually increases in the runoff, which moves to the 

edge of the field. Later, a transition of the NO3
-
 occurred to snowpack input to the soil. Finally, 

when complete snowmelt occurred, NO3
-
 then moved to the stream from the thawing soil. The 

model requires hourly input climate data so that it can better capture the flow and nutrient 

movement; however, it is very challenging to obtain hourly data for this region. The nutrient model 

showed variable results (a Nash-Sutcliffe efficiency (described later in equation 4.1) of -7.03 to 

0.97) depending on location and simulation period. Total nitrogen and total phosphorus loading 

were not assessed in the study.    

Morales-Marín et al. (2017) published an assessment of annual nutrient loading (Total 

Phosphorus and Nitrogen) in a prairie basin (Lake Diefenbaker) using the SPAtially Referenced 

Regression On Watershed (SPARROW) model. The SPARROW model is based on nonlinear 

physically-based functions and applies both statistical and empirical approaches. The model 

requires a combination of water quality observations and high-resolution landscape information, 



 

21 

 

which makes the model time-intensive for setup. The assessment estimated that 27% of the Lake 

Diefenbaker catchment area consisted of non-contributing drainage areas (prairie potholes) which 

were disconnected from the main channel network (contributing drainage areas). Morales-Marín 

et al. (2017) considered both anthropogenic and natural sources as nutrient input to the model and 

reported satisfactory performance.  

2.3 Summary 

Various modelling options are available to simulate streamflow in watersheds in the prairie 

region. However, their performance can greatly differ depending upon the hydrology and 

topography of the location. The semi-distributed modelling approach is a widespread method that 

divides the watershed in many sub-watersheds. SWAT is a semi-distributed physically-based 

hydrological model that has been widely used in various types of watersheds (Gassman et al. 

2007). Currently, SWAT is used extensively to simulate streamflow and water quality in small to 

major size agricultural watersheds. SWAT is also used to assess changes in streamflow and water 

quality due to the environmental impacts of various land uses, soil types and topography for 

extended time periods with varying time scales. The advantages of using the SWAT model are its 

wide variety of applications (Gassman et al. 2007) specially for incorporating ponds, usefulness 

for agricultural dominated areas, and open access to its source code (Neitsch et al. 2011).   

The existence of numerous landscape depressions in the prairie region significantly affects the 

surface runoff and the infiltration processes (Hayashi et al. 2003; Hayashi et al. 2004). Typically, 

the SWAT pond module considers the depressions by aggregating all of them and applying a 

lumped approach per sub-basin to simulate fill and spill processes (Almendinger et al. 2014). 

Although this approach improves streamflow simulation the heterogeneity of the storage capacity 

of the depressions is not considered (Wang et al. 2008; Yang et al. 2010). Consequently, the 
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applicability of the standard SWAT model is challenged like other models to simulate streamflow 

and water quality in prairie watersheds in the depression dominated region. Attempts to consider 

multiple individual depressions in a hydrologic model is complex, data intensive and has a high 

level of computational demand. Alternatively, a probability distributed approach to consider the 

heterogeneity and number of depressions in a prairie watershed appears to be quite feasible 

(Mekonnen et al. 2016a).  

In the study described in this thesis a modified version of the SWAT model (SWAT-PDLD) 

has been used where a probability distribution is incorporated into the SWAT Pond Module as in 

Mekonnen (2016a). This modification allows the model to consider the variable storage capacities 

of wetlands within sub-basins (Mekonnen et al. 2016a). The study further investigates the 

applicability of SWAT-PDLD modelling of streamflow, sediment export and nutrient export in 

three small prairie watersheds i.e. Pipestone Creek above Moosomin Lake, Swift Current Creek 

below Rock Creek and Lightning Creek near Carnduff. 
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CHAPTER 3:  STREAMFLOW AND WATER QUALITY MODELLING IN SWAT 

3.1 Introduction 

This chapter discusses the process representations used in the SWAT model to simulate 

streamflow and water quality. This discussion is based primarily on the Soil and Water Assessment 

Tool Theoretical Documentation (Neitsch et al. 2011), with other references provided as needed. 

3.2 Watershed Representation 

The Soil and Water Assessment Tool (SWAT) simulates hydrological processes in a 

watershed. SWAT partitions an overall physical watershed into several spatially explicit sub-

watersheds (or sub-basins) that are spatially and hydraulically connected to the watershed main 

channel. The watershed and sub-watershed delineation (boundary and streamflow network) are 

created based on topographic analysis of a Digital Elevation Model (DEM).  

Sub-basins are further divided into hydrologic response units (HRUs). An HRU is a unique 

combination of land use, soil texture, and land slope. Unlike a sub-watershed, an HRU is not 

identified spatially; rather it represents a percentage of a sub-watershed area (Gassman et al. 2007). 

A schematic depiction of how a watershed is represented in SWAT is given in Figure 3.1.  

The advantages of utilizing HRUs in representing portions of watershed sub-basins include 

increased accuracy in export predictions from a sub-basin and better representation of the diversity 

of land use, slope and vegetation cover in a sub-basin (Grath 2016, Arnold et al. 2012). 

3.3 Water Balance Components 

Precipitation is the primary input of water into the SWAT hydrologic simulation within a 

watershed. Precipitation can be intercepted by vegetative and land surfaces and returned to the 

atmosphere via evaporation and sublimation. The remaining portions are distributed as 
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Figure 3.1: Schematic concepts of watershed delineation in the SWAT model (adapted from 

Grath 2016). 

infiltration down through the soil profile and by lateral flow and surface runoff to the watershed 

stream network. Figure 3.2 shows a schematic representation of the hydrologic cycle modelled by 

SWAT. 

The soil profile can be subdivided into multiple layers within SWAT and infiltration occurs 

through the soil surface to soil layers. The first soil layer receives infiltration from the soil surface 

and releases water as evapotranspiration, percolation to the next soil layer, and lateral flow. This 

process continues for each defined soil layer down to the shallow aquifer. Upward movement of 

water (revap) can occur from the shallow aquifer to the soil layers. The shallow aquifer can also 

lose water through baseflow (return flow) to the stream network and by groundwater infiltration 

to a deep aquifer. The potential water storage components in each HRU are the snowpack, soil 

profile (0-2 meters), shallow aquifer (typically 2-20 meters), and deep aquifer (more than 20 

meters) (Molina-Navarro et al. 2016).  
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Figure 3.2: Schematic representation of the hydrologic cycle (adapted from Neitsch et al., 2011). 

The water storage components of each HRU and the associated water movement pathways are 

represented in Figure 3.3. Water balance calculations in SWAT are typically conducted on a daily 

time step. In Figure 3.3 on day i, P is the precipitation (mm); Pint is precipitation intercepted and 

stored in the vegetation canopy, Ecan is the amount of evaporation from water stored on the 

vegetation canopy (mm); Pthr is the amount of precipitation in the form of rain that is not 

intercepted on vegetation surfaces (mm); Sthr is the amount of precipitation in the form of snow 

that is not intercepted on vegetation surfaces (mm water equivalent); Spack is the snow stored on 



 

26 

 

 

Figure 3.3: Components of the water balance representation for an HRU. 

the soil surface (mm water equivalent); Smelt is snowmelt water from the snowpack (mm); Es is the 

sublimation from the snowpack (if present) (mm); Tk is the plant transpiration (mm) from soil layer 

1 to n; Ek is the amount of soil evaporation (mm) from soil layer 1 to n; Qsurf is the amount of 

surface runoff (mm); I is the amount of infiltration (mm) into the soil layer 1; Wpk is the amount of 

water (mm) percolating from the an upper soil layer to the next soil layer or to the shallow aquifer 

for layers 1 to n; Sk is the water stored in soil layer 1 to n (mm); Qlk is the lateral flow from soil 

layers 1 to n (mm); Rvap is the upward movement of water from the shallow aquifer to soil layer k 

(mm); Ssa is the water stored in the shallow aquifer (mm); Qgws is the baseflow from the shallow 
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aquifer (mm); and Qgwd is groundwater recharge to the deep aquifer (mm) that is lost from the 

watershed. 

All SWAT model computations are performed at the HRU level (Arnold et al. 2012). Runoff, 

lateral flow and return flow (the water returning from the shallow aquifer to streamflow) are 

estimated for each HRU within a sub-basin and added together to calculate the daily contribution 

of a sub-basin to the stream network (Bioteau et al. 2002, Mendes et al. 2006). In standard versions 

of SWAT there are no interactions between HRUs in a sub-basin.  

The water balance calculations are done for the “Land Phase” of the model and then the runoff, 

lateral flow and return flow is routed through the stream network (the “Routing Phase” of the 

model). The routing phase deals with the movement of water, sediments, and other water quality 

constituents through the channel network to the watershed outlet.  

3.4 Components of the HRU Water Balance 

3.4.1 Precipitation 

Precipitation includes both rainfall and snowfall (expressed as water equivalent). The SWAT 

model decides whether to represent the precipitation as rainfall or snow based on the mean daily 

temperature. If the daily mean air temperature is less than 0 °C, it is often assumed that 

precipitation falls as snow. Further, snow is generally assumed to melt on days when the maximum 

temperature exceeds 0 °C. However, in reality, both snowfall and snow melt temperature is not 

exactly 0 °C and can be varied within the model. In a cold climate region, snow is a major 

contributor to the total annual precipitation and strongly influences the surface and subsurface 

hydrological cycles (Faria et al. 2000).  
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SWAT only considers data from a single precipitation gauge station that is nearest to 

the centroid of each sub-basin (Tuo et al. 2016). Later, SWAT reads a data file with daily 

precipitation readings as well as the maximum and minimum daily temperatures for each sub-basin 

which are distributed to corresponding HRUs within the sub-basin. The model partitions the 

precipitation (rainfall/snowfall) between that intercepted and held in the vegetation canopy (and 

eventually lost to evaporation) and the amount that falls to the soil surface. 

3.5 Vegetation Canopy Storage and Evaporation 

3.5.1 Canopy Interception and Storage 

Precipitation first contacts the plant canopy, which traps a significant portion of rainfall as well 

as snowfall, and releases the remaining precipitation to the soil surface. The density of plant cover 

influences the interception process and also reduces the erosive energy of droplets. Therefore, 

canopy interception is a primary function that affects infiltration, surface runoff, and 

evapotranspiration. 

3.5.2 Evaporation of Canopy Intercepted Rainfall 

SWAT simulates evaporation of precipitation that has been intercepted and stored in the plant 

canopy. The amount of water it removes from canopy storage each day is based upon potential 

evapotranspiration (𝐸𝑜). If 𝐸𝑜 is less than the amount of free water held in the plant canopy, then   

𝐸𝑐𝑎𝑛 = 𝐸𝑜                            (3.1)          

           𝑅𝑖𝑛𝑡(𝑓) = 𝑅𝑖𝑛𝑡(𝑖) − 𝐸𝑐𝑎𝑛                                                                                                  (3.2) 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/centroids
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where Ecan is the amount of evaporation from free water held in the canopy on a given day (mm), 

and Rint (i) and Rint (f) are the initial and final amount of free water held in the canopy on a given day 

(mm) respectively. If Eo is greater than the amount of free water held in the canopy, then  

            𝐸𝑐𝑎𝑛 = 𝑅𝑖𝑛𝑡(𝑖)                                                                                      (3.3)                          

            𝑅𝑖𝑛𝑡(𝑓) = 0       (3.4) 

3.6 Snowpack Storage and Snowmelt 

Snowfall is accumulated on the land surface as a snowpack; the amount of water stored there 

is calculated via a snow-water equivalent. The depth and water content of the snowpack increases 

following additional snowfall and will decrease via melt or sublimation. The snowpack storage 

component of SWAT can be set to a simple, uniform snow cover model or a more complex model 

that allows non-uniform cover due to shading and drifting to be represented (Neitsch et al. 2011). 

Snowmelt is included with rainfall in the calculation of runoff and percolation.  

Snowmelt in SWAT is calculated as a linear function of the average snowpack depth, 

maximum air temperature and a base temperature for snowmelt. The standard equation used in 

SWAT to estimate snowmelt is: 

𝑆𝑁𝑂𝑚𝑒𝑙𝑡 = 𝑏𝑚𝑒𝑙𝑡 . 𝑠𝑛𝑜𝑐𝑜𝑣  . (
𝑇𝑠𝑛𝑜𝑤+𝑇𝑚𝑥

2
 - 𝑇𝑚𝑒𝑙𝑡)                                             (3.5) 

where SNOmelt  is amount of snowmelt on a given day (mm H2O), bmelt is the melt factor for the day 

(mm H2O/day-oC), snocov  is the fraction of the HRU area covered by snow, Tsnow is the snowpack 

temperature on a given day (oC), Tmx is the maximum air temperature on a given day (oC) and Tmelt 

is the base temperature (oC) above which snowmelt will occur. 
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The melt factor varies seasonally with the maximum and minimum values in summer and 

winter respectively. In rural areas, the melt factor varies from 1.4-6.9 mm H2O/day-oC (Huber and 

Dickinson 1988), whereas urban areas have a higher melt factor (3.0-8.0 mm H2O/day-oC) due to 

compression of snowpack by traffic and pedestrians.  

The snowpack temperature (Tsnow ) is a function of mean daily air temperature during preceding 

days. A lagging factor is used to combine the previous and current day’s snowpack temperature.  

3.7 Evapotranspiration from Soil Layers 

Evapotranspiration is a crucial factor in determining water loss from the watershed and a major 

component of the water balance. It is a term that combines evaporation from the soil layers and 

transpiration from plants. Evaporation is the process of transforming available surface water to 

vapor, whereas transpiration is a similar process that only occurs through the plant body in the 

presence of sunlight (Pidwirny 2006). A representation of evaporation and transpiration is 

presented in Figure 3.4. 

A large amount of water is returned to the atmosphere through evapotranspiration. While Eo is 

an estimation of the theoretical maximum potential to remove water, the Actual Evapotranspiration 

(AET) is the quantity of water actually removed from the soil layers and soil surface. AET consists 

of transpiration from vegetation growth in the soil, evaporation of water held within the soil, and 

sublimation of water from the snowpack (if present) on the soil surface. AET is calculated by 

SWAT after the determination of Eo and the canopy evaporation Ecan. The remaining potential 

water demand after accounting for water lost in the vegetation canopy is given by: 

          𝐸𝑑 = 𝐸𝑜 − 𝐸𝑐𝑎𝑛                                                       (3.6)  
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Figure 3.4: Evaporation (canopy and soil) and transpiration (plant) process in SWAT. 

where Ed  is the potential evapotranspiration adjusted for evaporation of free water from the 

vegetation canopy (mm H2O). SWAT estimates the plant transpiration, snowpack sublimation and 

soil evaporation in succession based upon vegetation, snowpack and soil profile characteristics to 

calculate AET following the method of Ritchie (1972).  

3.7.1 Potential Evapotranspiration (PET) 

Potential Evapotranspiration is an estimate of the theoretical maximum water demand by the 

environment in the presence of a sufficient water source. According to Soil Science of America 

(2008), Potential Evapotranspiration (Eo) is a loss of water by evaporation from the soil surface 

and by transpiration from plants for a given area during a specified period. SWAT provides three 
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alternative methods to estimate Potential Evapotranspiration (Eo) among which the Hargreaves 

method is the most convenient to use because it requires only temperature data. The other two 

more comprehensive methods are the Penmen-Monteith and the Priestley-Tylor, which each 

require input data such as solar radiation, wind speed, and relative humidity in addition to 

temperature. 

The Hargreaves method is: 

          𝜆𝐸𝑜= 0.0023 ∗ 𝐻𝑜 ∗ (𝑇𝑚𝑥 − 𝑇𝑚𝑛)0.5*(𝑇𝑎𝑣+17.8)                                      (3.7) 

where λ is the latent heat of vaporization (MJ kg-1), Eo is the potential evapotranspiration (mm d-1), 

Ho is the extraterrestrial radiation (MJ m-2 d-1), Tmx is the maximum air temperature for a given 

day (oC), Tmn is the minimum air temperature for a given day (oC), and Tav is the mean air 

temperature for a given day (oC). In this study, the Hargreaves method will be used to calculate 

PET. 

3.7.2 Transpiration 

As noted above, the Hargreaves equation will be used to estimate PET in this research. When 

the Hargreaves method and Priestley-Taylor method are used for calculating PET, SWAT 

calculates transpiration using the following equations:  

𝐸𝑡 = 
𝐸𝑑∗𝐿𝐴𝐼

3.0
                             0≤LAI≤3.0                                   (3.8) 

𝐸𝑡 = 𝐸𝑑;                                                        LAI>3.0           (3.9)    

where Et is the maximum transpiration on a given day (mm H2O), Ed  is the potential 

evapotranspiration adjusted for evaporation of free water in the canopy (mm H2O), and LAI is the 

vegetation leaf area index. The LAI is the ratio of the one-sided developed area of green leaves per 
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unit land surface area which is an important parameter that characterizes the plant canopy structure 

(Zhao et al. 2012). The LAI expresses the amount of foliage and is an indicator of plant capacity 

for transpiration and capture of sunlight through the canopy (Zhao et al. 2012).  

3.7.3 Sublimation and Evaporation 

The amount of soil evaporation and snowpack sublimation is affected by vegetation shading 

of the land surface. The equation for the maximum potential for sublimation or soil evaporation 

(Es) on a given day is: 

Es = Ed *covsoil                                                                   (3.10) 

where covsoil  is the soil cover index. The soil cover index is a function of above ground biomass 

and crop residue. The amount of sublimation or soil evaporation reduces due to higher amount of 

aboveground biomass and vice versa. The maximum potential for sublimation (Es) can be reduced 

to a minimum amount (Es' ) during periods of large amount of water used by vegetation. The 

equation of Es' is: 

Es' = Es*Ed / (Es+ Et )                                                                                (3.11) 

3.7.3.1 Sublimation 

After calculating the maximum potential for sublimation or soil evaporation (Es) for a day, 

SWAT tries to meet the evaporative demand first by removing water from the snowpack. When 

the existing water content of the snowpack is higher than the potential sublimation or the soil 

evaporation demand, the amount of sublimation (Esub) on a given day (mm H2O) is:    

Esub = Es'                                                                                         (3.12) 
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where Es'  is the maximum sublimation/soil evaporation adjusted for plant water use on a given 

day (mm H2O). If the existing water content of the snowpack is less than the sublimation or soil 

evaporation demand then: 

Esub = SNO(i)                                                                  (3.13)                

where SNO(i) is the amount of water in the snowpack on a given day before considering for 

sublimation (mm H2O).  

3.7.3.2 Evaporation 

If the sublimation/soil evaporative maximum potential exceeds the estimated amount of 

sublimation, then SWAT partitions the remaining potential to the soil layers for water loss by 

evaporation. The amount of soil evaporative loss is determined as a function of soil depth as 

follows: 

           𝐸𝑠𝑜𝑖𝑙,𝑧 = 𝐸𝑠" ∗
𝑧

𝑧+exp(2.374−0.00713∗𝑧)
                                                          (3.14)                                         

where Esoil,z  is the soil evaporative demand at depth z (mm H2O), Es“ is the maximum potential 

for soil water evaporation on a given day (mm H2O), and z is the depth below the surface. It is 

worth noting that the vast majority of the evaporative demand occurs in the near surface portion 

of the soil profile. The amount of evaporative demand for an individual soil layer is the difference 

between evaporative demands of the upper and lower boundaries of soil layer. 

3.8 Infiltration 

Infiltration is the entry of water into the upper soil layer through the soil surface. Infiltrated 

water supplies plant demand for growth and recharges aquifers. The infiltration rate depends on 

the rainfall intensity or rate of snowmelt, vegetation cover, soil permeability, soil temperature and 
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initial moisture content. Within SWAT the volume of infiltration can be calculated directly based 

upon soil characteristics and rainfall intensity, or estimated as the difference between the amount 

of precipitation reaching the soil surface and surface runoff. The second approach using the SCS 

curve number method within SWAT is used in this research project (see Section 4.7.2 below). 

Direct calculation of infiltration within SWAT using the Green and Ampt method can be 

conducted if sub-hourly precipitation data is available. 

3.9 Surface Runoff 

3.9.1 Background 

Surface runoff (Qsurf) occurs when the rate of precipitation received at the soil surface and/or 

rate of snowmelt exceeds the infiltration capacity of the soil . Low infiltration capacity may occur 

due to high antecedent soil moisture content, limited soil water storage capacity, frozen soil, or 

low physical permeability of the soil (Beven 2000). Vegetation cover and the magnitude of the 

land slope are other factors that influence surface runoff (Hofmann et al. 1983, Rehman et al. 

2015) .  

SWAT enables the user to calculate surface runoff using the Soil Conservation Service (SCS) 

curve number method or the Green and Ampt infiltration method. The first approach can determine 

surface runoff directly based on precipitation, canopy storage, surface storage, infiltration and soil 

moisture. On the other hand, the Green and Ampt infiltration method determines surface runoff 

indirectly by subtracting infiltration from precipitation and meltwater on the soil surface. However, 

in Green and Ampt method, the canopy storage model must be considered separately. SWAT 

calculates the maximum canopy storage available in a vegetation growth cycle based on the leaf 

area index. The SCS curve number method requires daily precipitation data to determine surface 
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runoff, whereas the Green and Ampt infiltration method needs sub-daily data, which is unavailable 

for this study. 

3.9.2 SCS Curve Number Method 

The SCS curve number is a function of soil permeability, land use and antecedent soil moisture. 

In the curve number method, the curve numbers vary non-linearly with the moisture content of the 

soil. The curve number decreases as the soil moisture approaches the wilting point and increases 

when the soil moisture approaches saturation. For estimation of runoff over frozen soil, SWAT 

makes a provision that, below 0°C (in first soil layer), runoff increases but significant infiltration 

can also occur in dry frozen soil. 

The daily surface runoff calculation based upon SCS curve number is 

𝑄𝑠𝑢𝑟𝑓 =
(𝑃−𝐼𝑎)2

𝑃−𝐼𝑎+𝑆 
                                                                                              (3.15) 

 𝑆 = 25.4 (
1000

𝐶𝑁 
− 10)                                                                                   (3.16) 

where Qsurf  is daily surface runoff (mm H2O), P is the total precipitation depth for the day (mm 

H2O), Ia is the initial abstractions that consist of surface storage, interception and infiltration prior 

to runoff (mm H2O), S is the retention parameter (mm H2O) and CN is the curve number for the 

day.  

In urban and rural areas, the curve number varies based on land use and soil permeability. Soils 

are classified based on infiltration rate (their drainage capacity) and sorted into hydrologic soil 

groups. A lower curve number is used for the soils that have very high infiltration rates (e.g., 

hydrologic soil group A) and vice versa. However, the same hydrologic soil group may have 

different curve numbers for different land uses and hydrologic conditions. Normally, the bare soil 
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and urban developed areas (paved) have higher curve numbers than agricultural fields or 

grasslands.  

SWAT determines the initial abstractions (Ia) based on the amount of evaporation from canopy 

(Ecan), maximum amount of transpiration (Et), maximum amount of sublimation (Es) and soil water 

evaporation (Esoil). It is worth noting that surface runoff will only occur when  P>Ia .  

3.9.3 Lateral Subsurface Flow 

Interflow or lateral subsurface flow originates below the soil surface and above the vadose 

zone. Lateral subsurface flow contributes to the streamflow within the watershed and is significant 

in areas having high hydraulic conductivity and a semipermeable or impermeable soil layer at a 

shallow depth in the soil profile (Neitsch et al. 2011). Water can accumulate above the 

impermeable layer forming a saturated zone of water that acts as a source of lateral subsurface 

flow (Neitsch et al. 2011). 

Lateral subsurface flow is calculated simultaneously with redistribution. Redistribution is the 

continuous movement of water through a soil profile after input of water has suspended and 

continues until the water content throughout the soil profile is uniform. It occurs in a soil profile 

when the soil temperature is above 0oC. The redistribution technique of SWAT uses a storage 

routing technique to predict flow through each soil layer in the root zone. A kinematic storage 

model developed by Sloan and Moore (1984) is used in SWAT to predict lateral flow in each layer 

of soil. The model is sensitive to variation in soil conductivity, slope, and soil water content. The 

model considers a two dimensional cross-section along a flow path down a steep hill slope to 

simulate the subsurface flow. The model is based on a mass water balance with the entire hillslope 

segment used as the control volume.  
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3.10 Percolation  

Water in the soil can flow under saturated or unsaturated conditions. SWAT can directly model 

only saturated flow which is driven by gravity and usually occurs in the downward direction 

(known as percolation). SWAT assumes uniform flow distribution within a given layer. However, 

SWAT records the water content of different soil layers. Percolation is calculated for each soil 

layer in the profile. The equation for percolation is 

𝑤𝑝𝑒𝑟𝑐,𝑙𝑦 = 𝑆𝑊𝑙𝑦,𝑒𝑥𝑐𝑒𝑠𝑠 . (1 − 𝑒
−𝛥𝑡

𝑇𝑇𝑝𝑒𝑟𝑐   )                                                          (3.17) 

where wperc,ly is the amount of water percolating to the underlying soil layer on a given day (mm 

H2O), SWly,excess is the drainable volume of water in the soil layer on a given day (mm H2O), Δt is 

the length of time steps (hrs), and TTperc is the travel time for percolation (hrs) depends on water 

content in the soil layer when completely saturated (mm H2O) as well as at field capacity (mm 

H2O) and saturated hydraulic conductivity for the layer (mm/h) . 

No percolation is allowed from a soil layer if the temperature in the layer is 0°C or below. 

Lateral subsurface flow in the soil profile is calculated simultaneously with percolation (Manel 

and Mosbahi 2012). The portion of water that percolates out of the lowest layer of soil enters the 

vadose zone, which is an unsaturated zone between the bottom of the soil profile and the top of 

the aquifer. 

3.11 Return Flow 

A portion of precipitation ultimately recharges the groundwater aquifers after percolating 

through the soil layer(s). Base flow or return flow is the amount of groundwater that contributes 

to streamflow. SWAT partitions groundwater into a shallow aquifer and a deep aquifer and 

simulates both aquifers. The shallow aquifer is an unconfined aquifer that contributes to the 
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streamflow in the main channel within the watershed. However, the deep aquifer is a confined 

aquifer that contributes to streamflow outside of the watershed. The shallow aquifer contributes 

base flow to the reach when the amount of water stored in shallow aquifer exceeds a threshold 

value.  

3.12 Water Storages 

3.12.1 Soil Water Content 

For each HRU, SWAT provides a continuous daily simulation of the overall water budget that 

includes runoff, precipitation, interception, infiltration, snowmelt, redistribution of groundwater 

between zones (e.g., shallow to deep aquifers), and evapotranspiration (Figure 3.3). The daily 

change in storage from an HRU (assuming a single soil layer) is given as: 

𝛥𝑆 = 𝑃 − 𝐸𝑇𝑎 − 𝑄𝑠𝑢𝑟 − 𝑄𝑙  − 𝑤𝑝 − 𝑄𝑔𝑤𝑠                                                  (3.18)                 

ΔS is the change in water storage of the HRU on day i (mm); ETa is the amount of 

evapotranspiration on day i (mm); Qsur is the amount of surface runoff on day i (mm); Ql is the 

lateral flow on day i (mm); wp is the amount of water percolating to the underlying soil layer on 

day i (mm) and Qgws is the base flow from the shallow aquifer on day i (mm). 

The active processes in the soil profile are infiltration, evapotranspiration, withdrawal by 

plants, lateral outflow and outflow toward the lower horizons. In the SWAT model, the overall 

water balance for the soil component of each HRU is represented as:  

          𝑆𝑊𝑡 = 𝑆𝑊0 + ∑ (P − 𝐸𝑇𝑎 − 𝑄𝑠𝑢𝑟 − 𝑄𝑙 − 𝑄𝑔𝑤𝑠)
𝑡

𝑖=1
                                      (3.19)               

where SWt  is the final soil water content (mm H2O), SW0  is the initial soil water content on day 0 

(mm H2O), t is time (days). SWAT has the capability to represent multiple soil layers in the HRU 
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water balance if increased complexity is required. The total flow predicted from an HRU which 

contributes to the streamflow on day i can be represented as: 

             𝑄 = 𝑄𝑠𝑢𝑟 + 𝑄𝑙 + 𝑄𝑔𝑤𝑠                                                                (3.20) 

where Q is the total flow leaving the HRU on day i (mm). 

3.13 Water Quality  

Water quality modeling in SWAT mainly includes simulation of sediment loading and 

adsorbed nutrient transport due to soil erosion, application of fertilizer on agricultural fields and 

subsequent dissolution in surface and subsurface runoff (as non-point sources), and wastewater 

discharges into streams and waterbodies (as point-sources). 

3.14 Sediment Transport 

Soil erosion is a result of the detachment of soil particles due to the erosive force of raindrops 

and surface runoff. The soil particles transport to small rills and finally reach a continuously-

flowing stream or river. Sediment particles can also transport nutrients (N and P) (Novotny 2003, 

Mekonnen et al. 2016b). SWAT uses the Modified Universal Soil Loss Equation (MUSLE) 

(Williams 1975) to compute erosion that occurred in the watershed by rainfall and runoff. MUSLE 

uses a runoff factor instead of rainfall energy as in the original USLE. The MUSLE equation is: 

 𝑠𝑒𝑑 = 11.8(𝑄𝑠𝑢𝑟𝑓𝑞𝑝𝑒𝑎𝑘𝑎𝑟𝑒𝑎ℎ𝑟𝑢)
0.56

𝐾𝑈𝑆𝐿𝐸𝐶𝑈𝑆𝐿𝐸𝑃𝑈𝑆𝐿𝐸𝐿𝑆𝑈𝑆𝐿𝐸𝐶𝐹𝑅𝐺                   (3.21) 

where 𝑠𝑒𝑑 is the sediment yield on a given day (metric tons), 𝑄𝑠𝑢𝑟𝑓 is the surface runoff volume 

(mmH2O/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 (dimensionless), 𝑃𝑈𝑆𝐿𝐸  is the USLE support practice factor 
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(dimensionless), 𝐿𝑆𝑈𝑆𝐿𝐸 is the USLE topographic factor (dimensionless) and 𝐶𝐹𝑅𝐺 is the coarse 

fragment factor (dimensionless). 

The soil erodibility factor has an important influence on the amount of soil erosion even if all 

other factors remain constant. This factor depends on soil properties but also varies seasonally 

(McConkey et al. 1996) The standard version of SWAT uses an average value of 𝐾𝑈𝑆𝐿𝐸 for all 

seasons for a specific type of soil. SWAT-PDLD, used in this research, uses seasonal soil 

erodibility values and this will be discussed in Chapter 4.  

The cover and management factor (𝐶𝑈𝑆𝐿𝐸) represents the effect of plant canopy on erosion by 

reducing the effective rainfall energy of intercepted raindrops. The support practice factor (𝑃𝑈𝑆𝐿𝐸) 

is used for measuring soil loss for specific support practice (e.g. contour tillage, strip-cropping 

etc.) with up and down slope culture. During low to moderate intensity storms, contour tillage and 

planting provides protection against erosion however they failed during occasional severe storms. 

According to Wischmeier and Smith (1978) contour tillage is effective on slopes of 3 to 8 percent.  

3.15 Nutrient Transport  

Nutrient transport is the movement of nutrient compounds in soil and water in a watershed and 

involves the transformation of those compounds as they move through the soil and water 

environment. The nutrient cycle for nitrogen and phosphorus in SWAT is simulated at the HRU 

level. The nutrient transport modelling is discussed below as a background for the total nitrogen 

and total phosphorus loading that has been conducted in this study. 
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3.15.1 Nitrogen 

3.15.1.1 Nitrogen Cycle 

Nitrogen is the most abundant gaseous element in nature which is also required for plant 

growth. The gaseous form of nitrogen is unusable to plants so it must be converted to a usable 

form (i.e. NH4
+ and NO3

- etc.) in the soil by microorganisms which is called fixation. The fixed 

nitrogen can be absorbed by plants. Nitrogen re-enters the soil as an organic form from plant 

residue and animal waste as a part of decomposition. The decomposition process releases ammonia 

and triggers the nitrification process which converts ammonium to nitrite and nitrate. Moreover, 

ammonia and nitrate can be added to the soil through fertilizer application. Plants uptake these 

nitrogen forms from the soil. Finally, nitrogen gas can be released to atmosphere by transforming 

nitrate through the denitrification process to complete the nitrogen cycle. 

Nitrogen is mainly present in three pools in a soil profile: organic forms associated with humus, 

mineral forms held by soil colloids, and mineral forms in solution (Gorham 1991, Groenigen et al. 

2015, Berg and Meehan 2017). The input of nitrogen into the soil can happen by rainfall, fertilizer, 

manure, or residue application, and fixation by bacteria (Groenigen et al. 2015). The removal of 

nitrogen occurs mainly by plant uptake, leaching, volatilization, denitrification, and erosion 

(Groenigen et al. 2015).  

Nitrogen chemical species are extremely reactive and soluble in water (Berg and Meehan 

2017), which makes them highly mobile and it is challenging to predict movement between 

different pools and conversion between forms in the soil (Berg and Meehan 2017). SWAT 

considers five different forms of nitrogen (Figure 3.5) including both organic and inorganic (NH4
+ 

and NO3
-) forms in the soil. Fresh plant residue is converted to humic substances (organic 
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compounds of soil) via microbial and other organisms decomposition processes in the soil. This 

conversion happens first to stable humic substances and then to the active humic substance which 

leads to mineralization that produces NH4
+ and NO3

-.  

 

Figure 3.5: SWAT soil nitrogen forms and the process of N conversion (adapted from Neitsch et al. 2011) 

 

3.15.1.2 Initialization of Soil Nitrogen Levels 

SWAT can initialize the total concentration of nitrate (NO3) in different pools in each of the 

soil layers with a default value at the beginning of the simulation if initial nitrate concentration is 

unavailable. There is a developed relationship of nitrate concentration with depth. The equation 

used to represent the distribution of initial nitrate concentration over the soil depth is 

            𝑁𝑂3𝑐𝑜𝑛𝑐,𝑧 = 7 ∗ 𝑒𝑥𝑝 ((−𝑧)/1000)                                                             (3.22)                           

where 𝑁𝑂3𝑐𝑜𝑛𝑐,𝑧 is the concentration of the nitrate in the soil at depth z (mg/kg or ppm) and z is 

the depth from the soil surface (mm).  
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The equation used to estimate of the amount of organic nitrogen in the form of soil humus is: 

            𝑜𝑟𝑔𝑁ℎ𝑢𝑚,𝑙𝑦 = 104 (
𝑜𝑟𝑔𝐶𝑙𝑦

14
)                                                                          (3.23) 

where 𝑜𝑟𝑔𝑁ℎ𝑢𝑚,𝑙𝑦 is the concentration of humic organic nitrogen in the layer (mg/kg or ppm) and 

𝑜𝑟𝑔𝐶𝑙𝑦 is the amount of organic carbon in the layer (%). Organic carbon has been specified for 

each soil layer in the soil database. 

Nitrogen in the fresh organic pool is calculated for the top 10 mm of the soil profile only using 

Equation 3.24 and varies with HRU: 

     𝑜𝑟𝑔𝑁𝑓𝑠ℎ,𝑠𝑢𝑟𝑓 = 0.0015 ∗ 𝑟𝑠𝑑𝑠𝑢𝑟𝑓                                                             (3.24) 

where 𝑜𝑟𝑔𝑁𝑓𝑠ℎ,𝑠𝑢𝑟𝑓 is the nitrogen in the fresh organic pool in the top 10 mm (kg N/ha), and 

𝑟𝑠𝑑𝑠𝑢𝑟𝑓 is material in the residue pool for the top 10 mm of soil (kg/ha) which varies with HRU. 

The ammonium (NH4
-) pool for soil nitrogen is considered 0 ppm initially. 

3.15.1.3 Atmospheric Deposition of Nitrogen 

For wet deposition of nitrogen, the absorption of NH4
+ and NO3

-on soil particle surfaces and 

in water through precipitation input is defined as the wet deposition of nitrogen (Erisman and 

Draaijers 1995). Atmospheric nitrogen is converted to nitric acid in presence of lightning discharge 

(Franzblau and Popp 1989) and added to the soil during rainfall. The amount of wet nitrogen 

deposition range from 5-11 kg N ha-1 yr-1 across the Great Plains i.e. Alberta, Saskatchewan and 

Manitoba (Köchy and Wilson 1997). 

The amount of nitrate added to the soil through precipitation and wet deposition is estimated 

with the following equations:  
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            𝑁𝑂3𝑟𝑎𝑖𝑛 = 0.01 ∗ 𝑅𝑁𝑂3 ∗ 𝑅𝑑𝑎𝑦  (3.25)                       

where 𝑁𝑂3𝑟𝑎𝑖𝑛 is nitrate added by rainfall (kg N/ha),  𝑅𝑁𝑂3 is the concentration of nitrogen in the 

rain (mg N/L) and 𝑅𝑑𝑎𝑦 is the amount of precipitation on a given day (mmH2O). The default value 

of 𝑅𝑁𝑂3 in SWAT is 1.0 mg N/L.  

In dry deposition of nitrogen, deposition results from the direct input of particulate materials 

containing NH4
+ and NO3

- to water or vegetation surfaces (Erisman and Draaijers 1995). However, 

information related to dry deposition rates are not well defined in most of the studies. The amount 

of total nitrogen deposition (combination of wet and dry deposition) rate in southern Ontario has 

found 15 kg N/ha/yr. In SWAT, an average daily dry deposition is applied to the soil surface for 

each sub-basin. 

3.15.1.4 Decomposition and Mineralization of Nitrogen 

Decomposition is the breakdown of fresh organic plant residue into simpler organic 

components (Gorham 1991). Mineralization is the transformation of the simpler plant-unavailable 

organic nitrogen compounds to inorganic nitrogen compounds that are available for plant uptake 

(Berg and Meehan 2017). In SWAT, decomposition and mineralization of the fresh organic 

nitrogen pool is only simulated in the first soil layer.  

3.15.1.5 Nitrification and Ammonia Volatilization 

Nitrogen can be added to the soil in both organic and inorganic forms. However, plants can 

only uptake nitrogen in inorganic forms (Berg and Meehan 2017). Inorganic nitrogen fertilizer can 

be added to soil as ammonia or as nitrate. The transformation of ammonia to nitrate via nitrite is a 

two-step process called nitrification (Berg and Meehan 2017). Ammonia volatilization is the 

gaseous loss of ammonia during surface application of ammonia fertilizer to a calcareous soil 
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(Berg and Meehan 2017). SWAT simulates both processes using combined methods developed by 

Reddy et al. (1979) and Godwin et al. (1984). 

3.15.1.6 Nitrate Movement 

Minerals in soil are mainly negatively charged at normal pH. Under normal soil conditions 

nitrate anions are repulsed from soil particle surfaces (Berg and Meehan 2017). Further nitrate 

anions are excluded from particle surfaces due to the attraction of cations (e.g. Na+, K+) which has 

a direct impact on the transport of NO3
- through the soil (Jury et al. 1991). SWAT considers nitrate 

mobilization from soil surfaces by surface runoff, lateral flow or percolation. The equation used 

to simulate nitrate partitioning and export in surface runoff is: 

              𝑁𝑂3𝑠𝑢𝑟𝑓 = 𝛽𝑁𝑂3 ∗ 𝑐𝑜𝑛𝑐𝑁𝑂3,𝑚𝑜𝑏𝑖𝑙𝑒 ∗ 𝑄𝑠𝑢𝑟𝑓                                                   (3.26) 

where 𝑁𝑂3𝑠𝑢𝑟𝑓 is the nitrate removed in surface runoff (kg N/ha), 𝛽𝑁𝑂3 is the nitrate percolation 

coefficient, 𝑐𝑜𝑛𝑐𝑁𝑂3,𝑚𝑜𝑏𝑖𝑙𝑒 is the concentration of nitrate in the mobile water for the top 10 mm of 

soil (kg N/mmH2O) and 𝑄𝑠𝑢𝑟𝑓 is the surface runoff generated on  a given day (mm H2O).  

The equations describing nitrate export in lateral flow are: 

            𝑁𝑂3𝑙𝑎𝑡,𝑙𝑦 = 𝛽𝑁𝑂3 ∗ 𝑐𝑜𝑛𝑐𝑁𝑂3,𝑚𝑜𝑏𝑖𝑙𝑒 ∗ 𝑄𝑙𝑎𝑡,𝑙𝑦  (for top 10 mm)                       (3.27)            

         𝑁𝑂3𝑙𝑎𝑡,𝑙𝑦 = 𝑐𝑜𝑛𝑐𝑁𝑂3,𝑚𝑜𝑏𝑖𝑙𝑒 ∗ 𝑄𝑙𝑎𝑡,𝑙𝑦  (for lower layers)                                (3.28)                     

where  𝑁𝑂3𝑙𝑎𝑡,𝑙𝑦 is the nitrate removed in lateral flow (kg N/ha) and 𝑄𝑙𝑎𝑡,𝑙𝑦 is the water discharged 

from the soil layer by lateral flow (mmH2O). 

Nitrate movement to the underlying soil layer through percolation is calculated by 

Equation 3.29 
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            𝑁𝑂3𝑝𝑒𝑟𝑐,𝑙𝑦 = 𝑐𝑜𝑛𝑐𝑁𝑂3,𝑚𝑜𝑏𝑖𝑙𝑒 ∗ 𝑤𝑝𝑒𝑟𝑐,𝑙𝑦                                                          (3.29) 

where 𝑁𝑂3𝑝𝑒𝑟𝑐,𝑙𝑦 is the nitrate moved to the underlying layer by percolation (kg N/ha) and 𝑤𝑝𝑒𝑟𝑐,𝑙𝑦 

is the amount of water percolating to the underlying soil layer on a given day (mmH2O). 

3.15.1.7 Organic Nitrogen Movement 

Organic nitrogen is associated with the sediment loading from the HRU and transported by 

surface runoff to the main channel. Changes in sediment loading will affect the organic nitrogen 

loading hence organic N is not instantly soluble in water and major portions move with soil 

particles (Burwell et al. 1977). The amount of organic nitrogen transported with sediment to the 

stream is estimated by the following equation: 

            𝑜𝑟𝑔𝑁𝑠𝑢𝑟𝑓 = 0.001 ∗ 𝑐𝑜𝑛𝑐𝑜𝑟𝑔𝑁 ∗
𝑠𝑒𝑑

𝑎𝑟𝑒𝑎ℎ𝑟𝑢
∗ 휀𝑁;𝑠𝑒𝑑                                            (3.30) 

where 𝑜𝑟𝑔𝑁𝑠𝑢𝑟𝑓 is the amount of organic nitrogen transported to the main channel in surface 

runoff (kg N/ha), 𝑐𝑜𝑛𝑐𝑜𝑟𝑔𝑁 is the concentration of organic nitrogen in the top 10 mm soil layer 

(g N/metric ton soil), 𝑠𝑒𝑑 is the sediment yield on a given day (metric tons), 𝑎𝑟𝑒𝑎ℎ𝑟𝑢 is the HRU 

area (ha), and 휀𝑁;𝑠𝑒𝑑 is the nitrogen enrichment ratio. The enrichment ratio is defined as the ratio 

of organic nitrogen concentration that is transported with the sediment to the concentration of 

organic nitrogen in the soil surface layer. 

3.15.1.8 Leaching of Nitrogen 

Leaching of nitrogen is the loss of nitrogen with water moving downward through the soil 

profile (Berg and Meehan 2017). The positively charged (cations) plant essential nutrients are 

attracted and sorbed to negatively charged soil particles. After plants extract cations from the soil 

solution, soil particles release cations to soil pore water to bring it back into nutrient equilibrium. 
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On the other hand negatively charged (anion) nitrate is not attracted or sorbed by soil particles. 

Therefore, nitrate has high tendency to leach (Berg and Meehan 2017). SWAT uses the same 

algorithm to calculate nitrate leaching that is used for loss of nitrate in surface runoff and lateral 

flow.   

3.15.1.9 Denitrification of Nitrogen 

Denitrification is the process of nitrate (NO3
-) reduction to N2 or N2O gases by bacteria under 

anaerobic (reduced) condition (Berg and Meehan 2017). Denitrification can occur when the 

cropping system is ponded such as rice cultivation (Garcia and Tiedje 1982). There is a threshold 

value of moisture content in the soil in SWAT when denitrification can occur. 

3.15.1.10 Total Nitrogen Loading 

Total nitrogen is the combined loading of organic and inorganic nitrogen (i.e., NO3
-) that is 

exported by SWAT. According to (Harmel et al. 2006) approximately 75% of the nitrogen lost 

from fields is in particulate form and most of it moves with sediment. Whereas, the dissolved 

nitrogen (i.e. NO3
-) moves with surface runoff. SWAT models total nitrogen for particulate forms 

based on the sediment export model. The dissolved nitrogen (nitrate nitrogen) is calculated based 

on the runoff export model. This study will calibrate and validate the model for total nitrogen 

loading. 

The equation of total nitrogen export (TOT N) is: 

       𝑇𝑂𝑇 𝑁 = 𝑁𝑂3𝑠𝑢𝑟𝑓 + 𝑁𝑂3𝑙𝑎𝑡,𝑙𝑦 + 𝑜𝑟𝑔𝑁𝑠𝑢𝑟𝑓                   (3.31) 
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3.15.2 Phosphorus 

Plants require less phosphorus than nitrogen. However, the most important functions of 

phosphorus are to store and transfer energy that is needed for plant growth and reproductive 

processes (Malhotra et al. 2018). 

3.15.2.1 Phosphorus cycle 

Phosphorus is not as freely available as nitrogen in the environment because most of it is held 

in rocks and sediment. Phosphorus is present in mineral soils in the following three major forms: 

organic phosphorus, insoluble mineral phosphorus and soluble phosphorus in soil solution (Berg 

and Meehan 2018, Malhotra et al. 2018). Other sources of phosphorus on agricultural fields in 

addition to the soil are fertilizers, manure or plant residue application (Beegle and Durst 2002). 

The loss of phosphorus from agricultural land occurs by plant uptake and soil erosion (Malhotra 

et al. 2018).  

Phosphorus is less soluble and mobile than nitrogen in environments (Berg and Meehan 2018, 

Beegle and Durst 2002). It forms some insoluble compounds that are close to the soil surface and 

readily available for transport in the surface runoff (Beegle and Durst 2002). According to 

Sharpley and Syers (1979), phosphorus is mainly exported from most of the watersheds through 

surface runoff. SWAT represents three organic and three inorganic forms of phosphorus in the soil 

(Fig 3.6). Organic phosphorus consists of fresh crop residue and biomass. Fresh plant residue is 

converted to humic substances via microbial and other organisms mediated decomposition in the 

soil. This conversion happens first to stable humic substance and then to the active humic substance 

which leads to the mineralization process. Mineralization occurs in the soil through bacteria that 

make phosphorus available for plants for uptake. The transformation between the soluble pool and 
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the active pool is rapid however, the transformation between the active pool and the stable pool is 

a slower process. 

3.15.2.2 Initialization of soil Phosphorus Levels 

As for nitrogen SWAT can initialize the concentration of phosphorus in the different pools. At 

the beginning of a simulation, for unmanaged land under native vegetation SWAT assumes the 

concentration of phosphorus in the solution pool is 5 mg/kg soil in all soil layers. In this study, for 

crop land the concentration is set 25 mg/kg soil (the default SWAT value).    

The concentration of phosphorus in the active and stable mineral pool is initialized using 

Equation 3.32 and 3.33: 

            𝑚𝑖𝑛𝑃𝑎𝑐𝑡,𝑙𝑦 = 𝑃𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛,𝑙𝑦 ∗
1−𝑝𝑎𝑖

𝑝𝑎𝑖
                                                                  (3.32)                    

            𝑚𝑖𝑛𝑃𝑠𝑡𝑎,𝑙𝑦 = 4 ∗ 𝑚𝑖𝑛𝑃𝑎𝑐𝑡,𝑙𝑦                                                                         (3.33) 

 

Figure 3.6: SWAT soil phosphorus pools and process of P movement (adapted from Neitsch et al. 

2011). 
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where  𝑚𝑖𝑛𝑃𝑎𝑐𝑡,𝑙𝑦 is the amount of phosphorus in the active mineral pool (mg/kg), 𝑚𝑖𝑛𝑃𝑠𝑡𝑎,𝑙𝑦 is 

the amount of phosphorus in the stable mineral pool (mg/kg), 𝑃𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛,𝑙𝑦 is the amount of 

phosphorus in solution (mg/kg), and 𝑝𝑎𝑖 is the phosphorus availability index and it is a function 

of soluble phosphorus fertilizer added to the soil. SWAT assumes the concentration of organic 

phosphorus based on a ratio of 1:8 with the organic nitrogen level in humic materials.  

3.15.2.3 Mineralization and Decomposition of Phosphorus 

The definitions of mineralization and decomposition are described earlier in the nitrogen 

section. SWAT uses the same algorithm forms for both nitrogen and phosphorus mineralization. 

Temperature and water factors are used in the mineralization and decomposition equation. 

Mineralization is considered for two sources: the fresh organic P pool which deals with the crop 

residue and microbial biomass and active organic P pool which considered soil humus. Both 

mineralization and decomposition happens when the soil temperature is above 0°C. 

SWAT calculates the phosphorus decomposition from crop residue in fresh organic pool 

using Equation (3.34):   

 𝑃𝑑𝑒𝑐,𝑙𝑦 = 0.2 ∗ 𝛿𝑛𝑡𝑟.𝑙𝑦 ∗ 𝑜𝑟𝑔𝑃𝑓𝑟𝑠ℎ,𝑙𝑦  (3.34) 

where 𝑃𝑑𝑒𝑐,𝑙𝑦 is the phosphorus decomposed from the fresh organic P pool (kg P/ha), 𝛿𝑛𝑡𝑟.𝑙𝑦 is the 

residue decay rate constant (dimensionless) calculated based on C:N and  C:P ratio on the residue 

in the soil layer, and 𝑜𝑟𝑔𝑃𝑓𝑟𝑠ℎ,𝑙𝑦 is the phosphorus in the fresh organic pool in the soil layer (kg 

P/ha), which is measured from the material in the residue pool for the top 10 mm of soil. Later, 

𝑃𝑑𝑒𝑐,𝑙𝑦 is added to the humus organic phosphorus pool in the soil layer. 
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The mineralization process from crop residue in fresh organic pool is 

 𝑃𝑚𝑖𝑛,𝑙𝑦 = 0.8 ∗ 𝛿𝑛𝑡𝑟.𝑙𝑦 ∗ 𝑜𝑟𝑔𝑃𝑓𝑟𝑠ℎ,𝑙𝑦  (3.35) 

where, 𝑃𝑚𝑖𝑛,𝑙𝑦 is the phosphorus mineralized from the fresh organic P pool (kg P/ha). This amount 

of mineralized phosphorus is added to the solution phosphorus pool in the soil layer. 

The mineralization process from active organic P pool which considers soil humus is   

           𝑃𝑚𝑖𝑛𝑎,𝑙𝑦 = 1.4 ∗ 𝛽𝑚𝑖𝑛 ∗ (𝛾𝑡𝑚𝑝,𝑙𝑦∗𝛾𝑠𝑤,𝑙𝑦)
1

2⁄
∗ 𝑜𝑟𝑔𝑃𝑎𝑐𝑡,𝑙𝑦                              (3.36) 

where, 𝑃𝑚𝑖𝑛𝑎,𝑙𝑦 is the phosphorus mineralized from the humus active organic P pool (kg P/ha), 

𝛽𝑚𝑖𝑛 is the rate coefficient for mineralization of the humus active organic nutrients 

(dimensionless), 𝛾𝑡𝑚𝑝,𝑙𝑦 is the nutrient cycling temperature factor for the soil layer 

(dimensionless), 𝛾𝑠𝑤,𝑙𝑦 is the nutrient cycling water factor for the soil layer (dimensionless), and 

𝑜𝑟𝑔𝑃𝑎𝑐𝑡,𝑙𝑦 is the amount of phosphorus in the active organic pool (kg P/ha). 𝑃𝑚𝑖𝑛𝑎,𝑙𝑦 later surpluses 

to the solution phosphorus pool in the same soil layer.    

3.15.2.4 Soluble Phosphorus Movement 

Phosphorus movement in soil solution occurs mainly through diffusion over small distances 

(1-2 mm). This happens due to the concentration gradient of phosphorus. The equation for 

phosphorus transport through surface runoff is:       

            𝑃𝑠𝑢𝑟𝑓 =
𝑃𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛,𝑠𝑢𝑟𝑓∗𝑄𝑠𝑢𝑟𝑓

𝜌𝑏∗𝑑𝑒𝑝𝑡ℎ𝑠𝑢𝑟𝑓∗𝑘𝑑,𝑝𝑒𝑟𝑐
                                                                           (3.37)                 

where 𝑃𝑠𝑢𝑟𝑓 is the amount of soluble phosphorus lost in surface runoff  (kg P/ha), 𝑃𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛,𝑠𝑢𝑟𝑓 is 

the amount of phosphorus in solution in the top 10 mm (kg P/ha), 𝑄𝑠𝑢𝑟𝑓 is the amount of surface 

runoff on a given day (mm H2O), 𝜌𝑏 is the bulk density of the top soil layer (Mg/m3), 𝑑𝑒𝑝𝑡ℎ𝑠𝑢𝑟𝑓 
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is the depth of the surface layer (10 mm), and 𝑘𝑑,𝑝𝑒𝑟𝑐 is the phosphorus percolation coefficient 

(m3/kg). 

SWAT also considers phosphorus transport (organic and mineral) with sediment transported 

in surface runoff. The equation is: 

            𝑠𝑒𝑑𝑃𝑠𝑢𝑟𝑓 = 0.001 ∗ 𝑐𝑜𝑛𝑐𝑠𝑒𝑑𝑃 ∗
𝑠𝑒𝑑

𝑎𝑟𝑒𝑎ℎ𝑟𝑢
∗ 휀𝑃;𝑠𝑒𝑑                                         (3.38) 

where 𝑠𝑒𝑑𝑃𝑠𝑢𝑟𝑓 is the amount of phosphorus transported with sediment to the main channel in 

surface runoff (kg P/ha), 𝑠𝑒𝑑 is the sediment yield on a given day (metric tons), 𝑐𝑜𝑛𝑐𝑠𝑒𝑑𝑃 is the 

concentration of phosphorus attached to sediment in the top 10 mm (g P/metric ton soil), 

𝑎𝑟𝑒𝑎ℎ𝑟𝑢 is the area of the HRU (ha), and 휀𝑃;𝑠𝑒𝑑 is the phosphorus enrichment ratio. 𝑐𝑜𝑛𝑐𝑠𝑒𝑑𝑃 is 

calculated based on the amount of organic and mineral phosphorus in the fresh, stable and active 

pool. The phosphorus enrichment ratio is calculated based on the concentration of sediment in 

surface runoff. 

3.15.5 Leaching of Phosphorus 

SWAT considers leaching of soluble phosphorus from the top 10 mm of soil only into the first 

soil layer due to the low mobility of phosphorus. The equation of leaching is:  

           𝑃𝑝𝑒𝑟𝑐 =
𝑃𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛,𝑠𝑢𝑟𝑓∗𝑤𝑝𝑒𝑟𝑐,𝑠𝑢𝑟𝑓

10∗𝜌𝑏∗𝑑𝑒𝑝𝑡ℎ𝑠𝑢𝑟𝑓∗𝑘𝑑,𝑝𝑒𝑟𝑐
  (3.39)               

where  𝑃𝑝𝑒𝑟𝑐 is the amount of phosphorus moving from the top 10 mm into the first soil layer (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), 𝑑𝑒𝑝𝑡ℎ𝑠𝑢𝑟𝑓 is the depth of the surface layer (10 mm), and 𝑘𝑑,𝑝𝑒𝑟𝑐 is the 

phosphorus percolation coefficient (m3/kg). 
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3.15.6 Total Phosphorus Loading 

Total phosphorus is a combination of organic and inorganic phosphorus (i.e., PO4
3-) 

compounds in water (Murphy 2007) and loading consists of both soluble and insoluble forms. 

SWAT calculates phosphorus removed from fields in particulate form based on the sediment 

export model. The soluble phosphorus is calculated based on the runoff export model. SWAT 

estimates the total phosphorus (TOT P) load using following equation: 

             𝑇𝑂𝑇 𝑃 = 𝑃𝑠𝑢𝑟𝑓+𝑠𝑒𝑑𝑃𝑠𝑢𝑟𝑓                                                                            (3.40)       

3.16 Loading Phases Simulated by the SWAT Model 

The land phase and channel routing phase are the two main export categories that SWAT 

simulates. The amount of water, sediments, nutrients and pesticide exported to the main channel 

occurs in the land phase. The routing phase deals with the movement of water, sediments, nutrients, 

etc. through the channel network to the watershed outlet. Surface runoff, lateral flow and return 

flow is predicted separately in each HRU and routed to predict the total runoff in the watershed. 

SWAT follows a command structure by Williams and Hann (1972) for water, sediment, 

nutrients and pesticides routing through the stream network to the main channel. Moreover, SWAT 

models the transformation of chemicals in the streams and streambed to keep track of mass flow 

in the channel. During channel routing, when water flows downstream losses occur by evaporation, 

transmission through the bed and anthropogenic usage. Direct rainfall and point source discharge 

are supplements to the flow in the channel. SWAT uses the variable storage coefficient method by 

Williams (1969) or the Muskingum routing method for flow routing in the channel. 

Sediment transport in the channel is controlled by simultaneous simulation of erosion and 

deposition. SWAT considers peak channel velocity to calculate the maximum amount of sediment 



 

55 

 

erosion from a reach. Available stream power is used by SWAT for complete removal of loose 

and deposited bed materials. However, excess stream power causes bed degradation which is 

adjusted for stream bed erodibility and cover. 

The instream water quality component of the model controls nutrient transformations in the 

channel. The instream nutrient transformation mechanisms that are used in SWAT were adopted 

from the QUAL2E model by (Brown and Barnwell 1987). The model is capable of tracking both 

dissolved nutrients in the stream and absorbed nutrients to the sediment. The dissolved nutrients 

are transported with water whereas the absorbed nutrients are deposited with sediment in the 

channel bed. 
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CHAPTER 4: METHODOLOGY 

4.1 SWAT Model 

A recent version of the Soil and Water Assessment Tool (SWAT) model, SWAT 2012, was 

used in this study. Several modifications have been considered in this version and earlier versions 

to better simulate cold climate hydrology. According to Fontaine et al. (2002), SWAT incorporates 

a seasonally variable snowmelt rate. Further, to represent enhanced surface runoff and reduced 

infiltration for frozen soil conditions, SWAT modifies the curve number value (Tolson and 

Shoemaker 2007). Moreover, this study used an additionally modified version of SWAT 2012 that 

includes a probability distributed pond storage algorithm (Mekonnen et al. 2016a) and seasonally 

adjusted soil erodibility factors (Mekonnen et al. 2016b). 

4.2 Pond Module 

The SWAT model offers several modules that potentially could be used to simulate 

contributions to streamflow from landscape depressions i.e. the Pothole, Wetland, and Pond 

modules (Neitsch et al. 2011). Only the Pond and Wetland modules allow runoff contribution from 

any HRU within a sub-basin to be routed through them, which happens in reality (Almendinger et 

al. 2014). In this research, the Pond module was used to compare its simulated flow results to the 

probability distributed storage approach of Mekonnen et al. (2016a), which is an adaptation of the 

Pond routine. Moreover, water quality simulation is available in the Pond routine. The surface 

runoff processes considered in the Pond module are described in Figure 4.1. 
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Figure 4.1: SWAT pond module processes (adapted from Evenson et al. 2015 and Jalowska and 

Yuan 2019). 

4.3 Study Areas 

In this study, streamflow and water quality were simulated for three watersheds in Southern 

Saskatchewan: Swift Current Creek below Rock Creek; Pipestone Creek above Moosomin Lake; 

and Lightning Creek near Carnduff (Figure 4.2).  

Pipestone Creek above Moosomin and Lightning Creek near Carnduff watersheds are located 

in the southeastern part of the province. The tributary of Pipestone Creek is Montgomery Creek 

and tributary of Lightning Creek is Gainsborough Creek. The Swift Current Creek watershed (to 

below Rock Creek) is located in the southwestern part of the province. The tributaries of Swift 

Current Creek are Bone Creek, Jones Creek, Rock Creek and Pelletier Creek. Nearly 11% of the 

Pipestone Creek watershed is covered by wetlands (Perez-Valdivia et al. 2017). According to  
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Figure 4.2: Map of watersheds (a) location of catchments in the province (b) individual 

catchment area (Source: Saskatchewan Open Data, Sask. Interactive Mapping, WSA and 

mapcruzin.com). 

(a) 

(b) 
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land use maps (Agriculture and Agri-Food Canada) wetland in the Lightning Creek and Swift 

Current Creek study areas cover around 4% and 2.5% of the watersheds respectively. 

The elevation change from headwater to outlet is 804 to 547 m, 1048 to 838 m and 629 to 508 

m for Pipestone Creek, Swift Current Creek and Lightning Creek watersheds respectively. The 

annual average and range in annual average precipitation of Pipestone Creek, Swift Current Creek 

and Lightning Creek watersheds are 410 mm (300 to 597.5), 352 mm (182 to 597.5) and 460 mm 

(219 to 619.7) respectively (Canada Weather Stats). It is worth noting that 2010 was a 

tremendously wet year for all three watersheds. Annual precipitation for 2010 for Pipestone Creek, 

Swift Current Creek, and Lightning Creek were 597.5 mm, 597.5 mm and 619.7 mm (Canada 

Weather Stats 2019). 

All three watersheds are characterized by a cold climate. Typically, the land is covered by 

snow and soils are frozen during the winter. The average annual temperature in the Pipestone 

Creek, Swift Current Creek and Lightning Creek watersheds are 2.6°C, 4.1°C and 3.9 °C 

respectively. There is a large volume of runoff due to snowmelt in spring but excess 

evapotranspiration over precipitation in summer (Fang et al. 2007).  

4.4 Model Input Data 

4.4.1 Climate Data 

Gridded daily total precipitation and maximum and minimum temperature have been collected 

for several stations within each watershed from 1990 to 2017 from Natural Resources Canada 

(NRC). The thin plate spline smoothing algorithm (ANUSPLIN) developed by Dr. Michael 

Hutchinson has been applied to prepare the gridded data (Natural Resources Canada 2019.). The 

dataset covers the domain from 168.0 to 52.0° W and 25.0 to 85.0° N with a 10 km spatial 

http://fennerschool.anu.edu.au/research/products/anusplin-vrsn-44
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resolution for the period of 1900 to 2017. For each sub-basin, SWAT only considers data from a 

single precipitation gauging station or a single grid point that is nearest to the centroid of the sub-

basin (Tuo et al. 2016). Note that gridded data was used by Mekonnen et al. (2016b), as well as 

Choi et al. (2009) in modelling prairie watersheds, with good model results. In Pipestone Creek 

watershed climate data was collected for Kipling (50.211° N, -102.733° W), Langbank (50.158° 

N, -102.395° W), Whitewood (50.35° N, -102.27 W) and Broadview (50.367° N, -102.567° W). 

In Lightning Creek and Swift Current Creek, the climate data was collected for Carnduff (49.22° 

N, -101.75° W) and Shaunavon (49.65° N, -108.416° W) respectively. 

4.4.2 Hydrometric Data 

The selected hydrometric stations for Pipestone Creek, Swift Current Creek, and Lightning 

Creek watersheds are 05NE003 (50°9'7.9''N, 101°50'13.3''W), 05HD036 (49°50'40.0'' N, 

108°28'46.0'' W) and 05NF006 (49°13'15.8'' N, 101°43'8.3'' W) respectively. Environment Canada 

maintains a database of daily flow records (HYDAT) at hydrometric stations within the study 

watersheds. Daily average flow data is available from 1960 to 2018 for Pipestone Creek, 1935-

2017 for Lightning Creek, and 1955-2018 for Swift Current Creek watersheds. Recorded 

maximum average daily streamflow during March- October for Pipestone Creek, Swift Current 

Creek and Lightning Creek watershed was 87.4, 45.9 and 180 m3/s, whereas maximum mean 

monthly streamflow was recorded as 4.2, 1.82 and 4.23 m3/s.  

Table 4.1 summarizes the watershed area and percentage of agricultural land for each 

watershed. The gross drainage area is defined as the expected area that is considered for 

contributing the runoff to the main stream during the extreme wet conditions of the watershed 

(Pomeroy et al. 2005). The effective drainage area is considered based on the contribution of the 

runoff to the main stream during a flood event of two years return period (Pomeroy et al. 2005). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/centroids
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The percentage of agricultural land in each watershed is calculated based on detailed land use data 

classifications from a land use map (Agriculture and Agri-Food Canada 2015).   

4.4.3 DEM 

A Digital Elevation Model (DEM) with 15 m grid resolution was collected from the 

Saskatchewan Geospatial Imagery Collaborative (SGIC) for the delineation of sub-basins within 

each watershed. The DEM has been used to create a continuous flow network and determine 

landscape geometry within each watershed through the SWAT automatic delineation tool. 

Table 4.1: Summary of watershed areas and main land uses.  

Name of 

Watershed 

Average 

Annual 

Precipitation 

(mm) 

Gross Drainage 

Area (km2) 

Effective 

Drainage Area 

(km2) 

Agricultural 

land 

(km2) 

Swift Current 

Creek below 

Rock Creek 

 

410 1430 1090 85% 

Pipestone Creek 

above Moosomin 

Lake 

 

460 2730 655 83% 

Lightning Creek 

near Cranduff 

 

352 748 393 87% 

 

4.4.4 Soil Data 

Detailed soil information was obtained from the Canadian Soil Information Service (CANSIS) 

for each watershed (“Canadian Soil Information Service” 2018). According to Soil Landscapes of 

Canada Version 3.2, two different types of soils are found in the Pipestone Creek watershed. The 

Orthic Black Chernozem or Oxbow loamy (SKOXA) soil was the dominant type for the Pipestone 

Creek Watershed. In the Lightning Creek Watershed, two different types of soils are also found 

but Orthic Brown Chernozem (SKADA) covers most of the watershed. Orthic Dark Brown 

http://sis.agr.gc.ca/cansis/taxa/cssc3/CH/BLC/O/index.html
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Chernozem (SKAMA) is the dominant soil type in the Swift Current Creek watershed among 8 

different types present. The dominant soil type in each watershed is well-drained, which means 

the soil passes water readily but not rapidly (CANSIS). 

The important physical soil characteristics required for streamflow and water quality modeling 

are the number of soil layers to be represented and the bulk density, available water content, 

saturated hydraulic conductivity, texture class, albedo and percentage of clay, silt and sand of each 

layer. A customized soil database of the above-mentioned data for each soil type and layer was 

developed and installed in the model for each watershed. 

4.4.5 Land Cover and Land Use 

Agriculture and Agri-Food Canada (AAFC) recently updated its annual crop inventory digital 

maps (of 30 m resolution) to 2015 based on satellite imagery for all of Canada (CANSIS). Land 

cover and land use digital data were collected for each of the study watersheds.  

The Pipestone Creek watershed is comprised of 23 different land-use types. Most of the major 

land-use types represent specific crop types (e.g., canola, spring wheat, winter wheat, barley, 

lentils, peas, oats, rye, canary seed, and flaxseed). The other significant land-use types are pasture, 

broadleaf forests, coniferous forest, grassland, shrubland, and wetland.  

The major landuse types of the Lightning Creek watershed (21 types) are like those in the 

Pipestone Creek watershed but with the additional category of canary seed cultivation. Only 18 

different land use types were found in Swift Current Creek watershed. Again, most are for specific 

crop types on agricultural land (e.g., mustard, spring wheat, winter wheat, barley, lentils, peas, rye, 

and flax seed). Other types of land use in the Swift Current watershed are barren land (exposed or 

non-vegetated), shrubland, coniferous forest and wetland. 
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Land use variation is a crucial factor that influences the evapotranspiration rate from the 

watershed, which plays a major role in the water balance of the watershed (Dwarakish and Ganasri 

2015). 

4.4.6 Nutrient Data 

In-stream nutrient and suspended solids data for the three study watersheds was obtained from 

the Saskatchewan Water Security Agency (WSA). Total suspended solids (TSS), total nitrogen 

(TN) and total phosphorus (TP) concentration data were collected by WSA once or twice in a 

month during seasonal flow monitoring period and was available from 2007-2017. The station 

number of the water quality measuring stations are SK05NE0091, SK05HD0120, and 

SK05NF0124 for the Pipestone Creek, Swift Current Creek and Lightning Creek watersheds 

respectively. All three water quality monitoring stations are located at the same locations as the 

hydrometric stations in the watersheds. The measured suspended solids and nutrient data is used 

for calibration and validation of the water quality model. The concentration of TSS and nutrients 

were converted to loading by multiplying by the corresponding streamflow. 

4.4.7 Tillage Operation and Fertilizer Application 

Tillage operation plays a significant role in soil loss in agricultural watersheds. The 

conventional tillage practice was dominant in the province of Saskatchewan historically, however 

in the last several decades, conservation tillage and no-tillage practices have increased in use in 

Saskatchewan (Awada et al. 2014). According to Statistics Canada (2007), since 2006, no-tillage 

operations have been applied on approximately 60% of agricultural land; therefore, in this study, 

the no-tillage operation was used in the modelling. The general crop plantation period starts at the 

end of May and the harvesting period starts at the beginning of September (The Old Farmer’s 
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Almanac 2019). In Saskatchewan, cereal crops are cultivated primarily and the remaining crops 

are different types of oil seeds and pulses (Annual Crop Inventory, Agriculture and Agri-Food 

Canada 2018).  

According to the Saskatchewan Watershed Authority (2010), a large number of agricultural 

activities and livestock operations are responsible for impacting the water quality of the considered 

watersheds. In general, soil erosion due to precipitation and runoff, as well as industrial waste 

disposal will also affect water quality (Vandas et al. 2014).  

Typical fertilizer (nitrate, orthophosphate and anhydrous ammonia) and manure areal 

application rates in Saskatchewan agricultural watersheds were collected from the State of the 

Watershed Report by Saskatchewan Watershed Authority (2010). According to that report, the rate 

of nitrogen and phosphorus fertilizer application in Saskatchewan ranges from 31.3 to 45.5 kg/ha 

and 6.0 to 8.5 kg/ha respectively. Most of the fertilizer application (nitrogen and phosphorus) 

occurs during the seeding period, however, sometimes a limited amount of mid-season phosphorus 

application is required (Government of Saskatchewan 2020a,b). The amount of manure application 

ranges between 1098 to 1628 kg/ha, where the portion of nitrogen and phosphorus in the manure 

application are 7 to 10 kg/ha and 2 to 3 kg/ha respectively (Saskatchewan Watershed Authority 

2010). The majority of manure application comes from beef cows (55%) and the other sources are 

calves (17%), heifers (9%), steers (5%), pigs (4%), bulls (3%), dairy cows (2%) and poultry (1%) 

and miscellaneous (4%) (Saskatchewan Watershed Authority 2010). 

In this study, point source pollution was not considered due to unavailable data. Moreover, in 

past studies in the prairie region (Mekonnen et al. 2016c), point source pollution was considered 

as insignificant during the spring period due to a high volume of agricultural non-point pollution 

through surface runoff. 
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4.4.8 Characterization of Landscape Depressions 

To incorporate the landscape depressions into the SWAT model in order to observe how 

storage in depressions impacts the streamflow, it is first required to identify depression geometry 

(i.e., storage volume, surface area). Depression geometry (pond surface area and pond volume) 

was computed using the Arc Hydro tools under ArcGIS version 10.5 for each watershed. From the 

ratio of the pond volume to the pond surface area, the average depth (c) was calculated for each 

pond and an overall mean pond depth (𝑐) was calculated for each sub-basin within each watershed. 

For the input in the model the cumulative pond surface area and volume have been used for each 

sub basin. A high-resolution Ortho-photo image of each watershed was used to visually verify the 

location and number of depressions identified by the Arc Hydro tools. Visual inspection confirmed 

the pond locations and sizes. 

4.5 Model Setup 

4.5.1 Background 

The automatic delineation tool of ArcSWAT (in SWAT 2012) was used to generate initial sub-

basins and stream channel locations using DEM information to define basin boundaries and the 

streamflow network. Next, HRUs were defined after importing the land use and soil data. The 

automatic delineation was processed after selecting the watershed boundary, which was previously 

defined by the AAFC Watershed Project (2013).  

The SWAT-PDLD model was applied in this research project to improve the streamflow and 

water quality simulations in comparison to the standard SWAT2012 model. SWAT-PDLD was 

coded into SWAT by Mekonnen et al. (2016a) as an alternative to the existing pond algorithm.  

The details of the SWAT-PDLD model are described in Mekonnen et al. (2016a,b). The PDLD 
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algorithm introduces a probability distribution into the Pond Module in SWAT, which is used to 

describe the distribution of pond storage capacity in each sub-basin, and to determine when and to 

what extent landscape depressions spill and contribute to streamflow for each snowmelt and 

rainfall event. 

In modelling of sediment export from the watershed, the soil erodibility factor (K) is a key 

parameter for simulating soil erosion that triggers sediment transport in the watershed. SWAT uses 

an average value of K in the MUSLE equation. However, in cold climate regions like the Canadian 

prairies, sediment erodibility varies seasonally (McConkey et al. 1997, Mekonnen et al. 2016b). 

To consider seasonal variability of sediment transport a seasonally variable soil erodibility factor 

was introduced by Mekonnen et al. (2016b) for four defined seasons in SWAT-PDLD. The four 

seasons were classified as November 1 to March 15th, March 16 to March 31st, April 1 to April 

30th, and May 1 to October 31st. The relative weighting of the soil erodibility factor considered for 

these periods by Mekonnen et al. (2016b) was 0.41, 1.18, 1.9 and 1.0 respectively. This 

modification and weightings has been used in this study.  

For the calculation of evapotranspiration, the Hargreaves method has been used in this study 

for which only temperature data is required. 

4.5.2 Sensitivity Analysis 

Sensitivity analysis is the process of identifying crucial parameters that are the most sensitive 

to be used in model calibration. The analysis can be done manually or automatically. In this study, 

it was decided to use SWAT-CUP and the Sequential Uncertainty Fitting Version 2 (SUFI-2) 

algorithm for sensitivity analysis and calibration. Both local and global sensitivity analysis are 

available under SUFI-2 and they both have some pros and cons. Local sensitivity analysis or One 
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Factor at a Time (OAT) is the process of assessing the effect of one parameter on the model result 

while all other parameters remain constant. It has been used in the field of hydrology on a large 

scale; however, there are some limitations regarding missing interactions among factors, not 

obvious to get the most sensitive input factors and the quality of associated uncertainty analysis 

(Saltelli and Annoni 2010). Moreover, local sensitivity analysis is still using in the field of 

hydrology (Mekonnen et al. 2016a-b) and it is useful for regional modelling studies specially for 

semi-distributed hydrological models significantly (Devak and Dhanya 2017). In this study, this 

method provides better understanding to select parameters than the global sensitivity approach. 

 In SUFI-2, uncertainty in parameters is expressed as a range that includes all sorts of 

uncertainties (i.e. conceptual model, input variables, parameters and input data). The consequences 

of the input uncertainties cause the uncertainties of model output variables. SUFI-2 expressed that 

uncertainty as 95% prediction uncertainty (95PPU) which is calculated at the 2.5% and  97.5% 

levels of the cumulative distribution of an output variable generated by the propagation of the 

parameter uncertainties based on Latin hypercube sampling process (Abbaspour et al. 2007). So, 

the goal of the SUFI-2 calibration method is to cover most of the observations within the 95% 

probability distributions of output variable.  

A sensitivity analysis was completed to confirm, expand or reduce the number of sensitive 

model parameters that were then used to calibrate the model. The sensitive parameters identified 

with their permissible range and final calibrated value are presented in Table 4.2. 

 

 

 

 



 

68 

 

Table 4.2: Sensitive parameters and their calibrated values for the SWAT-PDLD model. 

 

Note: A parameter designated as v_ means the calibrated value replaces with the default parameter 

value and r_ means initial parameter value is multiplied by (1+calibrated value) that means the 

parameters will change as percentage (i.e. -0.20 means default parameter will decrease 20%). 

 

 

 

 

Lower 

Limit

Upper 

Limit

PipeStone 

Creek

Lightning 

Creek

r_CN2 SCS runoff curve number -0.3 +0.3 -0.22 -0.20

v_TIMP Snowpack temperature lag factor 0 1 0.23 0.21

v_SFTMP Snowfall temperature (°C) -5 5 -1.86 -2.70

v_SMTMP Snowmelt base temperature (°C) -5 5 0.05 -0.38

v_SMFMX Maximum melt factor  (mm /°C/d) 0 9 5.79 5.50

v_SMFMN Minimum melt factor  (mm /°C/d) 0 7 2.93 1.10

v_SNOCOVMX Areal snow coverage threshold at 100% (mm H2O) 0 500 101.92 117.99

v_SNO50COV Fraction of areal snow coverage threshold at 50% 0 1 0.32 0.26

v_ALPHA_BNK Baseflow factor for bank storage (day) 0 1 0.43 0.26

v_GWQMN

Threshold depth of water in the shallow aquifer 

required for return flow to occur (mm H2O) 0 5000 2770.50 2773.70

r_SOL_Z Depth from soil surface to bottom of layer (mm) -0.25 +0.25 0.14 0.25

r_SOL_BD Moist bulk density (Mg/m
3
) -0.2 +0.2 0.02 0.10

v_CH_N2 Manning's n for the main channel 0.01 0.3 0.09 0.13

v_CH_K2

Effective hydraulic conductivity for the main channel 

(mm/hr) 5 100 35.20 50.70

r_PND_PVOL Maximum Storage capacity -0.25 +0.25 -0.13 0.17

v_PRF Peak rate adjustment factor for sediment 0 2 0.01 0.09

v_SPCON Linear parameter for maximum sediment reentrained 0 0.01 0.00 0.00

v_SPEXP Exponent parameter for sediment reentrained 0 1.5 0.50 N/A

v_USLE_P USLE support practice 0 1 0.61 0.73

v_CH_COV1 Channel erodibility factor 0 1 0.47 0.86

v_CH_COV2 Channel cover factor 0 1 0.79 0.43

v_PSP P availability index 0.01 0.7 0.62 0.52

v_ERORGP Phosphorus enrichment ratio 0 5 0.12 0.19

v_PHOSKD P soil partitioning coefficient 100 200 156.80 117.63

v_P_UPDIS P uptake distribution parameter 0 100 40.01 79.60

v_RCN N in rainfall (mg N/L) 0 15 0.10 0.11

v_NPERCO Nitrogen percolation coefficient 0 1 0.86 0.22

v_ERORGN Organic N enrichment ratio 0 5 0.31 0.53

v_CDN Denitrification exponential coefficient 0 3 1.55 N/A

v_SDNCO Denitrification threshold water content 0 2 1.10 N/A

v_N_UPDIS N uptake distribution parameter 0 100 11.24 12.30

Calibrated value
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4.5.3 Calibration and Validation 

In this research work, the SWAT-PDLD model was used to simulate streamflow, sediment 

loading and nutrient transport (N and P) in the watersheds. Initially, parameters related to the 

hydrological process and reported by previous studies in the prairie region were assessed in a 

sensitivity analysis. After selecting sensitive parameters, calibration was conducted using the 

SUFI-2 algorithm. Streamflow was calibrated first as it influences other output variables and it is 

more frequently sampled than water quality data. Many researchers have followed this process, 

e.g., White and Chaubey (2005), Abbaspour et al. (2007), and Mekonnen et al. 2016c).  

Streamflow simulations were performed on a daily time-step basis at gauging stations 

05NE003 (Pipestone Creek), 05HD036 (Swift Current Creek) and 05NF006 (Lightning Creek). 

Calibration and validation was conducted following an initial two-year warm-up period for the 

model to help mitigate the uncertainty of the initial input conditions. The calibration and validation 

period for streamflow for the Pipestone Creek watershed was 2006-2009 and 2012-2015. For 

Lightning Creek watershed, the calibration and validation period for streamflow was 1995-1997 

and 2015-2017 respectively. The calibration period of Swift Current Creek was initially selected 

as 2006-2009; however, the model could not be calibrated to provide to the desired model 

performance. Therefore, no further calibration and validation of Swift Current Creek watershed 

was continued for streamflow or water quality. Further explanation regarding the Swift Current 

Creek model calibration will be given in Chapter 6. The calibration periods were chosen to avoid 

years with extreme flooding (i.e. 2010-2011 for Pipestone Creek) or drought that may cause the 

model unstable. The calibrated parameters are considered in a stable climate condition (not 

extreme flood or draught). However the model was later validated for different years rather than 
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calibration period. Calibration and validation periods for streamflow and water quality analysis are 

summarized in Table 4.3. 

Table 4.3: Calibration and validation period used for the modelling 

  

The calibration periods for sediment loading (total suspended solids), total nitrogen and total 

phosphorus export were 2007-2009 for the Pipestone Creek watershed and 2015-2017 for the 

Lightning Creek watershed. The validation period for water quality data was 2012-2015 for 

Pipestone Creek and 2008-2010 for the Lightning Creek watershed. The calibration and validation 

periods of water quality were selected based on data availability and whether there was similar 

annual precipitation to the years used for calibration. For the Lightning Creek watershed, water 

quality data was not available for the streamflow calibration period. 

After successful streamflow calibration, the sediment calibration parameters were optimized 

for a daily time step keeping the flow parameters fixed. A similar process was followed for total 

phosphorus and total nitrogen loading; the model was calibrated for nutrient processes by keeping 

the streamflow and sediment export parameters fixed. It is challenging to calibrate the model for 

nutrient export due to a short annual period of data availability (April-September) and limited 

number of years for which data is available. As noted above, nutrient and sediment data were 

collected once or twice in a month from April to September and rarely in October. In the Pipestone 

Creek watershed, during the calibration period, a total of 80 observations were available and during 

the validation period a total of 28 observations were available for sediment yield and Total P and 

Calibration period Validation period Calibration period Validation period

Streamflow 2006-2009 2012-2015 1995-1997 2015-2017

Sediment export 2007-2009 2012-2015 2015-2017 2008-2010

Total Phosphorus export 2007-2009 2012-2015 2015-2017 2008-2010

Total Nitrogen export 2007-2009 2012-2015 2015-2017 2008-2010

Pipestone Creek Watershed Lightning Creek Watershed
Simulation Type
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Total N export modelling. However, in the Lightning Creek Watershed, only 19 sediment and 

nutrient observations were available for the calibration period and 17 observations available for 

the validation period. 

4.5.4 Model Evaluation 

For evaluation of model performance for streamflow, sediment and nutrients, the Nash and 

Sutcliffe efficiency index (Nash and Sutcliffe 1970) was used for daily time-step simulations. In 

this study, NSE has been used for calibration process which tried to optimize the simulated peak 

values (i.e. peak streamflow) with observed data. The Nash and Sutcliffe efficiency index (NSE) 

used to determine the goodness of fit between observed and simulated streamflow data is given 

by: 

            NSE = 1 −
 ∑ (𝑄𝑖 −𝑄𝑠𝑖𝑚)²

𝑛

𝑖=1

∑ (𝑄𝑖−�̅�)²
𝑛

𝑖=1

            (4.1) 

where, Qi = observed flow, Qsim = simulated flow, �̅�= average observed flow and n= number of 

observed data.  

A standardized version of root mean square error called RSR is also used which is the ratio of 

root mean square error and standard deviation of the observed dataset (Singh et al. 2007). Root 

mean square error is the standard deviation of the residuals of simulated values and is given by:  

          RSR =
√∑ (𝑄𝑖 −𝑄𝑠𝑖𝑚)

𝑛

𝑖=1

√∑ (𝑄𝑖 −�̅�)
𝑛

𝑖=1

             (4.2) 

where, Qi = observed flow, Qsim = simulated flow, �̅�= average observed flow and n= number of 

observed data. 
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Percent Bias (PBIAS) was used as an objective function of model performance to check 

whether average tendency of the simulated dataset underestimates or overestimates the observed 

data (Gupta et al. 1999). The equation for PBIAS is: 

            PBIAS =
 ∑ (𝑄𝑖 −𝑄𝑠𝑖𝑚)∗100

𝑛

𝑖=1

∑ 𝑄𝑖
𝑛

𝑖=1

                                                                                         (4.3) 

where, Qi = observed flow, 𝑄𝑠𝑖𝑚= simulated flow and n= number of observed data. 

The equations stated above (4.1-4.3) for evaluation of the streamflow model were also used 

for the evaluation of the model performance of sediment and nutrient loading. However, the 

notation of discharge Q is replaced with the sediment and nutrient data (i.e. daily sediment load, 

daily total N or total P load).  
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CHAPTER 5: RESULTS AND DISCUSSION 

 

5.1 Introduction 

This chapter describes the modelling work including a discussion of the selection of the 

sensitive parameters for the SWAT model, model results, and the model performance evaluation 

based on statistical metrics and visual assessment of model performance using time series plots of 

streamflow and water quality. Model prediction of when the landscape depressions were spilling 

and not spilling were used to assess whether spilling from depressions impacts streamflow water 

quality in the studied watersheds. 

5.2 Streamflow Modelling 

5.2.1 Calibration of Parameters for Streamflow  

The model calibration parameters were identified based on the results of a sensitivity analysis. 

The most sensitive and important parameters for calibration of the model are presented in Table 

4.2, along with their permissible ranges and final calibrated values. The model calibration 

simulations were started with initial parameter values selected within a theoretical permissible 

range (upper and lower limit) based upon a literature review (Mekonnen et al. 2016c, Perez-

Valdivia et al. 2017). The calibration simulation ended when a satisfactory value for the NSE 

objective function was achieved. The calibration results provided a final calibrated value for each 

parameter within a refined range. A total of 15 parameters were found to be sensitive for 

streamflow calibration for the Pipestone Creek, Lightning Creek, and Swift Current Creek 

watersheds. A separate sensitivity test and calibration was performed for each watershed in 

SWAT-CUP, and the parameter ranges and calibration results varied for each watershed.  
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5.2.2 Model Performance  

To evaluate the performance of the SWAT model in simulating streamflow in the study 

watersheds, a plot of the time series of the observed and simulated streamflow data, as well as 

statistical analysis have been considered. The statistical metrics used were the Nash and Sutcliffe 

efficiency (NSE), the standardized version of root mean square error (RSR), and the percent bias 

(PBIAS). Statistical metrics were defined in Chapter 4 in Equations 4.1 to 4.3. All simulations 

were carried out on a daily time-step; statistical metrics were also calculated using daily simulation 

and observed values. 

For the Pipestone Creek watershed, Figure 5.1a) and b) shows the daily streamflow simulation 

results for the calibration and validation periods using both SWAT-PDLD and the SWAT-lumped 

models. During the calibration period (2006-2009), both models capture the magnitude and timing 

of peak flows (spring and summer period) well. However, the SWAT-lumped model 

underestimated one peak flow during the spring of 2007 (which occurred on June 17, 2007). In the 

validation period, both models missed some peaks (summer 2014 and spring 2015), but an overall 

good representation of the timing and magnitude of peak flows was observed. The model was not 

used for the period from 2010-2011 due to the extreme runoff conditions. Estimation of low flow 

conditions by both models was satisfactory during the calibration period, but average streamflow 

was underestimated compared to observed flow during both the calibration and validation periods 

according to the PBIAS objective function (Table 5.1). The amount of underestimation was 

noticeably higher in the validation period, probably because of higher annual peak flow conditions 

in the validation period compared to the calibration period. SWAT-PDLD performed better than 

SWAT-lumped at simulating peak streamflow in both the calibration and validation periods. 
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Figure 5.1: Pipestone Creek above Moosomin Lake watershed (Hydrometric Station:  05NE003) 

for SWAT-PDLD and the SWAT-lumped models (a) calibrated and observed daily streamflow 

(b) validated and observed daily streamflow. 

(a) 

(b) 
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Furthermore, the total observed flow volumes during the calibration and validation periods 

were underestimated by the SWAT-PDLD model by 23% and 29%, respectively. The SWAT-

lumped model underestimated the observed flow volume for the calibration and validation period 

by 27% and 48% respectively. The loss of water mainly occurred through evapotranspiration as 

well as little amount of recharge for aquifers. 

Figure 5.2 a) and b) presents the streamflow calibration and validation simulation results for 

the Lightning Creek watershed. The SWAT-PDLD model underestimated peak flows in spring 

(April 18, 1995; April 16, 1996; and April 4, 1997) during the calibration period, as well as in 

validation (again in the spring – April 1, 2015; May 20, 2015; and April 1, 2017). On the other 

hand, the SWAT-lumped model overestimated peak flows in the spring for the calibration period 

and overestimated the overall flow in the validation period. The overall performance of SWAT-

PDLD is better than the SWAT-lumped model for estimating low flows and peak flows. 

Table 5.1 gives a summary of the statistics used in evaluating model performance along with 

an interpretation of that performance based on the criteria of Moriasi et al. (2007). Model results 

are described as “very good”, “good”, “satisfactory” and “unsatisfactory” as a hierarchical order 

of performance based on three different objective functions: the NSE, RSR, and PBIAS. Table 5.2 

provides a summary of the Moriasi et al. (2007) classifications for model results. Based on the 

three objective function values, the SWAT-PDLD and SWAT-lumped models both performed as 

“good” for daily streamflow calibration for the Pipestone Creek watershed. However, both models 

were rated as only “satisfactory” for the validation period. For the Lightning Creek Watershed, the 

SWAT-PDLD model also performed as “good” for the calibration period and “satisfactory” for 

the validation period. The SWAT-lumped model was rated as only “satisfactory” for both the 

calibration and validation periods. 
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Figure 5.2: Lightning Creek near Carnduff watershed (Hydrometric Station: 05NF006) for the 

SWAT-PDLD and the SWAT-lumped model (a) calibrated and observed daily streamflow (b) 

validated and observed daily streamflow. 

(a) 

(b) 
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Table 5.1: Model performance for daily streamflow during calibration and validation periods for 

the Pipestone Creek and Lightning Creek watersheds. 

Model Watershed 
Simulation 

type 
Period NSE RSR 

PBIAS 

(%) 

Performance 

rating (based 

on Moriasi et 

al. (2007)) 

SWAT-

PDLD 

Pipestone 

Creek 

Calibration 2006-2009 0.72 0.6 8.0 Good 

Validation 2012-2015 0.6 0.63 8.6 Satisfactory 

Lightning 

Creek 

Calibration 1995-1997 0.74 0.42 9.8 Good 

Validation 2015-2017 0.65 0.49 10.2 Satisfactory 

SWAT-

lumped 

Pipestone 

Creek 

Calibration 2006-2009 0.65 0.59 11.5 Good 

Validation 2012-2015 0.57 0.6 19.6 Satisfactory 

Lightning 

Creek 

Calibration 1995-1997 0.68 0.58 18.2 Satisfactory 

Validation 2015-2017 0.55 0.59 -17.3 Satisfactory 

 

Table 5.2: Performance ratings for model output statistics (Moriasi et al. 2007). 

 

 

Unfortunately, no satisfactory calibration results were found for the Swift Current Creek 

watershed. A plot of the streamflow simulation results for this watershed is given in Figure 5.3. 

The peak flows estimated by both the SWAT-PDLD and the SWAT-lumped model were close to 

the observed peak flows for some cases, but both models predicted zero flows during spring 

seasons, which is unexpected. It is common to get higher streamflow during the spring season in 

the prairie region due to snowmelt (Pomeroy et al. 1998, Fang and Pomeroy 2007). Moreover, the 

model performance metrics for SWAT-PDLD (NSE=0.39, RSR=0.7, PBIAS=71%) and SWAT-

Streamflow Sediment N,P

Very Good 0.75-1.00 0.00-0.50 <±10 <±15 <±25

Good 0.65-0.75 0.50-0.60 ±10 to ±15 ±15 to ±30 ±25 to ±40

Satisfactory 0.5-0.65 0.60-0.70 ±15 to ±25 ±30 to ±55 ±40 to ±70

Unsatisfactory ≤ 0.50 > 0.70 >  ±25 >  ±55 >  ±70

PBIASPerformance 

Rating
NSE RSR
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lumped (NSE=0.21, RSR=0.89, PBIAS=82.5%) both showed that the model performance was 

“unsatisfactory”. 

 

Figure 5.3: Daily streamflow simulation (calibration) of the SWAT-PDLD and SWAT-lumped 

models for the Swift Current Creek below Rock Creek watershed (Hydrometric Station: 

05HD036). 

The streamflow of the Swift Current Creek watershed originates from spring runoff and 

groundwater springs (Rowan et al. 2011). The model failed to predict the base flows during spring 

and summer periods and estimated near zero base flows.  The groundwater parameters of the model 

somehow failed to estimate the recharge and discharge rate of the groundwater aquifers that 

affected the base flows. Parameters related to the threshold depth of the shallow aquifer for return 

flow, movement of water between the shallow aquifer and the overlying zone and groundwater 

flow response to changes in recharge might be the primary responsible factors behind the 

erroneous base flow. 
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The Swift Current Creek watershed is warmer than other two prairie watersheds of this study. 

The annual average temperature is 4.1°C, which is higher than the annual average temperature for 

the other two watersheds (Pipestone Creek and Lightning Creek watershed) in this study. The 

watershed is characterized by low precipitation and high evaporation (Peters and Steinley 2018). 

Compare to other two watersheds, less annual average precipitation has been observed here, which 

was 352 mm (2006-2017).  

In addition, the input gridded data for total precipitation during 2006 and 2008 underestimated 

the recorded observed precipitation of the Swift Current Creek region. The recorded average 

annual precipitation from 2006 to 2010 for this watershed was 369.7 mm (Canada Weather Stats 

2019); however, the observed (gridded) average annual precipitation that was used in the model 

was 322 mm. This is likely another important factor behind the low simulated runoff during spring. 

It is also interesting to note that modelling the watershed with observed precipitation data was 

tried, but that generated poorer simulation results than those found from gridded data. Recently, 

Peters and Steinley (2018) indicated annual average evaporation of the Swift Current Creek 

watershed was 270 mm for the year of 2017. However, the SWAT-lumped and SWAT-PDLD 

models both overestimated the annual average actual evaporation (around 380 mm), which is a 

large source of water loss. 

In a sum, the zero base flows during spring period might be a reason of inappropriate input 

precipitation data and overestimated evapotranspiration by the model.   

5.3 Water Quality Modelling 

Like streamflow modeling, the model calibration parameters for water quality modeling were 

identified based on the results of a sensitivity analysis (Table 4.2). Similarly, the calibration of 
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water quality model were started with initial parameter values selected within a theoretical 

permissible range (upper and lower limit) based upon a literature review (Mekonnen et al. 2016c). 

5.3.1 Sediment Export 

Daily calibrated and validated sediment export simulations for the Pipestone Creek watershed 

are plotted in Figure 5.4 a) and b). Both models underestimated the peak sediment export in the 

spring of 2009 but were reasonably able to predict the sediment export during lower flow 

conditions. The SWAT-PDLD model achieved a performance rating of “good” for both the 

calibration and validation periods (see Table 5.3). However, the SWAT-lumped model provided 

only “satisfactory” performance during both the calibration and validation periods. The SWAT- 

PDLD model performed better than the SWAT-lumped model likely because of its seasonal soil 

erodibility factor, which would better represent the seasonal erosion in the watershed. 

SWAT-PDLD also achieved a performance rating of “good” for the Lightning Creek 

watershed in simulating daily sediment export during both the calibration and validation periods 

(Figure 5.5 a) and b)) based on model performance parameters (Table 5.3). However, the SWAT-

lumped model was only able to achieve a “satisfactory” rating for the calibration period, but a 

“good” rating for the validation period.  

 



 

82 

 

 

 

Figure 5.4: Pipestone Creek above Moosomin Lake watershed (WQ Station: SK05NE0091) for 

SWAT-PDLD and the SWAT-lumped model (a) calibrated and observed daily sediment export 

(b) validated and observed daily sediment export.                                                                                                                                  

(a) 

(b) 
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Figure 5.5: Lightning Creek near Carnduff watershed (WQ Station: SK05NF0124) and the 

SWAT-PDLD and SWAT-lumped models (a) calibrated and observed daily sediment export and 

(b) validated and observed daily sediment export. 

(b) 

(a) 



 

84 

 

Table 5.3: Model performance for daily total sediment export for calibration and validation 

periods. 

 

In both watersheds, as would be expected, the observed sediment export was related to 

streamflow and peak sediment export was observed during peak flow. In the Pipestone Creek 

watershed, both models underestimated the sediment export during the calibration and validation 

period according to the statistical metrics. However, in the Lightning Creek watershed, SWAT-

PDLD overestimated the sediment export for the calibration and validation periods during which 

streamflow was also overestimated. 

5.3.2 Total Phosphorus Export 

Figures 5.6 a) and b) and 5.7 a) and b) present the simulation results for daily total phosphorus 

export in comparison to observed values for the Pipestone Creek and Lightning Creek watersheds 

respectively. From these figures and the model performance statistical metrics (Table 5.4) it can  

Model Watershed
Simulation 

type
Period NSE RSR PBIAS (%)

Performance rating 

(based on Moriasi 

et al.  (2007))

Calibration 2007-2009 0.68 0.59 28.32 Good

Validation 2012-2015 0.75 0.44 14.9 Good

Calibration 2015-2017 0.67 0.58 -18.9 Good

Validation 2008-2010 0.8 0.26 -16.5 Good

Calibration 2007-2009 0.6 0.63 54.1 Satisfactory

Validation 2012-2015 0.55 0.65 36.6 Satisfactory

Calibration 2015-2017 0.65 0.56 53.2 Satisfactory

Validation 2008-2010 0.7 0.42 -23.6 Good

SWAT-

PDLD

Pipestone Creek

Lightning Creek

SWAT-

lumped

Pipestone Creek

Lightning Creek
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Figure 5.6: Pipestone Creek above Moosomin Lake watershed (WQ Station: SK05NE0091) and 

the SWAT-PDLD and SWAT-Lumped models (a) calibrated and observed daily total 

phosphorus export (b) validated and observed daily total phosphorus export. 

(a) 

(b) 
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Figure 5.7: Lightning Creek near Carnduff watershed (WQ Station: SK05NF0124) and the 

SWAT-PDLD and SWAT-lumped models (a) calibrated and observed daily total phosphorus 

export (b) validated and observed daily total phosphorus export. 

(a) 

(b) 
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be concluded that the SWAT-PDLD model better predicted total phosphorus export than the 

SWAT-lumped model. This is expected based upon the sediment export model simulation 

performance because total phosphorus export is highly connected to sediment movement 

(Mekonnen et al. 2016c). The SWAT-PDLD model achieved a performance rating of “good” for 

both the calibration and validation periods (Table 5.4) for both watersheds. The SWAT-lumped 

model only achieved “satisfactory” rating according to the statistical metrics for both watersheds 

(Table 5.4). 

Table 5.4: Model performance for daily total phosphorus export for the calibration and validation 

periods. 

 

 

It was challenging to visually compare the SWAT-PDLD and SWAT-lumped models to 

observed data for the Lightning Creek watershed due to the limited number of observations. Based 

Model Watershed
Simulation 

type
Period NSE RSR PBIAS (%)

Performance rating 

(based on Moriasi 

et al.  (2007))

Calibration 2007-2009 0.73 0.41 15.4 Good

Validation 2012-2015 0.65 0.43 5.1 Good

Calibration 2015-2017 0.77 0.48 25.1 Good

Validation 2008-2010 0.62 0.22 31.9 Good

Calibration 2007-2009 0.7 0.44 47.5 Satisfactory

Validation 2012-2015 0.65 0.59 58.3 Satisfactory

Calibration 2015-2017 0.73 0.52 61.4 Satisfactory

Validation 2008-2010 0.55 0.61 65.4 Satisfactory

SWAT-

PDLD

Pipestone Creek

Lightning Creek

SWAT-

lumped

Pipestone Creek

Lightning Creek
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on the model statistical performance parameters (Table 5.4), the SWAT-PDLD model achieved a 

rating of “good” for both the calibration and validation periods. As for Pipestone Creek, in 

simulating the Lightning Creek watershed, the SWAT-lumped model was only able to achieve a 

performance rating of  “satisfactory” for both the calibration and validation periods. 

5.3.3 Total Nitrogen Export 

Simulation results for daily total nitrogen export have been plotted in Figures 5.8 (a and b) and 

5.9 (a and b) for the Pipestone Creek and Lightning Creek watersheds respectively. Here, the 

SWAT-PDLD model better represented total nitrogen export during the calibration period of both 

Pipestone Creek and Lightning Creek watersheds as compared to the SWAT-lumped model. 

Performance was rated as “good” (Table 5.5). Due to the sparse observed data, model performance 

is not obvious from the visual presentation of the model results during the validation period of 

both watersheds. During the validation period, SWAT-PDLD is rated as “good” for both 

watersheds. The SWAT-lumped model underestimated the observed data and rated as “good” for 

the calibration period of the Pipestone Creek watershed and “satisfactory” for the validation 

period. The SWAT-lumped model rated as “satisfactory” for both calibration and validation period 

of Lightning Creek watershed.   
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Figure 5.8: Pipestone Creek above Moosomin Lake watershed (WQ Station: SK05NE0091) and 

the SWAT-PDLD and SWAT-lumped models (a) calibrated and observed daily total nitrogen 

export (b) validated and observed daily total nitrogen export. 

(b) 

(a) 
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Figure 5.9: Lightning Creek near Carnduff watershed (WQ Station: SK05NF0124) and the 

SWAT-PDLD and SWAT-lumped models (a) calibrated and observed daily total nitrogen export 

(b) validated and observed daily total nitrogen export. 

(a) 

(b) 
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Table 5.5: Model performance for daily total nitrogen export. 

 

 

5.4 Water Quality during Spilling and Non-Spilling Periods 

The second objective of this study was to determine when depressions were spilling and non-

spilling using the SWAT-PDLD model and then to examine whether there are any differences in 

the relationship between streamflow and water quality between spilling and non-spilling periods. 

Spilling periods can be found from the water balance of depressions given in the SWAT-PDLD 

model output; the model outputs the daily amount of flow from the ponds.  

Initially, a spilling period was deemed to occur when the pond outflow is more than zero. A 

non-spilling period was considered for the alternate cases (zero outflow). However, to better define 

a spilling period, the ratio of the cumulative pond outflow to streamflow in a day was instead 

Model Watershed
Simulation 

type
Period NSE RSR PBIAS (%)

Performance 

rating (based 

on Moriasi et 

al.  (2007))

Calibration 2007-2009 0.73 0.37 22.6 Good

Validation 2012-2015 0.62 0.5 31.2 Good

Calibration 2015-2017 0.68 0.53 13.6 Good

Validation 2008-2010 0.72 0.25 9.2 Good

Calibration 2007-2009 0.65 0.56 38.4 Good

Validation 2012-2015 0.61 0.6 51.3 Satisfactory

Calibration 2015-2017 0.65 0.53 -60.5 Satisfactory

Validation 2008-2010 0.56 0.68 27.7 Satisfactory

SWAT-

PDLD

Pipestone Creek

Lightning Creek

SWAT-

lumped

Pipestone Creek

Lightning Creek
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considered. Here, the pond outflow is that generated by the model and the streamflow is the 

measured streamflow at the site. Several different percentage contributions of the pond outflow to 

the streamflow were tried as the criterion to decide when the ponds would be considered “spilling” 

in order to test the impact on results: 1%, 2%, 5%, 10% and 20%. The choice of percent 

contribution as a criterion greatly affected the number of days that were considered spilling and 

the number of available water quality measurements taken in spilling periods.  

Table 5.6 shows the number of days that ponds were spilling according to a range of % 

contribution criteria, and the number of water quality measurements for Pipestone Creek and 

Lightning Creek watersheds on spilling days. For example, for the Pipestone Creek watershed and 

when criteria of 5% contribution was used, there were a total of 252 days with pond spilling during 

2007-2018. However, there were only 16 spilling days with available water quality data out of the 

256 spilling days. 

For the Lightning Creek watershed, water quality observations were limited in number 

compared to the Pipestone Creek watershed. A total of only 49 water quality observations were 

available from 2008-2017 (no streamflow was available beyond 2017). However, water quality 

observations were only available for 6 spilling days among the 159 spilling days that occurred for 

the 5% contribution criteria. Further, the spilling days with water quality measurements were 

poorly distributed over the percent contribution categories. The number of water quality 

observations available for spilling days defined by the 1%, 2%, and 5% contribution to streamflow 

were the same; similarly, the number of water quality observations for the 10% and 20% 

contribution to streamflow were the same. 
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Table 5.6: Summary of spilling days and available water quality observations 

 

5.4.1 Streamflow versus Water Quality in the Lightning Creek Watershed 

Daily streamflow versus sediment export, total phosphorus, and total nitrogen plots are 

presented separately in Figures 5.10 to 5.12 for the Lightning Creek watershed. It has been noticed 

that water quality observations under spilling condition were found mainly during low flow 

periods. There were some cases in 2013-2014 where spilling periods were found during high flow 

conditions, however observed water quality data was not available at that time. For sediment 

export in this watershed, there is no observable difference in the sediment load between periods of 

spilling and non-spilling.  This is perhaps reasonable because ponds would tend to act as a sediment 

sink.  Similarly, there was no observable difference between spilling and non-spilling periods in 

total phosphorus loads.  This is shown in Figure 5.11. 

Category

Pond contribution (%) 1% 2% 5% 10% 20% 1% 2% 5% 10% 20%

Spilling days 346 299 252 216 176 258 209 159 124 93

Available water quality 

measurements (for spilling days)
29 29 16 10 8 6 6 6 3 3

Total available water quality 

measurements (days)

Pipestone Creek Watershed           

(2007-2018)

Lightning Creek Watershed                  

(2008-2017)

157 49
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Figure 5.10: Relation between daily streamflow and sediment export during spilling and non-

spilling conditions for Lightning Creek near Carnduff watershed (a) full flow range observed 

(5% pond contribution) (b) low flow conditions (5% pond contribution) (c) full flow range(20% 

pond contribution) (d) low flow condition (20% pond contribution) 

 

(a) 

(b) 
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Figure 5.10 continued 

                   

(c) 

(d) 
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Figure 5.11: Relation between daily streamflow and total phosphorus export during spilling and 

non-spilling conditions for Lightning Creek near Carnduff watershed (a) considering all flow 

condition (5% pond contribution) (b) low flow condition (5% pond contribution) (c) considering 

all flow condition (20% pond contribution) (d) low flow condition (20% pond contribution) 

 

(a) 

(b) 
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Figure 5.11 continued 

 

However, a different observation was made for total nitrogen export (Figure 5.12). Even for 

the different pond percentage contributions to streamflow, the volume of total nitrogen export was 

(c) 

(d) 
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clearly higher for spilling than non-spilling conditions. It should be noted again that the 

observations of water quality where taken during spilling periods during times of low flow. 

 

 

Figure 5.12: Relation between daily streamflow and total nitrogen export during spilling and 

non-spilling conditions for Lightning Creek near Carnduff watershed (a) full flow range (5% 

pond contribution) (b) low flow conditions (5% pond contribution) (c) full flow range (20% pond 

contribution) (d) low flow conditions (20% pond contribution) 

(a) 

(b) 
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Figure 5.12 continued 

 

 

 

(c) 

(d) 
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5.4.2 Streamflow versus Water Quality in the Pipestone Creek Watershed 

Observed sediment export versus streamflow during spilling and non-spilling periods are 

shown for the Pipestone Creek watershed in Figure 5.13. Unlike the Lightning Creek watershed, 

water quality observations (sediment, total phosphorus and total nitrogen export) during spilling 

periods were available for both high and low flow periods for Pipestone Creek for pond 

contributions to streamflow up to 5%. It is interesting to note that many of the spilling periods for 

low flows occurred during the later period of the year (July-October). Also, the sediment 

measurements that were taken during higher pond contributions to streamflow (greater than 20%) 

were for the low flow conditions. There also appears to be a range of flows for which no spilling 

was observed.  In Figure 5.13, this appears to be from about 2 to 8 m3/s.  This was checked for all 

results where the model showed contribution to streamflow.  Overall, there was no indication that 

sediment export was increased or decreased during spilling periods. 

Figures 5.14 and 5.15 shows the observed streamflow versus total phosphorus export and 

nitrogen export for the Pipestone Creek watershed respectively. Like the Lightning Creek 

watershed, spilling from ponds does not appear to impact the total phosphorus export in the stream.  

However, unlike the Lightning Creek watershed, this also appears to be case for nitrogen export; 

spilling does not appear to impact nitrogen export in the watershed.   
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Figure 5.13: Relation between daily streamflow and sediment export during spilling and non-  

spilling conditions for Pipestone Creek above Moosomin Lake watershed (a) full flow range (1% 

pond contribution) (b) low flow conditions (1% pond contribution) (c) full flow range (5% pond 

contribution) (d) low flow conditions (5% pond contribution) (e) full flow range (20% pond 

contribution) (f) low flow conditions (20% pond contribution). 

 

(a) 

(b) 
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Figure 5.13 continued 

 

 
  

(c) 

(d) 
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Figure 5.13 continued 

(e) 

(f) 
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Figure 5.14: Relation between daily streamflow and total phosphorus export during spilling and 

non-spilling conditions for the Pipestone Creek above Moosomin Lake watershed (a) full range 

of flows (1% pond contribution) (b) low flow conditions (1% pond contribution) (c) full range of 

flows  (5% pond contribution) (d) low flow conditions (5% pond contribution) (e) full range of 

flows (20% pond contribution) (f) low flow conditions (20% pond contribution). 

 

(a) 

(b) 
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Figure 5.14 continued 

 

(c) 

(d) 
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Figure 5.14 continued 
 

 

(e) 

(f) 
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Figure 5.15: Relation between daily streamflow and total nitrogen export during spilling and 

non- spilling conditions for the Pipestone Creek above Moosomin Lake watershed (a) full range 

of flows (1% pond contribution) (b) low flow conditions (1% pond contribution) (c) full range of 

flows(5% pond contribution) (d) low flow conditions (5% pond contribution) (e) full range of 

flows (20% pond contribution) and (f) low flow conditions (20% pond contribution). 

 

(a) 

(b) 
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Figure 5.15 continued 

 

(c) 

(d) 
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Figure 5.15 continued 

 

 

(e) 

(f) 



 

110 

 

5.5 Summary 

Streamflow simulations using SWAT-PDLD and SWAT-lumped for three southern 

Saskatchewan watersheds have been presented above. SWAT-PDLD provides better simulation 

than SWAT-lumped during calibration and validation periods and specially better estimating peak 

flows for Pipestone Creek watershed. However, both models missed one peak during the validation 

period. It is worth noting that the validation period of Pipestone Creek watershed is comparatively 

wetter than the calibration period and a much larger than average annual rainfall recorded for the 

year 2014 than the surrounding years. Both models underestimated the total annual flow in the 

calibration and validation periods and the objective function PBIAS also indicates this observation. 

In Lightning Creek watershed, the SWAT-lumped model overestimated the streamflow in 

many cases for both calibration and validation periods. SWAT-PDLD performed better for 

simulating streamflow; however, it missed the magnitude and timing of one peak for both 

calibration and validation period separately. It has been observed that one set of gridded 

precipitation data maybe not perfectly represent the actual scenario of all the simulated years. But 

for maintaining consistency of the model, only one source of gridded data has been used. Like the 

Pipestone Creek watershed, both models underestimated the observed flow in all cases except the 

validation period of the SWAT-lumped model. It is worth noting that, in the study described in 

this thesis, it was found that up to a maximum of 65 percent of surface runoff from a prairie 

watershed area drains into depressions before reaching the stream network. 

In this study, unsatisfactory calibration results were found for the Swift Current Creek 

watershed. The limitations of the model were zero base flow during spring seasons and a lack of 

ability to predict the duration and magnitude of streamflow during both high and low flows. The 
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probable reasons behind that are inadequate climate data that caused inappropriate groundwater 

parameter values as well as overestimates of the evapotranspiration.  

Water quality simulation was done for the similar periods of streamflow (except 2006) for the 

Pipestone Creek watershed using the SWAT-PDLD and SWAT-lumped model. Satisfactory visual 

representation, as well as statistical matrices, were found for daily sediment export, daily total 

phosphorus and daily total nitrogen export for both models. SWAT-PDLD achieved better 

statistical performance ratings than SWAT-lumped for simulating all three water quality models.  

Spilling and non-spilling periods were identified based on SWAT-PDLD predicted pond 

outflow percent contribution to observed streamflow for the Pipestone Creek and Lightning Creek 

watersheds. In the Lightning Creek watershed percent pond contribution to streamflow during low 

flow was comparatively higher than the high flow periods when spilling occurred. Sediment and 

phosphorus export with streamflow did not show any different characteristics for spilling and non-

spilling conditions. Interestingly, total nitrogen export loading was higher with streamflow during 

the spilling condition than the non-spilling condition. 

Significant pond contributions to streamflow have been noticed for both low flow and high 

flow conditions for the Pipestone Creek watershed. Sediment export, total phosphorus and total 

nitrogen export with observed streamflow for the Pipestone Creek watershed did not show any 

difference for spilling and non-spilling periods. In sum, in this study, it was found that the 

calibrated SWAT-PDLD model can identify spilling and non-spilling periods for the prairie 

pothole region and assess the characteristics of sediment and nutrient export with streamflow. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Summary of the Study 

The first objective of this study was to apply the SWAT-PDLD model (considering variable 

seasonal soil erodibility) to three southern Saskatchewan watersheds to simulate streamflow and 

water quality. The model successfully simulated streamflow for the Pipestone Creek and Lightning 

Creek watersheds. The calibration results were rated as “good” and validation results were rated 

as “satisfactory” for both Pipestone Creek watershed and Lightning Creek watershed according to 

the Moriasi et al. (2007) criteria. The validation period for the Pipestone Creek watershed was 

wetter (more precipitation input) than the calibration period, which appeared to reflect in the 

simulation results. Further, both statistical measures and graphical representations (hydrographs) 

of observed and simulated flow showed that SWAT-PDLD performed better for both calibration 

(NSE=0.72) and validation (NSE=0.6) periods than the calibration (NSE=0.65) and validation 

(NSE=0.57) results of the standard SWAT-lumped model. 

It was not possible to adequately calibrate the model for the Swift Current Creek watershed. 

During the spring and summer periods, the model predicted zero flows, which was unexpected. 

The probable reasons behind this were unreasonable value of groundwater parameters and 

evapotranspiration due to unrepresentative climate data during the spring period. 

Based on the SWAT-PDLD streamflow simulations in the Lightning Creek watershed, spilling 

occurred from landscape depressions mostly during low flow conditions. In the Pipestone Creek 

watershed, only 48% of landscape depression spilling events occurred when streamflow was less 

than 1 m3/s, whereas in the Lightning Creek watershed, 75% of the spilling events occurred for 

streamflow under 1 m3/s. 
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With respect to the simulation of water quality, the SWAT-PDLD model with seasonal soil 

erodibility performed better than the standard SWAT lumped model for simulating sediment 

export for both Pipestone Creek and Lightning Creek watersheds based on the criteria of Moriasi et 

al. (2007). The performance rating of the SWAT-PDLD model for daily sediment export during 

the calibration and validation periods for Pipestone Creek and Lightning Creek watershed was 

“Good”, whereas the performance of the standard SWAT lumped model for the same periods was 

only “Satisfactory” for both watersheds except for the validation period for Lightning Creek 

watershed which was (“Good”). 

The second goal of this study was to identify the periods when landscape depressions 

contribute to streamflow (spilling period) and to try and assess whether there is any noticeable 

impact of spilling from depressions on water quality. It should be noted that the density of 

landscape depressions differs significantly in Pipestone Creek and Lightning Creek watershed. 

Only 24% effective drainage area has been reported for Pipestone Creek watershed by 

Environment Canada (HYDAT), whereas there is more than twice the amount of effective drainage 

area (52%) for Lightning Creek.  

In the Lightning Creek watershed, total nitrogen export with streamflow during spilling and 

non-spilling period was identical and total nitrogen export was higher during the spilling period. 

However, the relationship for sediment export and total phosphorus export with streamflow was 

missing during spilling and non-spilling periods.  Furthermore, for Pipestone Creek watershed, no 

specific relationship had been found between water quality and streamflow during spilling and 

non-spilling events.     
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6.2 Recommendations 

To improve the SWAT-PDLD model performance for further application to simulation of 

streamflow and water quality in the prairie region watershed, the following guidelines are 

recommended. 

 Use the best possible climate data available to represent the overall water balance of the 

watershed during the simulation periods. If required, a combination of observed and 

gridded climate data can be used to avoid missing data to represent the best possible climate 

scenario. 

 Different tools i.e. the Wetland DEM Ponding Model (WDPM) other than Arc-Hydro tools 

can be used to calculate pond geometry and contributing drainage area of the pond to 

compare the difference in case of pond water balance effect on streamflow simulation that 

can ensure better pond water balance. In this study, the contributing drainage area of the 

pond was calculated indirectly based on the difference between effective and non-effective 

drainage areas of the watershed, which can be calculated directly using alternate tools.  

 Simulate water quality model for organic nutrients separately instead of total nitrogen or 

phosphorus to analyze and improve model performance for more specific water quality 

variables. 

 Frequent water quality measurements specially during peak streamflows are necessary to 

assess model performance for nutrient export during that time more effectively. Frequent 

sampling is required specially during the spring period, where most of the peak flows 

occurred.  
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