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Abstract 

Within the scope of Watershed Evaluation of Beneficial Management Practices project in 

Saskatchewan, the Soil Water Assessment Tool model has been calibrated and validated 

at daily and monthly time steps for a watershed within the Prairie Pothole region of North 

America. The model uses the concepts of the hydrological equivalent wetland, limited 

weather data, and the gross and effective drainage areas introduced in the 1950s to 

simulate flows at one streamflow gauge in a 2,242 km2 watershed. The Sequential 

Uncertainty Fitting algorithm version 2 was used to calibrate and validate the model at 

daily and monthly time steps for the period 1997-2005 and 2005-2009, respectively. The 

model performs well capturing the magnitude and timing of the peaks during spring 

runoff. Annual volumes during the calibration period are well represented by the model at 

monthly time steps, although the performance of the model decreases during the 

validation period (2002-2005) which is represented by lower statistics.  

The successful calibration and validation of the model make possible the assessment of 

the impact of wetland drainage and climate change on the hydrology of the Pipestone 

Creek Watershed. The impact of wetland drainage on hydrology is evaluated by creating 

three different drainage scenarios which account for a drainage of 15% (Scenario 1), 30% 

(Scenario 2), and 50% (Scenario 3) of the non-contributing area. Results of these 

simulations suggest that drainage increases spring peak flows by 50%, 79%, and 113% 

for scenarios 1, 2, and 3, respectively, while annual flow volumes are increased by 43%, 

68%, and 98% in each scenario. Years wetter than normal present an increase of peak 

flows and annual flow volumes of less than the average of the simulated period. 

Alternatively, summer peak flows present the smaller increase in terms of percentage 

during the simulated period.  

In addition, five Global Circulation Models (GCMs) and three climate change scenarios 

are used to drive the calibrated model and assess the impacts of climate change for the 

period 2031-2060. Overall, the models agree, estimating an earlier spring runoff, higher 

spring flow volumes and soil water content. Actual evapotranspiration is expected to 

increase during spring and decrease during fall, while there is little anticipated change in 
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summer actual evapotranspiration rates. The projections of streamflow and soil water 

content are more uncertain during the summer and fall seasons due to the wider range of 

change forecasted. 
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CHAPTER 1  
Introduction 

1.1 Problem Statement 

Water resources are constantly under stress worldwide and the demand for fresh water is 

expected to become even greater, driven by the increase of the population and their food 

consumption. It is estimated that the global demand for food will be 70% more by 2050 

(WWAP, 2012). Considering the increasing demand for water, and that climate change 

will have an impact on the hydrological cycle, it is important to develop tools to manage 

water resources, to quantify the impacts of climate change, and to inform the 

development of policies. In this context, it is fundamental that development of 

hydrological models support the long-term simulation of water resources providing  

better decision and policy-making tools. 

Increments in food production will be obtained by better crop productivity or simply 

increasing the land area used for agriculture. In the Canadian Prairies this surface area 

has been increased by draining wetlands or ponds located in areas that normally do not 

contribute to runoff changing the natural drainage areas of the watershed and altering the 

natural hydrology. In addition, climate change is expected to increase the frequency of 

extreme events such as heavy precipitation and droughts. Already the number of regions 

affected by heavy precipitation has increased rather than decreased which might lead to a 

higher risk of flooding (IPPC 2014). 

In order to quantify these impacts it is necessary to understand, replicate, and account for 

the hydrological processes that take place in a determined study area and their 

uncertainty. In the case of the Pipestone Creek, the hydrological processes are typical of 

the cold regions in which peak flows occur generally during the spring runoff, however, 

its location within the pothole region of North America gives this watershed the 

characteristic of having variable contributing drainage areas that has to be accounted 

within the hydrological model.  
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Finally, this study addresses two important topic of the 25 Year Saskatchewan Water 

Security Plan: wetland drainage and climate change.  

1.2 Research Objectives 

This study was developed within the framework of Watershed Evaluation of Beneficial 

Management Practices in Saskatchewan. The objective of this research was to study the 

impact of different agricultural practices on water quality at the field scale. The project 

studied in detail the impact of different practices on three sites from which two are 

located within the non-contributing drainage area of the Pipestone Creek.  In order to 

extrapolate the results from the field scale to a watershed scale, the hydrology at the 

watershed scale has to be understood and replicated accounting for the different 

hydrological processes that take place in the watershed. 

The hydrology of the Pipestone Creek Watershed located in southeastern Saskatchewan 

will be studied in this thesis by using a semi distributed hydrological model during a 

period of 13 years. The major objectives of this research are the following: 

a) To find a methodology to account for the variable drainage contributing areas 

in the Canadian Prairies. 

b) To establish modeling conditions and parameters for the Soil Water 

Assessment Tool (SWAT) hydrological model for the Pipestone Creek 

Watershed. The SWAT model was developed in Texas and has been used 

worldwide, with limited applications within the pothole region of North 

America. 

c) To account for the variable drainage contributing area typical of the hydrology 

of the Canadian Prairies within the SWAT model. 

d) To calibrate and validate the model at daily and monthly increments and 

assess its performance. 

e) To develop drainage scenarios for the Pipestone Creek. 

f) To assess the impact of different drainage scenarios on water resources (daily 

peaks, monthly flows, and annual volumes) of the Pipestone Creek during the 

same period of time in which the model has been calibrated and validated. 
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g) To assess the impacts of climate change in the Pipestone Creek using five 

different Global Circulation Models (GCMs) and three Representative 

Concentration Pathways (RCP) by analyzing the change in hydrological 

variables such as monthly flows, annual volumes, evaporation, and soil water 

content for the near future 1941-1960.  

1.3 Study Site and Scope 

The Pipestone Creek watershed has an estimated gross drainage area of 2,242 km2 of 

which 559 km2 are considered effective. The watershed is located in southeastern 

Saskatchewan within the Prairie Pothole Region of North America and it is estimated that 

nearly 11% of the watershed is covered by wetlands and nearly 75% of the land is used 

for agriculture and pasture (Boychuk, 2009). The elevation of the watershed ranged from 

547 to 804 m.a.s.l and the normal precipitation ranges from 450 to 500 mm.  

1.4 Thesis Organization 

The thesis is presented in five additional chapters, with each chapter including the 

references for that specific section of the thesis. Chapter 2 is a literature review of the 

general basis of the SWAT model, its applications worldwide and in Canada as well. This 

chapter also addresses previous studies of wetland drainage and its impact on hydrology 

as well the impact of climate change on water resources and the methodology that is 

currently used to assess the impacts of climate change on hydrology. 

Chapter 3 is the first manuscript that covers the implementation of the SWAT model in 

the Pipestone Creek watershed. The chapter describes the data requirement of the model 

and the data used for the calibration and validation as well as presents the results of both 

processes.  

Chapter 4 is the second manuscript which examines the impact of wetland drainage on 

the hydrology of the Pipestone Creek watershed. Three different drainage scenarios 

which are based on a drainage percentage of the non-contributing drainage area and their 

impact on daily and monthly flows are discussed in this chapter. 
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Chapter 5 is the third manuscript and presents the results of the climate change impacts 

on the hydrology of the Pipestone Creek watershed. This chapter provides a general 

overview of the methodology that is currently being used to assess the impact of climate 

change on hydrology as well analyzes the implications of climate change in water 

resources and some components of the hydrological cycle such as streamflow, actual 

evapotranspiration, and soil water content. The climate change impacts are analyzed 

using five different GCMs driven by three greenhouse gas emission scenarios.  

Finally, Chapter 6 presents the general conclusions of this thesis. 

1.5 References 

Boychuk, L., 2009. Lower Souris River Watershed Biophysical Inventory. Saskatchewan 
Watershed Authority. Final Project Report. 24 pp.  

IPCC, 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 
II and III to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. 
IPCC, Geneva, Switzerland, 151 pp. 

WWAP (World Water Assessment Programme). 2012. The United Nations World Water 
Development Report 4: Managing Water under Uncertainty and Risk. Paris, 
UNESCO. 
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CHAPTER 2  
Literature Review 

 

The objective of this chapter is to provide a general overview of the Soil Water 

Assessment Tool hydrologic model, addressing relevant components of the model for the 

present research such as the snow module and the wetland/pond water balance, its 

applications, and applicable studies to this research. Therefore, the chapter is divided 

into three main sections: Section 1, the Soil Water Assessment Tool (SWAT) and its 

applications; Section 2, the hydrology of a prairie watershed and the relevance of 

wetlands and internal storage; and Section 3, climate change impacts on hydrology. 

 

2.1 The Soil Water Assessment Tool Hydrological Model 

Water resources are vital for the survival of human and the different ecosystems around 

us. The management of the water resources has a primordial role making sure that there 

will be water in enough quantity and quality to sustain the population growth and the 

different ecosystems.  Hydrological models are a very useful tool to aid the management 

of water resources across the different watersheds. Models such as the Soil Water 

Assessment Tool (SWAT; Arnold et al., 1998), that has its origins in the US Department 

of Agriculture- Agricultural Research Service models, are worldwide used to simulate the 

hydrological processes. The SWAT model is a basin-scale continuous model, physically 

based, and capable of simulation over long time periods (Gassman et al., 2007). The 

model divides the watershed into sub-watersheds and subsequently into hydrological 

response unites (HRU) for which the daily water balance is calculated. SWAT uses as 

weather input daily precipitation, maximum and minimum temperature, solar radiation 

data, relative humidity, and wind speed data that can be either input into the model or 

generated. Relative humidity and wind speed are only required if Penman–Monteith 

(Monteith, 1965) method is used to calculate evapotranspiration  while relative humidity 

is required to calculate the Priestly-Taylor (Priestly and Taylor, 1972) evapotranspiration. 

In addition to these two methods to calculate evapotranspiration the model also provides 
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the option to calculate evapotranspiration using the Hargreaves method (Hargreaves et 

al., 1985) that is recommended when there is only temperature data available (Gassman 

et al., 2007). 

The water balance, calculated for each HRU, includes canopy interception, redistribution 

of water within the soil profile, evapotranspiration, lateral subsurface flow from the soil 

profile, and return flow from shallow aquifers. Surface runoff is calculated for each HRU 

by using one of the three options that the model provides, being the curve number method 

the most used (USDA-NRCS, 2004). The water balance in the model is calculated 

according to equation 2.1. 

∑    (2.1) 

 Where SWt is the soil water content at time t, SW0 is the soil initial water content, Rday is 

the amount of precipitation, Qsurf is the amount of surface runoff, E is the 

evapotranspiration, Wseep is the water entering the vadose zone from the soil, and Qgw is 

the return flow. 

Within SWAT there are two major components that are relevant for this research. The 

first one is the snow module that details how SWAT addresses the snow hydrology and 

the second one is the wetland/pond water balance. 

The snowmelt hydrology is one of the most important components in the Pipestone 

watershed since most of the annual flow volume occurs during the spring runoff as well 

as most peaks. SWAT also calculates the snowmelt at the HRU level. The model 

classifies the precipitation as snow when the mean daily temperature is less than the 

snowfall temperature (SFTMP), thus the precipitation in millimeters is added to the 

snowpack. The snowpack varies with sublimation and precipitation thus the mass balance 

is calculated according to equation 2.2. 

	 	 	 	     (2.2) 
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Where SWE i is the snow water equivalent for the current day or day i, and SWE i-1 is the 

snow water equivalent for the previous day, Rsf i is the water equivalent of the snow 

precipitation during the day i, Esub i is the water equivalent of the snow sublimation 

during the day i, and SWEmlt i is the water equivalent of the snowmelt during the day i. 

The snowpack distribution over the watershed is variable and there are areas likely bare 

of snow.  The SWAT model uses an areal depletion curve to define the areal coverage of 

snow in the HRU. The curve (equation 2.3) represents the seasonal growth and recession 

of the snow pack (Anderson, 1976). 

	 1 2 ∗   (2.3) 

Where snocov i is the fraction for the HRU area covered by snow during the day i, 

SNOCOVMX is the minimum snow water content that corresponds to 100% snow cover 

(mm), and cov1 and cov2 are the coefficients that define the shape of the curve. If the 

water content of the snowpack exceeds SNOCOVMX, snowcov i takes a value of 1 

assuming an uniform depth of snow over the HRU area. A minimum impact of the areal 

depletion curve on snowmelt is obtained when a small value of SNOCOVMX is used and 

vice versa.  

The snowpack temperature and the melting rate also affect the snowmelt.  Snowpack 

temperature is function of the mean daily temperature during the preceding days 

(Anderson 1976). The effect of the previous day’s snowpack’s temperature during the 

current day is represented by a lag factor (TIMP). The snowpack temperature is 

calculated with equation 2.4. 

1 ∗    (2.4) 

Where Tspi and Tspi-1 are the snowpack temperature on the current and previous days (i-1), 

Tai is the main temperature during the day i. Values for TIMP range between 0 and 1, 

where a closer value to 1 the current day temperature has more weight on the temperature 

of the now pack. 
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Then SWAT calculates the snowmelt during the day i as: 

	 	 	 ∗ 	 	    (2.5) 

Where Tmax i is the maximum air temperature during the day i (°C), SMTMP is the 

temperature above which snowmelt occurs and b mtl i is the melt factor during the day i 

(mm°C-1day-1) that is represented by the following equations: 

	 	 ∗ 81   (2.6) 

Where SMFMX and SMFMN are the maximum and minimum snowmelt factors (mm°C-

1day-1). 

The second relevant component of interest for this research is wetland or pond water 

balance that the model does.  In SWAT the wetlands are treated as water bodies and are 

located within sub-basins (Arnold et al., 2001). Only one wetland is allowed by sub-

basin, the contributing drainage area to the wetland is a fraction of the sub-basin.  The 

water balance of the wetland is calculated according to equation 2.7. 

	 	   (2.7) 

Where V is the volume of water in the wetland or pond at the end of the day, Vst is the 

volume of water in the wetland at the beginning of the day, Vfin is volume of water 

entering the wetland, Vfou is the volume of water exiting the wetland, Vpcp is the amount 

of precipitation that receives the wetland during the day, Veva is the volume of water loss 

during the day thorough evaporation, Vsee is the loss of water in the wetland by seepage. 

The surface area of the wetland is required to calculated the precipitation, evaporation, 

and seepage volume (Equation 2.8). 

	 ∗      (2.8) 

Where SA is the surface area (ha), Bsa is the coefficient and expsa is the exponent which 

are calculated according to equations 2.9 and 2.10. 
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	      (2.9) 

 

     (2.10) 

 

Where SAmx is the surface area of the wetland when filled to the maximum water level 

(ha), SAnor is the surface area of the wetland when filled to the normal water level, Vmx is 

the volume of water held in the wetland when filled to the maximum water level and Vnor 

is the volume of water held in the wetland when filled to the normal water level, all units 

are m3. 

The volume of precipitation that the wetland receives is calculated according to equation 

2.11. 

10 ∗ ∗    (2.11) 

Where Vpcp is the volume of water added to the wetland during the day in m3, Rday is the 

amount of precipitation falling during the day in mm, and SA is the surface area of the 

water body in ha. 

The volume of entering the wetland is calculated with equation 2.12. 

∗ 10 ∗ ∗    (2.12) 

Where Vfin is the volume of water going into the wetland in m3, frimp is the fraction of the 

sub-basin area draining into the wetland, Qsurf is the surface runoff from the sub-basin, 

Qgw is the groundwater flow generated in a sub-basin, Qlat is the lateral flow generated in 

a sub-basin, Area is the sub-basin area in hectares and SA is the surface area of the water 

body in hectares. 

The evaporation in the wetland is function of the potential evaporation and the surface 

area and is calculated according to equation 2.13.  
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10 ∗ ∗ ∗   (2.13) 

Where Veva is the volume of water loss from the wetland by evaporation (m3), n is an 

evaporation coefficient (0.6), E0 is the potential evapotranspiration during the day and SA 

is the surface area of the wetland.  

The seepage loses are calculated with the following equation (2.14):  

240 ∗ ∗    (2.14) 

Where Vsee is the volume of water lost from the wetland by seepage (m3), Ksat is the 

effective saturated hydraulic conductivity of the wetland bottom (mm/hr), and SA is the 

surface area of the wetland (ha). 

Finally the outflow from the wetland is calculated according to equations 2.15, 2.16, and 

2.17. 

0									 	        (2.15) 

	 				 	          (2.16) 

				 	 	           (2.17) 

Where Vfou is the volume of water exiting the wetland during the day (m3), V is the 

volume of water stored in the wetland (m3), Vmx is the volume of water at the maximum 

water level (m3), and Vnor is the volume of water at the normal level (m3). 

The applications of SWAT are worldwide becoming one of the most used hydrological 

models around the world. It has been used to analyze the suitability of the model in local 

watersheds, to assess the climate change impacts, to do hydrologic and pollutant 

assessment, and to compare it against other models, among many other applications 

(Gassman et al., 2007). A number of applications of the SWAT model around the world 

are addressed in Chapters 3, 4, and 5. Therefore in the following sections, only some of 

the most relevant studies for this research are reviewed. 
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2.2 Hydrology of a Prairie Watershed and the Relevance of Wetlands for Water 
Quantity, SWAT Applications 

The geography of the Canadian Prairies which is the result of the last Pleistocene 

glaciation is characterized by a large number of potholes or internal depressions that 

connect depending on the antecedent moisture conditions and the runoff volume (Shaw et 

al., 2011).  This behavior was observed by Stichling and Blackwell (1957) and later by 

Godwin and Martin (1975) who refined the idea and introduced the concept of gross and 

effective drainage areas. The gross drainage area (GDA) is defined as the topographic 

watershed boundary that might be expected to contribute to the main channel under 

extreme wet conditions and the effective drainage area (EDA) is the portion of the 

watershed that might be expected to contribute entirely to the main stream during a flood 

with a return period of two years. The area outside of the EDA but within the GDA is 

defined as the non-contributing drainage area. These concepts are constantly used in 

hydrological engineering throughout the province for peak potential, water supply 

studies, and in any kind of hydrological assessment. 

However, the dynamical behavior of the contributing areas in the Canadian Prairies 

proposes a great challenge when doing long term hydrological simulations at watershed 

scales. In order to reproduce the hydrology of the watersheds with large numbers of 

wetlands/potholes the hydrologic equivalent wetland (HEW) concept, to be used within 

SWAT, was introduced by Wang et al., (2008). The study implemented and tested the 

HEW concept in a 4,506 km2 watershed in northwestern Minnesota. The concept 

identifies all the wetlands within the sub-basin and aggregates their surface areas and 

volumes as result there is only one wetland by sub-basin. This methodology was 

implemented and compared to other options such as the synthetic wetland and the no 

wetland in the watershed and resulted to be superior to both methods. The methodology 

has also been adopted by Yang et al., (2010) who simulated streamflows in a 250 km2 

watershed in Manitoba. The results of the simulation at daily and monthly time steps 

were satisfactory allowing the simulation of water quality to assess the impacts of 

beneficial management practices in agriculture. The HEW concept was also used by Feng 

et al., (2013) to simulate a 200 km2 surface area wetland in the northeast China. On the 

other hand, a different modeling approach was adopted by Mekonnen et al., (2014) to 
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simulate flows of the Moose Jaw river watershed. The approach consists of comparing 

the SWAT model to an Artificial Neural network model and to a version of the SWAT 

model combined with the Artificial Neural Network. The SWAT model was set up using 

the pond option in a similar form of the HEW. The model was successfully calibrated and 

validated for the 1989-1997 period. The hybrid approach uses the SWAT model to define 

the runoff generation in the contributing areas and the artificial neural networks to model 

the overflow from the pothole region. This methodology outperforms the single SWAT 

model according to the statistics used in the study. The authors found some biases in the 

single models, such us the SWAT model was not able to replicate well the high flows.  

In another application of the SWAT model in the Canadian Prairies Abbaspour et al., 

(2010) set up the model for the whole province of Alberta, dividing the province into 10 

major watersheds with the objective of reproducing all the components of the water 

balance at monthly time steps. The Sequential Uncertainty Fitting version 2 (SUFI2; 

Abbaspour et al., 2007) algorithm was used to calibrate and validate the model. The study 

tried to calibrate the model using observed records from Environment Canada and a 

gridded climate dataset from the Climate Research Unit (CRU). The calibration and 

validation of the model was unsuccessful with both data sets but improved with the 

gridded data set. It was concluded that the model has a large uncertainty due to the little 

or no information of the dam operation, water diversion, and consumptive water. 

Recently Faramarzi et al., (2015) in a similar project evaluated the need to analyze the 

data availability and selection prior the calibration of the model. To address the 

importance of a proper model set up in order to make possible the model calibration and 

validation. Ten SWAT projects with different data sets and hydrological features were set 

up for the whole province of Alberta. The study compared simulated to observed records 

at 130 hydrometric stations. The main conclusions of this study were that the input data is 

primordial to calibrate the model properly and that the inclusion of particular features 

such as the potholes in the southern part of the province improves the streamflow 

simulation considerably in this region.  

The successful calibration and validation of the SWAT model in snowmelt driven 

watersheds suggest a good performance of the model in snowmelt driven watersheds such 
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as the Canadian Prairies. Nevertheless, the snow module of the SWAT model has been 

analyzed in few studies. Levesque et al., (2008) applied the model to two small 

watersheds in southern Quebec to study the performance of the model in a snowmelt and 

rainfall watershed. The study reports a satisfactory calibration and validation of the 

model for a period of 6 years in total (2000-2005).  The calibration was also carried out 

for summer and winter. The results of the seasonal calibration of the model showed an 

increased performance of the model during the summer runoff and minor improvements 

during the winter calibration. The snow module of SWAT was also analyzed by Wang 

and Melesse (2005) and Zhang et al., (2008) both studies concluded that the snow module 

within SWAT performs well.  

2.3 Wetlands Impact on Water Quantity 

There are several studies in the literature that have addressed wetlands and their impact 

on hydrology. There is no agreement among them in the impact of the wetlands on peak 

flows and volumes as it was always believe that wetlands reduce floods , contribute to 

groundwater recharge and regulate river flows which is not always true (Bullock and 

Acreman, 2003). Other studies such as Meyer (1998) suggest that wetlands have a larger 

mitigation effect during high frequency runoff events than during low frequency runoff 

events. The same has been suggested by Shaw et al., (2011) for the Canadian Prairie 

wetlands, suggesting that there is a threshold in which wetlands start connecting and 

spilling to other wetlands downstream until a large portion of the gross drainage area is 

contributing to the main stream. The storage available in the wetlands produces a lag in 

the hydrographs until the spill elevation is reached, after this, the hydrograph rises 

sharply. 

There are few studies in the Canada Prairies, to our best knowledge, that have addressed 

the impacts of wetlands on peak flows and volumes.  The two relevant studies were done 

by Yang et al., (2010) and Pomeroy et al., (2014).  
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Yang et al., (2010) analyzed different wetland restoration scenarios in Broughton’s 

Creek, Manitoba, for a period of 5 years (1990-1994). The study restored the wetlands of 

the watershed to the 1968 level to analyze the effects on streamflow and sediments. 

Wetlands were included in SWAT using the HEW concept described previously. The 

calibration of the model at daily time steps was considered satisfactory (Nash-Sutcliffe = 

0.2) according to the study’s criterion. The monthly and seasonal calibration were also 

found to be satisfactory and reported betters statistics (NS>0.70). Results of this study 

show that the wetland restoration decreases peak discharge by ~24 %. Pomeroy et al., 

(2014) analyzed the impacts of wetlands in the Smith Creek for the period 2007-2013. 

The study simulated different levels of wetlands in the watershed and analyzed their 

impact on peak flows and volumes. They concluded that wetland drainage increases 

significantly annual volumes and peaks. It was estimated that average annual volumes 

would be increased by 55% if all the wetlands in the watershed were drained. Flows are 

the most impacted (proportionally) during dry years, but would have been impacted 

considerably in terms of magnitude during 2011.  

2.4 Climate Change Impacts on Hydrology 

The impact of future climate change scenarios depend on GCMs that are mathematical 

representations of physical processes that occur in the land surface, atmosphere, ocean, 

and cryosphere. They are used to simulate and represent future climate conditions on 

earth under different greenhouse gas concentrations. The mathematical equations of the 

GCMs that represent the complex processes and interactions in the climate systems are 

calculated for a three dimensional grid that ranges between 250-600 km in a horizontal 

resolution and between 10-30 layers in the atmosphere (IPCC, 2007).  Currently there is a 

high level of confidence in GCM projections primarily because they are based on 

physical laws, are capable of simulating current climate conditions and have successfully 

reproduced characteristics and changes in past climates (Randall et al., 2007). The latest 

GCMs are driven by different emissions scenarios of greenhouse gasses now named 

representative concentration pathways (RCP). The most common RCP used to study 

climate change are RCP8.5, RCP4.5, and RCP2.6 that project a radiative forcing greater 
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than 8.5 W/m2, 4.5 W/m2, and RCP 2.6 W/m2 by 2100 and will be used to assess the 

impacts of climate change in the Pipestone Creek. 

The use of GCMs for the projection of climate change scenarios still have some 

limitations which are related to the different parameterizations and simplifications of 

modeling processes carried out for the different models, which can lead to the projection 

of different results from the same forcing (Barrow et al., 2004). The spatial scale of 

hundreds of kilometers is probably the most mentioned limitation of GCMs when 

assessing regional climate change impacts (Gosh and Misra, 2010). The lack of 

knowledge of physical processes and the simplification of different climate process at 

finer scales produce a bias in GCMs which affect temperature and precipitation (Randall 

et al., 2007). Despite the limitations of GCMs there is a lot of confidence in them, 

particularly on the estimation of some climate variables at continental or larger scales 

such as temperature and precipitation, although there is more confidence in temperature 

estimates than for precipitation (IPCC, 2007; Randall et al., 2007).  Due to the coarse 

spatial resolution of the outputs GCMs, dynamical or statistical downscaling is required. 

The dynamical downscaling consists of using a regional climate model for which the 

initial conditions are obtained from the GCM. The regional models produces outputs in 

the range of 10-50 km that are more suitable for the climate change assessment at 

regional scales. The regional models are to simulate regional features such as orographic 

precipitation (Frei et al., 2003), extreme events (Frei et al., 2006), and other climate 

anomalies associated to teleconnection patterns such as El Niño Southern Oscillation 

(Leung et al., 2003). On the other hand, there is the statistical downscaling that finds 

empirical relationships between the GCM predictors and the local climate variables 

(predictands) such as precipitation and temperature (Haylock et al., 2006). The simplest 

method described by Fowler et al., (2007) and developed by Prudhomme et al., (2002) is 

the delta change that uses the difference between the control run and future GCM 

simulation to scale the base line observation. 
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There are plenty of studies that analyzed the impacts of climate change on water 

resources through hydrological modeling (Dias-Nieto and Wilby, 2005; Salathe, 2005, 

Zhang et al., 2007; Dilbike and Coulibaly, 2005; Toth et al, 2006; Pietrorino et al., 2006; 

Mineville et al., 2008; among others). Some other studies that have addressed the impact 

of climate change on the Canadian prairies hydrology such as Zhang et al., (2011) studied 

the impact of climate change on small prairie wetlands by simulating the storage. They 

used two regional climate models forced with one emission scenario to simulate the 

hydrological conditions of the wetlands in the 2050s (2041-2070) by comparing it to a 

baseline scenario (1971-2000). The regional climate models were downscaled using two 

different stochastic weather generators. This study didn’t find significant changes in 

annual water yield and evapotranspiration but suggests lower water levels in the 

wetlands. The authors have more confidence in the warming trend than in the 

precipitation pattern claiming a lot of uncertainty when modeling climate change impacts 

by using only one regional climate model and one weather generator. Finally they 

recommend the use of model ensembles in order to have a more comprehensible 

assessment of the impacts of climate change.  

Shrestha et al., (2011) also used the SWAT model to study the impacts of climate change 

in the upper Assiniboine watershed. The study used three regional climate models to 

assess the climate change impacts on streamflows and nutrient loads during the period of 

(2042-2062) in relation to the baseline period (1980-2000). The authors report a 

successful SWAT calibration and validation using the SWAT Calibration and 

Uncertainty Program (Abbaspour et al., 2007) although they did not report on the 

uncertainty of the model. In addition, the variable contributing drainage area was not 

mentioned in the study and how it was included within the model. Nevertheless, the main 

findings of this study are an earlier spring runoff, discharge peaks, and higher runoff 

volumes.  

Model ensembles to analyze the climate change impacts on hydrology are becoming 

more popular. They follow the principle of the climate models in the sense that there is 

more confidence in the results when they are obtained from combined independent 
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models than from a single model, even though, in some instances a single model may 

perform better (Yun et al., 2003). 

Using multi model ensembles for hydrological simulation is not very different than for 

climate simulation. The concepts of using several emission scenarios forcing different 

GCMs and using one or more RCMs are the same. However, at the bottom of the model 

chain, hydrological models are included, ideally choosing more than one. This approach 

can also be modified by the introduction of statistical downscaling methods instead of the 

RCMs. A similar methodology was proposed by Bae et al., (2011) to assess climate 

change impacts on water resources; however, they used a stochastic weather generator as 

the only downscaling approach.  

The use of several hydrological models is encouraged to reduce uncertainty in their 

projections. Hydrological models have uncertainty associated to the quality and quantity 

of available observation data that is used for parameter estimation and the choice of the 

period of time to calibrate the model (Gotzinger and Bardossy, 2008). Bae et al., (2011) 

analyzed hydrologic uncertainties in hydrologic climate change scenarios for two 

different periods of time (2011-2040 and 2071-2100), by using a multi-model approach 

based on three emission scenarios (A2, A1B, and B1) forcing thirteen different GCMs, 

which were downscaled using a statistic approach (WXGEN stochastic weather 

generator), and three semi-distributed hydrological models (PRMS, SLURP, SWAT). 

Seven different methods to calculated potential evaporation were used in the hydrological 

models (Hamon and Jensen-Haise for PRMS; Penman-Monteith, Granger and 

Spittlehous-Black for SLURP, Penman-Monteith, Priestley-Taylor and Hargreaves for 

SWAT) whereby, the projected mean hydrometric variables for the two thirty year 

periods were compared with the reference period (1971-2000). Results of this study 

suggest that hydrological models projected different runoff scenarios even though they 

had similar performance for the calibration and validation periods. Variability in these 

scenarios was higher for the period 2071-2100 than for 2011-2040. Major differences in 

projected scenarios occurred for winter (dry season). Finally, the uncertainty existing in 

the climate scenarios is increased by the hydrologic model uncertainty, in particular for 

the winter season, thus runoff projections for the dry season could be highly uncertain.  
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Graham et al., (2007a) used eleven RCMs with boundary conditions from two GCMs 

forced by two different emission scenarios (A2, B2) and two hydrological models (HBV-

Baltic, WASIM)  to investigate how model selection affects estimates of projected 

hydrological changes in the Baltic Sea Basin and the Rhine River Basin in Europe. 

Precipitation and temperature outputs from RCMs projections for the period 2071-2100 

were used as input variables for the hydrological models after two bias correction 

methods were applied. A total of 20 climate change scenarios were generated. Results of 

this modeling approach for the Baltic Basin suggest a decrease in summer flows by as 

much as 22 percent and an increase in winter flows by as much as 54 percent. In the 

Rhine River Basin, projected hydrological scenarios showed a similar trend in which 

summer and autumn river flows would decrease as much as 42 percent and winter flows 

would increase by up to 14 percent. The most relevant conclusion of this study was that 

RCMs forced by the same GCMs and emission scenarios showed similar hydrological 

trends. On the other hand, the use of different GCMs to force RCMs produces more 

variability in the results than using different RCMs with the same GCMs and emission 

scenarios; therefore the selection of GCMs has a larger impact on hydrological 

projections than the selection of emission scenarios or regional climate models.  

Another study by Graham et al., (2007b) used a similar methodology to assess climate 

change impacts on hydrology in the Lule River Basin Northern Sweden. As in the 

previous study, two GCMs forced by two emission scenarios were used  but  this time 

seven regional climate models, instead of eleven, were used to generate fifteen climate 

change scenarios for the period of 2071-2100. The objective of this study was to assess 

the impacts of climate change in a northern basin in Sweden (Lule River) on the 

hydropower potential. The Sweden HBV model and a delta scaling approach were used 

for the hydrologic modeling and for the bias correction performed to RCM outputs. This 

study showed that climate projections suggest that there will be a runoff increase in the 

basin and that spring flows will peak a month earlier. Also, the selection of GCMs to 

force RCMs to assess hydrological changes is more important than the selection of 

emission scenarios. In terms of the two bias correction approaches, their main conclusion 
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was that they produced similar results for changes in runoff volumes; however, they 

presented different seasonal dynamics and extreme river discharge.  
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3.1 Abstract  

Within the scope of Watershed Evaluation of Beneficial Management Practices project in 

Saskatchewan, the Soil Water Assessment Tool model has been calibrated and validated 

at daily and monthly time steps for a watershed within the Prairie Pothole region of North 

America. The model uses the concepts of the hydrological equivalent wetland, limited 

weather data, and the gross and effective drainage areas introduced in the 1950s to 

simulate flows at one streamflow gauge in a 2,242 km2 watershed. The Sequential 

Uncertainty Fitting algorithm version 2 was used to calibrate and validate the model at 

daily and monthly time steps for the period 1997-2005 and 2005-2009, respectively.  Six 

variables were used for calibration and validation and among the most sensitive variables 

are the curve number, snow melt temperature, and snow melt maximum factor. Overall 

the model performs well capturing the magnitude and timing of the peaks during spring 

runoff which suggest that the snow module within SWAT represents well the snowmelt 

processes happening in this watershed. The annual volumes during the calibration period 

are well represented by the model at monthly time steps. The performance of the model 

decreases during the validation period (2002-2005) which is represented by lower 

statistics, although they are still considered satisfactory. The successful calibration of the 

model extends the potential applications of the SWAT model in which water quality and 

different agricultural management practices could be simulated in the Prairie Pothole 

Region. 

3.2 Introduction 

The Soil Water Assessment Tool model has been used all over the world, in Illinois to 

calibrate and validate surface runoff, groundwater flow and groundwater recharge 
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(Arnold and Allen, 1996) and it has also been calibrated and validated for streamflow and 

sediment yields in two Texas watersheds (Arnold et al., 1999). Other applications of the 

SWAT model include evaluations of return flow (Gosain et al., 2005), sediment studies 

(Saleh et al., 2000; Tolson and Shoemaker 2007), nitrogen and phosphorus (Santhi et al., 

2001a; Saleh and Du 2004; Chu et al., 2004; and others), and to improve streamflow 

estimates for mountain snowmelt driven streams in Wyoming (Fonatine et al., 2002). In 

cold regions, snow processes have an important role in the overall annual hydrological 

cycle and have been considered in the SWAT model through a snowmelt hydrology 

module. There are a few studies that have addressed or used this module under cold 

regions climate. Wang and Melesse (2005) evaluated the SWAT model's snowmelt 

hydrology in a 433,997 ha (4,340 km2) watershed located in northwestern Minnesota. 

This study simulated daily, monthly, and seasonal streamflows. Snow melt temperature, 

maximum snowmelt factor, and snowpack temperature lag factors were some of the 

parameters used in the simulation. The performance of the model was assessed by the 

Nash-Sutcliffe coefficient and coefficient of determination. Results of this study suggest 

that the model performed well in simulating monthly, seasonal, and annual mean flows. 

The performance of the model simulation for daily flows was not as good as for monthly, 

seasonal and annual flow but still had a satisfactory performance. Ahl et al., (2008) 

calibrated and validated the SWAT model for a 2,251 ha (22.51 km2) in central Montana 

to simulate stream flows. The main characteristic of this study is that the watershed has 

an approximate 85% coniferous forest cover, which is different from the current study 

area where runoff is mostly driven by snowmelt. The SWAT model was calibrated using 

4 years of daily streamflow, temperature, and precipitation data. The validation of this 

model was carried out using another 4 years of daily data. Results of this simulation 

suggest that the SWAT model has an acceptable performance for spring and early 

summer snowmelt but its performance for late summer and winter base flow was poor. 

Statistics for this simulation suggest that the model performs better for monthly flows 

than for daily flows and that snowmelt parameters such as snowmelt temperature and 

snowpack temperature factor, are the most sensitive parameters in the model. Zhang et 

al., (2008) used the SWAT model to simulate the runoff of an ungauged 114,345 km2 

mountain river basin using three different snowmelt algorithms. The algorithms were 
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based on a temperature index, a temperature index plus elevation band, and on an energy 

budget. The use of these three algorithms on an ungauged watershed suggest that the 

algorithm based on the temperature index plus elevation has a performance comparable to 

the simulation carried out with SWAT using the energy budget model.  The simulation 

carried out with the temperature algorithm had the worst performance of all due to its 

simplicity. In gauged watersheds the runoff simulation using the temperature index plus 

elevation algorithm is almost as good as using the energy balance algorithms. The SWAT 

model and its snow module were also applied to a northern watershed in Quebec (Troin 

and Caya, 2014).  The model was calibrated adjusting 17 parameters for period of 5 years 

and validated for another two periods of 17 and 15 years showing a satisfactory 

performance. The model simulates the timing and the magnitude of the spring runoff well 

and the results are comparable to the other models such as the Streamflow Synthesis and 

Reservoir Regulation (SSARR) that has been implemented in the watershed. 

The SWAT model has been used to simulate the impact of different best management 

practices (BMPs) on sediments and nutrients loss in a 4,282 km2 watershed in Texas 

(Tuppad et al., 2010). The model was calibrated for monthly sediment, total nitrogen and 

total phosphorus loads. The BMPs implemented in this study were streambank 

stabilization, gully plugs, recharge structures, and filter strips. Results of this modeling 

showed reduction on the sediments loads from 3 to 37% and in total nitrogen from 1 to 

24%, although total phosphorus loads varied from 3% increase to 30% decrease. 

Most recently, Rahbeh et al., (2011) applied the SWAT model to a small watershed (~34 

km2) in the Canadian Prairies. This watershed was characterized by extensive irrigation, 

upstream inlet, low runoff and only three years of records. The approach of this study 

was to calibrate the model using two different methods; the more traditional one way 

calibration in which the record is split into two and is used to calibrate and validate the 

model, and the less common two way calibration which consists of using different 

scenarios. The SWAT model was successfully calibrated for the different scenarios used; 

however the model could not be validated for any of the scenarios.  
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In a similar geography to the Canadian Prairies, Wang et al. (2008) model streamflows in 

a 4,506 km2 watershed in northwestern Minnesota. The main characteristic of this 

watershed is the large number of wetlands, over 1500. Thus the objective of their study 

was to incorporate these wetlands into the SWAT model by using the concept of 

hydrologic equivalent wetland (HEW). The hydrologic equivalent wetland area is based 

on the maximum volume that the wetland can store, its surface area and the fraction of 

the sub-basin area that drains into the wetland. The model with the hydrologic equivalent 

wetland was evaluated during a period of seven years (1969 to 1975) at daily, monthly, 

and seasonal time steps. The performance of the model with this approach varied through 

the different time steps, although comparing this approach to other methodologies used to 

model watersheds dominated by wetlands, such as the synthetic wetland approach, the 

HEW was found to be a superior method for incorporating wetlands into the SWAT 

model.  

The SWAT model has been applied to many different watersheds across the world, 

however, there are only few applications on watersheds with the characteristics that the 

Pipestone Creek Watershed has. In general maximum flows and volumes occur during 

snowmelt and some areas of the watershed contribute to the main channel when the 

depressional storage has reached its maximum, which does not happen every year. Thus 

the objective of this paper is to successfully calibrate and validate the model at daily and 

monthly time steps at the watershed scale with limited weather and hydrometric data for 

the periods 1997-2005 (calibration) and 2006-2009 (validation).  In order to do this we 

use the concepts of effective and gross drainage areas initially introduced by Stichling 

and Blackwell (1957) and refined by Goodwin and Martin (1975). Water quality is an 

important component of the SWAT model; however, in order to analyze other SWAT 

modules, the model has to perform well reproducing the hydrology of the study area. 

Therefore the water quality component of the SWAT model will not be addressed in this 

paper. 
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3.3 Study Area 

The Pipestone Creek located in southwestern Saskatchewan is within the Prairie Pothole 

Region of North America which extends throughout three Canadian Provinces and five 

states of the United States of North America (Batt et al., 1989). The Pothole Region is the 

result of the last Pleistocene glaciation and it is estimated that there are between 5 and 8 

million wetlands or small depressions which have an important biological role and impact 

on the ecosystem (Johnson et al., 2010). The geographic characteristics of this region 

make the contributing area to runoff variable from year to year and even from event to 

event and this was initially pointed out in the late 1950s, when Stichling and Blackwell 

(1957) suggested that the contributing drainage area varies from year to year, event to 

event and even from season to season.  Later in 1975 Godwin and Martin introduced the 

concept of effective and gross drainage areas (EDA and GDA respectively) in which the 

gross drainage area is the area of the topographic divide of two adjacent watersheds and 

is expected to contribute to runoff during extremely wet conditions. On the other hand, 

the concept of effective drainage area was defined as the area that contributes to runoff 

during a flood with a return period of two years. Thus, the area found outside the EDA 

but within the GDA is defined as non-contributing drainage area.  The drainage area of 

the Pipestone Creek was estimated to the hydrometric station has a GDA of 2,242 km2 

from which 559 km2 are considered effective. It is estimated that near 11% of the 

watershed is covered by wetlands (Boychuk 2009). 

The topography in the basin ranges from 547 to 804 m.a.s.l. with a mean elevation of 650 

m.a.s.l. A normal year of precipitation for this area ranges from 450 to 500 mm and the 

hydrological processes are typical of cold regions in which land is covered by snow and 

soils are frozen during most parts of the winter (Fang et al., 2007). In this area, as well in 

the rest of the Canadian Prairies, snow is the main driver of runoff in which snowmelt 

can produce up to 80% of the annual local surface runoff (Gray and Landine, 1988). 

Therefore snow process, such as snow accumulation and transport, are an important part 

in the hydrological cycle. Figure 3.1 illustrates the GDA of the Pipestone Creek and its 

spatial location within the province of Saskatchewan. 
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Figure 3.1: Pipestone Creek Watershed and sub-basins used for the hydrological 
modeling. 

 

3.4 Data 

3.4.1 Climate Data 

Three meteorological stations from the Canadian daily climate data set have been 

selected to drive the hydrological model according to their proximity to watershed and 

period of record. Records from these stations include daily precipitation, minimum, and 

maximum temperature. Table 3.1 summarizes all the weather stations and the weather 

data used in the initial configuration of the SWAT model. 
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Table 3.1: Weather stations and data. 

Station 
Name 

Latitude 
Degrees 

Longitude
Degrees 

Elevation
(m) 

Period Variables 

Kipling 50.200 -102.734 671.0 1990-2009 Precipitation/Temperature
Broadview 50.367 -102.567 599.8 1990-2009 Precipitation/Temperature
Whitewood 50.350 -102.267 598.3 1990-2007 Precipitation/Temperature

 

Only one of the three meteorological stations (Kipling) is located within the watershed 

(Figure 3.1). However, the Broadview and Whitewood stations are still expected to 

provide reliable data in particular for the northern part of the watershed due to their 

proximity, and there are not major spatial changes in temperature and precipitation driven 

by topographic changes in the watershed.  

The summer months of June, July, and August record near 50% of the annual 

precipitation and the maximum temperatures of the year. Figure 3.2 illustrates the 

monthly temperature and precipitation patterns recorded at the Kipling station. 

 

Figure 3.2: Typical precipitation and temperature patterns in the Pipestone Creek 
Watershed (Recorded data at Kipling weather station during 1990-2009). 
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3.4.2 Hydrometric Data 

Hydrometric data for the watershed has been collected by Environment Canada (Water 

Survey of Canada) since the early 1960s (Pipestone Creek above Moosomin, 05NE003), 

however, the data for this hydrometric station presents several gaps and for the purpose 

of this study only data from 1995-2009 period will be used. Figure 3.3 provides a view 

upstream of the hydrometric station showing the flat slope of the main channel and the 

meanders of the river.  

 

Figure3.3: Pipestone Creek at the Pipestone Creek above Moosomin hydrometric station 
(Looking upstream) 

 

Daily and monthly hydrometric data for this station was obtained from Water Survey of 

Canada (https://www.ec.gc.ca/rhc-wsc/) for the 1995-2009 period (Figure 3.4). The 

temporal distribution of the data is from March 1st through October 31st of each year 

which is the period of time that Environment Canada operates this station.  
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Figure 3.4: Mean daily flow at Pipestone Creek above Moosomin Reservoir (1995-
2009). 

 

As in the rest of the Canadian Prairies, streamflows present a large inter-annual 

variability, which is driven by the variability in precipitation (Bonsal et al., 2007). The 15 

years of record illustrated in Figure 5 shows two remarkable high flows (1996 and 2001). 

During these years mean daily flows exceeded 50 m3/s. On the other hand there are 

several years where mean daily flows did not reach 5 m3/s (2002, 2004, and 2008). In 

addition, frequency analysis of mean daily peak flows suggests a flow of ~9 m3/s as a 

normal year which has a probability of exceedance of 50%. Table 1 summarizes the 

estimated mean daily peak flows by return period (Table 2).  

Table 3.2: Frequency analysis* of mean daily peak flows at Pipestone Creek above 
Moosomin Reservoir. 

Probability of 
Exceedance in any Given 

year (%) 

Return Period 
(Years) 

Mean Daily Peak 
(m3/s) 

50  2  9.4 
20  5  21 
10  10  32 
4  25  49 
2  50  66 
1  100  87 
0.5  200  112 
0.2  500  157 
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*The frequency analysis of peak flows was carried out for 1960-2011 using the program 
HydroFreq v1.0 and fitting a Generalize Extreme Value distribution. 
 

Peak flows during the selected period of time are quite variable and range from peak 

flows as little as 1.1 m3/ to 54 m3/s during 2001 which correspond to a return period of 

slightly higher than 25 years. Within the 15 years, 3 years presented flows below normal 

other 3 years near normal, and during the rest of the years mean daily peak flows were 

above normal. Most of the peak flows during this period occur during spring runoff with 

the exception of 2000 and 2007, years in which peak flows in the Pipestone creek were 

driven by summer rainfall. Table 3.3 summarizes the recorded peak flows during the 

1995-2009 period. 

 

Table 3.3: Recorded mean daily peaks. 

Year  1995  1996  1997  1998  1999  2000  2001  2002 

Peak 
(m3/s) 

13  48  22  13  18  16*  54  5.5 

Year  2003  2004  2005  2006  2007  2008  2009 

Peak 
(m3/s) 

15  1.1  24  9.2  18*  2.6  17 
 

*Mean daily peak driven by summer precipitation. 

 

Mean monthly flows are illustrated in Figure 4. The maximum monthly flow occurs in 

April and is near 6 m3/s driven by the spring runoff. Flows and volumes during this 

month are up to four times the flows and volumes observed during the months of March, 

May, June and July. Monthly flows during August decrease considerably and in general 

do not exceed the 0.5 m3/s. Mean flows during September and October are minimum as it 

can be observed in Figure 3.5. 
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Figure 3.5: Mean monthly flows at the Pipestone Creek above Moosomin Reservoir 
(1995-2009) 

 

3.4.3 Digital Elevation Model (DEM) 

A 15 m Digital Elevation Model (DEM) for the Pipestone Creek watershed, produced by 

the Saskatchewan Geospatial Imagery Collaborative (https://www.flysask2.ca/), was used 

to determine the flow direction. Initially this DEM was used to delineate the watershed 

preliminarily, sub-basins and the streamflow network. Large differences between this 

delineation and the real watershed and flow network were observed, therefore, this 

delineation had to be refined using a 62.5 cm Orthophoto provided also by the 

Saskatchewan Geospatial Imagery Collaborative was used refine the stream network and 

sub-basin boundaries.  

3.4.4 Soil Data 

Soils in this area of Saskatchewan are dominated by Oxbow loams black chernozems, 

which are black grassland soils in the black soils zone that have a loamy texture 

(Saskatchewan Watershed Authority, 2005). 

The soil data required to set up the SWAT model was obtained from the Saskatchewan 

Soil Information Database version 4 (SKSIDv4). To import the soil data within Arc-

SWAT there are two options; the first one is to use the predefine soil classification that 

comes with the model (only for United States) or use a customized soil database. Due to 

the differences in soil classification between Canada and The United States, and the 
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complexity of translating the different soil types, the option of building a customized soil 

database was preferred over translating the Canadian soil classification to the American 

classification. This required formatting the database and calculating some soil parameters 

that are not sampled in Canada from empirical equations. Another benefit of using the 

customized soil database is that up to 10 soil layers and their parameters can be included. 

Table 3.4 summarizes the soil parameters required by SWAT.  

Table 3.4: Soil Parameters required by the SWAT model. 

Code Name Source 
HYDGRP Hydrologic Group Equation 
SOL_ZMX Maximum rooting depth of soil profile(mm) SKIDv4 

ANION_EXCL 
Fraction of porosity from which anions are 
excluded 

Default 
(0.5) 

SOL_CRK 
Potential or maximum crack volume of the soil 
profile SKIDv4 

TEXTURE Texture of soil layers 
NA 
(optional) 

SOL_Z Depth to bottom of first soil layer (mm) SKIDv4 
SOL_BD Moist bulk density (Mg/m3) SKIDv4 
SOL_AWC Available water capacity (mm/mm) Equation 
SOL_K Saturated hydraulic conductivity (mm/hr) SKIDv4 
SOL_CBN Organic carbon content SKIDv4 
CLAY Clay Content SKIDv4 
SILT Silt Content SKIDv4 
SAND Sand content SKIDv4 
ROCK Rock content SKIDv4 
SOL_ALB Soil Albedo Equation 
USLE_K USLE equation soil erodibility (K) factor Equation 
SOL_EC Electrical conductivity (dS/m) SKIDv4 

 

The soil parameters that had to be calculated are the soil hydrologic group, available 

water capacity, the soil albedo, and the universal soil loss equation (USLE) erodibility 

factor. The soil hydrologic group was estimated based on the sand and clay content of the 

first layer and was classified as the following (Table 3.5). 

  



35 
 

Table 3.5: Hydrologic group classification 

Clay (%) Sand (%) Hydrologic Group 
<10 >90 A 

10-20 50-90 B 
20-40 <50 C 
>40 <50 D 

 
 

The soil available water capacity has been defined by Jones (1975) as the difference 

between the retained water capacity and the volume of water held at 15 bar suction 

(Equation 3.1) 

 
Av = Ɵv (0.05) – Ɵv(15)  (3.1) 
 
Where:  
 
 Ɵv(0.05) = 47+0.25*C+0.10*Z +1.12*X-16.52*D (3.2) 
 
 Ɵv(15) = 2.94 + 0.83*C – 0.0054*C2 (3.3) 
 
C: Percent of clay 
Z: Percent of silt 
X: Percent of organic carbon 
D: Bulk density 
 

The soil Albedo was estimated using the following equation: 

SOL_ALB = 0.6/ exp(0.4*SOL_CBN) (3.4) 

Where: 

SOL_CBN: Percent organic matter of the surface soil 

And organic matter can be calculated as: 

 OM = 1.72 * organic Carbon (3.5) 

 

Finally the customized soil database for the Pipestone Creek consists of 48 different types 

of soil profiles; each one has information for four different layers to a maximum soil 

depth of 1 m (Figure 3.6). 
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Figure 3.6: Customized soil database for SWAT with a maximum soil depth of 1 m.  

 

3.4.5 Land Cover and Land Use 

Land cover and land use at a scale of 1:25,000 has been obtained for the watershed from 

Boychuk report (2009). This inventory was produced with information collected from the 

period of 1999-2001 and for modeling purposes is considered constant throughout the 

modeling period.  Figure 3.7 shows the land use and cover classification according to the 

inventory for the Pipestone Creek Watershed. The biophysical classes are summarized in 

Table 3.6. This classification was transformed to the classification used by the SWAT 

model and the SWAT classes and their spatial distribution are summarized in Figure 3.8. 
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Figure 3.7: Land classification according to the Lower Souris River Watershed 
Biophysical Inventory (Boychuk, 2009). 

 

Table 3.6: Biophysical classes in the Lower Souris River Watershed 

Lower Souris River Watershed 
Biophysical Class Hectares (ha) Percentage (%) 

Wetland (Cultivated) 13,088 1.34 
Wetland (Emergent) 60,699 6.22 

Wetland (Open Water) 10,259 1.05 
Headland 53 0.01 

Sheet Water 311 0.03 
Dugout 658 0.07 
Lotic 23,743 2.43 

Cropland 463,528 47.53 
Tame Grass 211,341 21.67 
Native Grass 42,693 4.38 

Grassland 26,990 2.77 
Tree 74,637 7.65 

Shrub 18,150 1.86 
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Lower Souris River Watershed 
Biophysical Class Hectares (ha) Percentage (%) 

Road 15,549 1.59 
Cultural 10,972 1.13 
Exposed 2,293 0.24 

TBD (No Data) 244 0.02 
 

 

Finally the 16 different biophysical classes used in Lower Souris inventory document 

were translated into the different SWAT classes available within SWAT. As a result, 8 

major SWAT land uses were identified in the watershed. Figure 3.8 illustrates the 

different land uses used for the hydrological modeling of the watershed where more than 

75 % of the watershed is used for agriculture and pasture. The detailed land use and cover 

entered into the SWAT model is summarized by Table 3.7. 
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Figure 3.8: Land use reclassified according to SWAT classes. WETN: Wetlands non 
forested, AGRL: Agricultural Land, WATR: Water, RGNGB: Range Brush, PAST: 

Pasture, FRSD: Forest Deciduous, URBN: Urban areas , UTRN: Roads 
 

Table 3.7: Area covered for the different land uses in the watershed. 

Class Area (ha) Percentage (%) 
Wetland 24,975 11.32 

Agricultural 95,913 43.48 
Water 154 0.07 

Range-Brush 6,201 2.81 
Pasture 71,308 32.33 
Forest 19,118 8.67 

Residential* 2,906 1.32 
*Includes UTRN and URBN 
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3.4.6 Pipestone Reservoir 

Unfortunately, there are no records of operation or water level information for the 

reservoir. Unofficial information suggests that this dam was operated based on 

complaints. This operation would occur on October 15th to release water downstream in 

order to lower water levels at the reservoir. This kind of operation would occur 

sporadically thus no operation rules were included in the model for this dam and water 

will flow downstream when the water level reaches the spillway elevation of the dam. 

Figure 8 shows the area capacity curve used to calculate the maximum volume and 

surface area of the dam. 

 

Figure 3.9: Area capacity curve for the Pipestone reservoir. Notice that the eroded 
spillway elevation was used to calculate maximum volume and the surface area for this 

reservoir (Curve provided by the Water Security Agency) 
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3.4.7 Non Contributing Areas, Wetland Representation and Internal Storage 

The hydrology in the Canadian Prairies is characterized by a large internal storage that 

occurs within the basin (wetland areas and ponds) making the contributing areas to runoff 

variable for every precipitation event. The areas that are internally drained will only spill 

after their maximum storage capacity has been reached. To have a better understanding of 

the hydrology in the Canadian Prairies drainage areas the concept of effective drainage 

area has been introduced in the 1950s and redefined in the 1970s. By definition the 

effective drainage area is expected to contribute runoff to the main stream for a normal 

year (return period of 2 years) thus the non contributing area that does not contribute 

runoff is the difference between the gross and effective (Godwin and Martin, 1975).  The 

small ratio EDA to GDA of ~0.25 for the Pipestone Creek watershed suggests that large 

portion of the watershed (three times the EDA) does not contribute to runoff during a 

normal which is a typical occurrence in the Canadian Prairie hydrology. 

The swat model allows for the inclusion of only one wetland/pond by sub-basins, which 

certainly is not the case of the Pipestone Creek watershed where there are thousands of 

wetlands. To represent these thousands of wetlands within SWAT we used the concept 

introduced by Wang et al., (2008), which consists of defining one hydrologic equivalent 

wetland (HEW). This consists of summing all the wetlands for each sub-basin (surface 

area and volume) and treating them as one unit. Table 3.8 summarizes surface area, the 

wetland volume, the faction of the watershed that is contributing to the wetland, and the 

wetland initial volume which is an arbitrary value. The contributing area to the wetland is 

estimated to be the area that does not contribute to runoff during a normal year, in other 

words, the difference between the gross and effective drainage area.  

The final effective drainage areas delineated for the Pipestone Creek Watershed are 

illustrated in Figure 3.10. 
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Figure 3.10: Effective drainage area estimated for the Pipestone Creek Watershed.  
 

Surface areas for the wetlands in the watershed were extracted from the Lower Souris 

River Watershed Biophysical Inventory report (Boychuk, 2009) and they were assumed 

to be the maximum surface areas for the wetland.  Then wetland volumes are calculated 

using the equations proposed by Wiens (2001): 

For wetlands with surface areas up to 70 ha: 

V= 2.85*A1.22       (3.6) 

For wetlands with surface areas greater than 70 ha: 

V = 7.1*A +9.97    (3.7) 

A: Surface area in hectares (ha)  
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V: Full volume (dam3) 

 

Table 3.8: Summary of calculated wetland surface areas and volumes. WET_FR: 
fraction of the surface area that contributes to the wetland; WET_NSA: wetland surface 

area in ha; WET_NVOL: wetland maximum volume in 104 dam3; WET_VOL: volume of 
water in the wetland at the beginning of the simulation in 104 dam3.    

SUB-BASIN WET_FR WET_NSA WET_NVOL WET_VOL 
1 0.68 603.9 429.8 171.9 
2 0.94 891.4 633.9 253.6 
3 0.95 1229.1 873.6 349.5 
4 0.93 832.4 592.0 236.8 
5 0.63 1208.8 859.2 343.7 
6 0.96 520.1 370.3 148.1 
7 0.84 403.5 287.5 115.0 
8 0.00 11.0 5.3 2.1 
9 0.44 34.6 21.5 8.6 
10 0.00 0.0 0.0 0.0 
11 0.00 1.1 0.3 0.1 
12 0.72 453.8 323.2 129.3 
13 0.75 1118.9 795.4 318.2 
14 0.81 893.4 635.3 254.1 
15 0.65 423.2 301.4 120.6 
16 0.47 4.5 1.8 0.7 
17 0.46 146.7 105.1 42.1 
18 0.27 0.9 0.2 0.1 
19 0.42 284.4 202.9 81.2 
20 0.24 386.1 275.1 110.0 
21 0.70 1382.9 982.9 393.1 
22 0.99 3415.8 2426.2 970.5 
23 0.38 518.2 368.9 147.6 
24 0.86 1736.3 1233.8 493.5 
25 0.97 428.8 305.4 122.2 
26 0.68 1042.1 740.9 296.3 
27 0.79 1891.8 1344.2 537.7 

 

 

3.5 Model Set Up, Sensitivity Analysis, Calibration and Validation 

Initially the sub-basin and stream definition was carried out with the automatic 

delineation tool incorporated in the Arc-Swat model, which uses the DEM information to 

define basin boundaries and stream flow direction. However, when comparing the 
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streams and sub-basins defined with the automatic tool to an orthophoto of the whole 

basin significant differences were found. Because of these differences the sub-basin and 

stream definition were refined using the 2.5 m orthophoto and the 15 m DEM.  A total of 

twenty-seven sub-basins and reaches were delineated and 561 hydrological response 

unites were created. The Pipestone dam was added to the model as a reservoir and a 

wetland unit was added to each sub-basin in order to model the internal storage of each 

sub-basin. 

The rest of the model parameterization that included the groundwater and snow 

components was also achieved within Arc-SWAT. Once all the parameters were set in 

the model according to the best knowledge of the watershed the first run was executed at 

daily and monthly time steps.  Figure 3.11 illustrates the simulated results with the initial 

parameterization. 

In general daily and monthly simulation captures the timing of the peak flows, however, 

both of the overestimate flows likely due to a large curve number. Precipitation events 

during the summer are also represented by small spikes in the daily hydrograph and a 

reduction of the curve number by itself will make the watershed less responsive to these 

events. 
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Figure 3.11: a) Modeling results of the daily simulation after the initial parameterization 
in ARC-SWAT. Below (b) the results of monthly simulation after the initial 

parameterization are illustrated. Note that for illustration purposes the data is continuous 
and does not represent the hydrograph for the period of time simulated, i.e. the monthly 

time series have data from October and it is followed by data from March of the 
following year. 

 

3.5.1 Sensitivity Analysis 

In order to calibrate the model it is necessary to identify the parameters that are more 

sensible to changes in their values. A small change in these parameters would produce a 

significant change in the final result. Sensitivity analyses were conducted using default 
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values for most of the model parameters. Potential evapotranspiration was calculated with 

the Hargreaves equation (Hargreaves et al., 1985) and the surface runoff was calculated 

by using the Curve Number (SCS, 1972) approach and the variable storage routing. 

The sensitivity analysis and calibration were carried out with the SWAT-CUP software 

and the Sequential Uncertainty Fitting ver 2 (SUFI2) algorithm (Abbaspour et al., 2004). 

Thirty-two parameters were considered for the sensitivity analysis, which included a 

global sensitivity and one variable at the time. The global sensitivity consists of running 

the model with the thirty-two parameters and entering a possible range of values for each 

parameter. The t-stat and p-value are then evaluated for each parameter. The t-stat 

expresses the sensitivity of the parameter, a larger absolute value of t-stat means a more 

sensitive variable, and the p-value represents the significance of the sensitivity. The 

procedure for sensitivity analysis for one at a time consists of keeping all variables 

constant and changing only one within a certain range. The parameters included in the 

sensitivity analysis are the typical parameters used to calibrate streamflow, which include 

the snow, groundwater, channel, and soil parameters (Arnold et al., 2008).  In addition to 

these parameters the wetland parameters such as the wetland fraction, surface area, and 

volume were included in the sensitivity analysis. Table 3.9 summarizes all the parameters 

used for sensitivity analysis and their respective range.  

Table 3.9: Parameters used for the sensitivity analysis. 

Parameter name Component Description 
ALPHA_BF gw Base flow recession constant 0-1 
GW_DELAY gw Groundwater delay time (days 

GWQMN gw 
Threshold depth in shallow aquifer for return flow 

(mm) 
GW_REVAP gw Groundwater re-evaporation coefficient 
RCHRG_DP gw Deep aquifer percolation fraction (%) 
HRU_SLP hru Slope 

SLSUBBSN hru average slope length (m) 
OV_N hru Manning's "n" value for overland flow 

WET_VOL pnd Wetland volume 
WET_PSA pnd Wetland area 
WET_FR pnd Fraction of surface area that contributes to the wetland 
WET_K pnd Wetland hydraulic conductivity 

CN2 mgt Initial SCS curve number 
ESCO bsn Soil evaporation compensation factor 
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Parameter name Component Description 
EPCO hru Plant uptake compensation factor 
TIMP bsn Snowpack temp lag factor 

SURLAG bsn Surface lag coefficient 
SMTMP bsn Snow melt temp 
SFTMP bsn Snow fall temp 
SMFMN bsn Minimum snowmelt rate 
SMFMX bsn Maximum snowmelt rate 

SOL_AWC() sol Soil available water capacity 
SOL_K() sol Soil hydraulic conductivity 

SOL_BD() sol Soil bulk density 
CH_N2 rte Manning's 'n' for the main channel 
CH_K2 rte Hydrologic conductivity for the main channel 

ALPHA_BNK rte Baseflow alpha factor for bank storage 
TLAPS sub Temp lapse rate 

CANMX hru Maximum canopy storage 
REVAPMN gw Threshold depth in shallow aquifer for re-evaporation 
SOL_ALB() sol Moist soil albedo 

SOL_Z() sol Soil depth 
 

 

3.5.2 Model Calibration and Validation 

Daily and monthly calibration and validation were performed for the period 1997-2005 

and 2005-2009, respectively. The calibration process was carried out by using the semi- 

automated calibration combined with a manual calibration and using 1995 and 1996 as 

warm up years for the model. Manual refinement was performed to ensure that the 

parameter ranges chosen by the semi-automated process have a physical meaning 

according to the watershed characteristics. As an example the depth groundwater 

recharge was set to a high value because there is little groundwater contributing to runoff 

in this watershed (van der Kamp et al., 2003).  

These semi automated calibration and validation processes were carried out with 

Sequential Uncertainty Fitting algorithm version 2 (SUFI2) within the SWAT-CUP 

software (Abbaspour et al., 2007)  which addresses the uncertainties in the parameters as 

uniform distributions and the uncertainty in the model is addressed with what is called the 

95% prediction uncertainty (95PPU). The 95PPU is the bandwidth between the 2.5% and 

97.5% levels of the cumulative distribution output which is the result of the Latin 
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Hypercube sampling (Abbaspour et al., 2007). The algorithm follows the principle that a 

single parameter produces a single model response while the propagation of the 

uncertainty of the parameter will result in the 95PPU. In other words, the greater the 

parameter uncertainty the greater the model output uncertainty. The practical idea of the 

95PPU is that the output bandwidth should cover most of the observation. Two factors 

were introduced to quantify the model results. The P-factor which tells the percentage of 

data that is within the 95PPU and the R-factor which is the thickness of the 95PPU 

(average thickness of the 95PPU band divided by the standard deviation of the observed 

data). Suggested but not firm values for these two statistics are P-factor >0.7 and R-factor 

<1.5 (Abbaspout et al., 2015). More details on SWAT-CUP and the SUFI2 algorithm can 

be found in Abbaspour et al., (2007). 

Another statistics to compare the best simulation with the observed data is the Nash-

Sutcliffe (NS; Nash and Sutcliffe, 1970) which is used to provide an idea of the 

performance of the calibration. The Nash-Sutcliffe efficiency coefficient is calculated 

according to Equation 3.8. 

 

 (3.8) 

Where: Qo is the observed discharge 

Qm= modeled discharge 

Ǭo = average measured discharge 

 

Values of E range from −∞ to 1. A value of 1 indicates that the model represents 

perfectly the observed discharge, and a value of 0 indicates that the model has the same 

accuracy as the mean of the observed data. 
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In order to evaluate the accuracy of the model, model validation follows the calibration 

process. During the validation stage, the model is used to predict daily and monthly flows 

for a period different than the calibration, in this case 2005-2009 (Wilson, 2002), and 

uses the optimal parameters values selected during the model calibration. Then, the P-

factor and R-factor are also estimated for this period of time and the predicted (best 

simulation) and observed values are compared using the Nash-Sutcliffe coefficient and 

the coefficient of determination.  

 

3.6 Results 

3.6.1 Daily Calibration 

The daily calibration was carried out using the SUFI2 algorithm within SWAT-CUP 

software by realizing 500 simulations for the 6 most sensitive parameters. The parameters 

for the daily and monthly calibration include the snow melt temperature (SMTMP), the 

maximum snow melt factor (SMFMX), soil evaporation compensation factor (ESCO), 

the soil available water capacity (SOL_AWC), the curve number (CN2), and 

groundwater recharge to the deep aquifer (RCHRG_DP). The complete list of the 

parameters used for both simulations and their initial and final parameter range are 

summarized in Table 3.10. Among all the parameters analyzed for sensitivity, the 

maximum snow melt factor and the curve number were found to be the most sensitive. 

Table 3.10 summarizes the parameters used for calibration and their final value. 

Table 3.10: Parameters used for the model calibration and validation. 

Parameter  Initial Range  Lower Limit  Upper Limit 

v__SMTMP.bsn  ‐3  5  ‐0.093  5.725 
v__SMFMX.bsn  0  10  3.644  10.936 
r__SOL_AWC().sol  ‐0.4  0.1  ‐0.159  0.324 
r__CN2.mgt  ‐0.3  0.3  ‐0.229  0.124 
r__ESCO.bsn  ‐0.4  0  ‐0.481  ‐0.160 
r__RCHRG_DP.gw  0  0.05  0.008  0.036 
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Despite the limited weather data available for the watershed, the lack of operational 

information of the existing dam (Pipestone dam), and the complexity of the watershed 

with variable contributing areas, the SWAT model was successfully calibrated and 

validated at daily and monthly time steps for a period of 13 years. The model performs 

satisfactory in terms of the P-factor and R-factor. Even though that the P-factor is less of 

what is recommended by Abbaspour et al., (2015). The recommended values are not set 

rules and depend on the data availability for the watershed and the characteristics of the 

watershed. In our case the variable contributing drainage area add a unique complexity in 

order to simulate the hydrology of the watershed. Nevertheless, the P-factor and R-factor 

are in the order of other studies published in the literature (i.e. Abbaspout et al., 2015). 

Other calibration statistics such as the NS (0.72) and R2 (0.72) that compares the best 

simulation with the observed data suggest also satisfactory results. However, during the 

validation both coefficients decrease (R2= 0.65, NS =0.64). These results are similar to 

other watershed modeling published in the literature (i.e., Abbaspour et al., 2007 and 

others). Figure 3.12 illustrates the best simulation and the observed data. Overall the 

model captures relatively well the inter-annual variability observed in recorded flows. 

Spring runoff (snowmelt driven) is in general well represented by the model, in particular 

the timing of peak flows although there are some differences in their magnitude. Peak 

flows are overestimated during the spring runoff of 1997, 2002, 2004, and 2007. On the 

other hand, spring runoff peak flows are underestimated in 1998, 1999, 2003, and 2009.  

The model also captures some summer runoff (post snowmelt runoff), mostly in the 

timing of the event and not necessarily the magnitude of the peaks and volume. Sharp 

summer peaks after snow melt are captured by the model which tends to overestimate 

their magnitude (i.e., years 1998, 2000, and 2001) with the exception of 2007 where the 

summer peak is underestimated. Summer runoff is usually driven by intense precipitation 

events that might or might not cover large portions of the watershed. The overestimation 

of most of these peaks can likely be due that precipitation only covered the part of the 

watershed where the weather stations are located (northern and west part of the 

watershed, Figure 3.1) as a result the model assigns these precipitation to the rest of the 

watershed. 
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During the validation period the timing of the spring runoff is well captured by the model 

but it is less consistent capturing their magnitude. The significant summer runoff event of 

2007 is well simulated in the timing but underestimated in its magnitude. During the 4 

years of validation there is one normal year (2006), one near normal spring runoff, a 

wetter than normal summer (2007), one dry year (2008), and another wet year (2009) in 

terms of peak flows, thus the model does relatively well under the variable hydrologic 

conditions in such a short period of time.  

A comparison of the annual volumes suggest that the model does relatively well for most 

years during the calibration period (Table 3.11).  

 

Figure 3.12: Measured and simulated daily discharge at Pipestone Creek above 
Moosomin Reservoir during calibration (1997-2005) and validation (2005-2009). 

 
 

Total volumes for the years 1998, 2001, 2005, and 2007 are within 15% of the volume 

observed. The largest difference between the simulated and observed volume occurs in 

2004, year is which spring runoff was below normal and the model overestimated the 

spring runoff peak. The simulated volume for 2002 is just over 70% of the observed 

volume that year which can be explained because the model did overestimate the spring 
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runoff peak. The annual volume for 1998 is well estimated within 2% which is mostly 

due to that the model shows some response to summer precipitation that year. On the 

other hand, all the volumes for the validation period are within 41% of the recorded 

volumes. Overall, the volume over the whole period of time simulated using SWAT are 

11% less than the recorded volumes.  

 

Table 3.11: Comparison between observed and simulated volume for the calibration and 
validation periods. 

 
Simulated 
(dam3) 

Observed 
(dam3)  Sim/Obs

1997  34,410  43,417  0.79
1998  20,395  20,060  1.02
1999  31,204  47,610  0.66
2000  22,414  18,293  1.23
2001  56,795  67,087  0.85
2002  18,576  10,756  1.73
2003  13,706  24,822  0.55
2004  10,670  4,357  2.45
2005  25,335  24,755  1.02
2006  12,360  17,092  0.72
2007  42,779  37,156  1.15
2008  4,915  8,384  0.59
2009  13,420  20,740  0.65

Total  306,981 344,531 0.89

 

3.6.2 Monthly Calibration 

The performance of the model is also considered satisfactory at monthly time steps with 

P-factor and R-factors slightly greater than during the daily calibration. The coefficient of 

determination for the best simulation is greater than 0.8 during the calibration and 

validation period while the Nash-Sutcliffe is also greater than 0.8 during the calibration 

and decreases slightly in the validation period.  

A visual comparison of the simulated (best simulation) and observed monthly flows is 

presented in Figure 3.13. In general, the model performs very well replicating the peaks 



53 
 

and hydrograph shape.  Summer runoff also is well simulated by the model with only one 

considerable exception during 1997. Sharp peaks are also well replicated; however, the 

model has more difficulties reproducing the flatter hydrographs such as the spring runoff 

of 1999 or 2002. The flatter hydrographs represents a slow response of the watershed to 

snowmelt in case of the spring flows or precipitation during the summer and/or routing 

effect that the storage of the wetlands have on flows attenuating the peaks.  

 

 

Figure 3.13: Measured and simulated monthly discharge at Pipestone Creek above 
Moosomin Lake during calibration (1997-2001) and validation (2002-2005) 

 

The performance of the model decreases during the validation period. Even though, the 

statistics for this period are still good. The visual comparison shows a more significant 

difference during the spring runoff of 2007 with an underestimation of the monthly peak 

and annual volume. Total volumes of the simulation period are within 5 % of the 

recorded volume. Table 3.12 summarizes the simulated annual volumes and the recorded 

volumes as well as the annual ratio simulated to observed volume. The largest difference 

in annual volumes occurs in 2004 due to the overestimation of the peak. However, this 
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different is not significant in the balance for the whole period since 2004 was a drier than 

normal year.   

Table 3.12: Annual simulated and observed volumes (dam3). 

Year  Simulated  Observed  Simulated/Obs 

1997  33,086  43,417  0.8 
1998  23,687  20,060  1.2 
1999  33,492  47,610  0.7 
2000  22,668  18,293  1.2 
2001  59,214  67,087  0.9 
2002  17,163  10,756  1.6 
2003  14,966  24,822  0.6 
2004  11,398  4,357  2.6 
2005  25,234  24,755  1.0 
2006  15,505  17,092  0.9 
2007  53,509  37,156  1.4 
2008  7,108  8,384  0.8 
2009  18,054  20,740  0.9 

Total 
Volume 

335,084  344,531  0.97 

 

3.7 Discussion  

The SWAT model has been successfully applied to the Pipestone Creek watershed that 

has limited weather information. Three weather stations provide observed precipitation 

and temperature data for the west and northern part of watershed.  However, the lack of 

observed historical weather data in the south and southeast part of the watershed adds 

some uncertainty to the performance of the model which is represented by the P-factor 

and R-factor. Observed runoff events like in the summer of 2000 are replicated by the 

model at daily and monthly time steps, however, they are overestimated by both 

simulations which can be logically attributed to local precipitation that was captured by 

the weather stations and extended across the watershed by the model.  In cases like this a 

high-density weather network would provide valuable information when doing 

hydrological modeling and reducing the uncertainty in the weather observation 

component. As an example private records of precipitation such as the weather farm 

network might provide important precipitation data in areas where the density of official 
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weather station is scarce. The negative side of using these kinds of sources of weather 

data is that generally is not quality approve and there are no long term records. 

In order to represent the characteristics of the watershed and incorporate the wetlands 

within SWAT some assumptions had to be made. The wetland surface areas were 

estimated to be the maximum areas for the wetland and volumes were derived from 

empirical equations developed in other studies (Wiens 2001). The drainage area 

contributing to the hydrologic equivalent wetland was assumed to be the area within the 

watershed that does not contribute to runoff during a normal year, or simply the 

difference between the gross and effective drainage areas. The results of the sensitivity 

analysis for the wetland parameters suggest that these assumptions are valid and had low 

impacts on the overall performance of the model. However, more refinement estimating 

the wetlands volumes can help to reproduce better the hydrograph shape in particular 

flatter hydrographs which might be subject to routing effects. Other studies that have 

used the hydrologic equivalent wetland (Wang et al., 2008; Yang et al., 2010 with the 

SWAT model), have in general calibrated for the wetland parameters. 

The snow module of the SWAT model was previously analyzed by Wang and Melesse 

(2005), they tested a previous version of the model and found that it performed relatively 

well for the seasonal and annual flows and had a satisfactory performance for daily flows. 

Troin and Caya (2014) also concluded the snow module within SWAT works well in cold 

environments. The results of this study suggest that the performance of the snow module, 

of the most updated version of the model used in this study (version 2012), performs well 

reproducing daily and monthly flows. In general the model reproduces well the timing 

and the magnitude of the flows with a few exceptions. 

Another characteristic of this watershed is the Pipestone reservoir, which has been 

operated during different years late in the fall. However, there are no operation records or 

water levels available. Due to the lack of information on this reservoir, operating rules 

were not configured in SWAT and basically the reservoir spills whenever the water level 

reaches the spillway elevation (590.64 m). If most of the operations of the reservoir 

occurred late in the fall, after October 15th, it is assumed that the absence of operational 
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information does not impact the modeling results and calibration and validation statistics. 

In any other case when the operation occurs earlier during the year, reservoir operation 

rules should be defined in SWAT in order to accurately reproduce the hydrology of the 

watershed. 

The approach used to calibrate and validate the SWAT model is the traditional approach 

that consists of using two different periods of time, one for calibration and the other for 

validation. This approach was successful for a period of 13 years (1997-2009) in which 

flows are highly variable from one year to another. Studies such as, Rahbeh et al., (2011) 

and Abbaspour et al., (2010) that tried to apply the swat model in the Canadian Prairies at 

different scales were not able to successfully calibrate and validate the model using the 

traditional approach and/or less traditional approaches were used, however, the validation 

statistics were less than satisfactory.  

Finally, the uncertainty statistics  (P-factor and R-factor) with the other standards 

statistics (R2 and NS) presented for calibration and validation of the Pipestone Creek 

Watershed are comparable to the statistics presented for other calibrated and validated 

applications of the SWAT model in Canada and around the world (Liu et al., 2008, 

Fontaine et al., 2002, and others). 

3.8 Conclusions  

The hydrological modeling carried out using the Soil Water Assessment tool was 

successfully accomplished despite the many challenges throughout the process. The 

physical characteristics of the watershed, typical of the pothole region, which is 

dominated by wetlands making the contributing area to runoff variable for every event, 

combined with the high inter-annual variability in precipitation, and the hydrology 

dominated by snowmelt events, suggest that traditional approaches might not 

successfully reproduce the hydrology of the watershed.  The major challenge of 

watersheds like the Pipestone Creek is to determine the contributing area to runoff and 

represent the thousands of wetlands that can be found in this type of watershed in the 

model. In order to address these characteristics the concept of hydrologic equivalent 

wetland has been successfully implemented. The hydrologic equivalent wetland accounts 
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for all the wetlands in the basin and the drainage area to the wetland that during normal 

years does not contribute to runoff. The implementation of this approach requires detailed 

data from the watershed, wetland areas or volumes that in many cases might not always 

be possible to obtain due to a large number of wetlands and the size of the watershed. In 

the Pipestone Creek watershed the wetland identification and the calculation of the 

surface areas was done previously which facilitated the execution of this approach. In 

many other cases this approach might not be feasible because of the costs and time 

required to identify and classify all the wetlands in the watershed. The use of the effective 

and gross drainage areas to determine the areas contributing to the hydrologic equivalent 

wetland proved to be successful since the variable that accounts for the area that 

contributes to the HEW was not found to be sensitive during the daily simulation and had 

a very low sensitivity during the monthly calibration. This also supports traditional 

hydrological practices in the province of Saskatchewan by using the effective and gross 

drainage areas. Other wetland parameters presented the similar responses to the 

sensitivity analysis.  

The calibration and validation statistics for the daily and monthly simulation are 

considered satisfactory; however, calibration and validation at other hydrometric stations 

within the watershed would provide additional information of the performance of the 

model in this kind of watershed. Overall the model captures well the timing and the 

volumes in particular for the calibration period. The snowmelt runoff is well represented 

by the model in terms of peak events and volumes, which suggest that the SWAT 

snowmelt module performs well in a cold region environment. 

The successful implementation of the SWAT model in the Canadian Prairies provides a 

new tool to simulate the difficult hydrology typical of the Prairie Pothole Region 

including the water quality component and the assessment of beneficial management 

practices in the agriculture. 
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4.1 Abstract  

The Soil Water Assessment Tool (SWAT) hydrological model is used to assess the 

impact of wetland drainage in a 2,242 km2 watershed located within the Prairie Pothole 

Region of North America for a period of 13 years. The model uses the concepts of the 

effective drainage area and the hydrological equivalent wetland (HEW) to account for the 

non-contributing areas and the thousands of wetlands within these areas. Three different 

scenarios that account for a drainage of 15%, 30%, and 50% of the non-contributing area 

are simulated and compared to the baseline scenario. Results of these simulations suggest 

that drainage increases spring peak flows by 50%, 79%, and 113% for scenarios 1, 2, and 

3, respectively, while annual flow volumes are increased by 43%, 68%, and 98% in each 

scenario. Years wetter than normal present an increase of peak flows and annual flow 

volumes of less than the average of the simulated period. Alternatively, summer peak 

flows present the smaller increase in terms of percentage during the simulated period. 

4.2 Introduction 

Drainage of wetlands or potholes has occurred since the first Europeans started to 

cultivate in the Pothole Region of North America (PRNA). The objective has always 

been to maximize the land and have an easier access to it (Johnson et al., 2008). The 

drainage has resulted in a considerable wetland loss in the PRNA. In the USA, the 

wetland loss has been severe and it is estimated that the number of wetlands has been 

reduced between 50% and 70%. The two most affected states are Minnesota and Iowa 

which only have around 15% of their original wetlands remaining. In the Canadian 
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Prairies the wetland loss is also significant and it is estimated that around 70% of the 

wetlands have been lost (Dahl and Johnson, 1991).   

The drainage of wetlands affects some of the hydrological processes such as the storage, 

evaporation, and infiltration, as well as the timing in which the wetlands that are not 

connected to the stream spill. The watersheds within the PRNA are dominated by the 

principle of fill and spill. In these areas the wetland might or might not contribute to 

runoff during a determined event, depending on the magnitude of the event, the water 

level prior to the runoff event, and the antecedent soil moisture conditions, all of which 

make the contributing drainage area to runoff variable from year to year, season to 

season, and from event to event. This behavior was initially observed during the 1950s 

(Stichling and Blackwell, 1957) and later in the mid 1970s (Godwin and Martin, 1975) 

was refined when the concepts of Effective Drainage Area (EDA) and Gross Drainage 

Area (GDA) were introduced in the Canadian Prairies. The EDA is the area that is 

expected to contribute to runoff during a normal year, which has a return period of 2 

years, while the GDA is the topographic limit of the watershed, which in practical terms 

is expected to contribute to runoff during an extreme low frequency event such as 1:1000 

years (SaskWater, 1993). The area that is found outside of the EDA but within the GDA 

is defined as the non-contributing drainage area and is usually characterized by a large 

number of wetlands with none or low connectivity among them. 

The relevance of wetlands for the biodiversity that takes place in this ecosystem and for 

the hydrology in terms of water quantity and quality has been widely study for decades 

(e.g., Duffy 1998; Landers and Knuth 1991). In the PRNA, Vining  (2002) simulated 

streamflow and wetland storage for the period 1981-1998 in the Starkweather Coulee 

watershed located in North Dakota. This study used a DEM to estimate the spill elevation 

of the wetlands previously identified by the National Wetlands Inventory and Geographic 

information Systems (GIS) to determine the surface areas end depths. This watershed has 

a gross drainage area of 803 km2 from which 544 km2 are reported to contribute to runoff 

regularly (EDA). The drainage area was divided into 50 hydrological response units 

(HRU) for which the water balance was calculated. In order to account and simplify the 

number of wetlands in each HRU, one equivalent wetland which is the result of the sum 
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of all the wetlands in the HRU was included in the model. Wetlands in this watershed 

presented an average depth of 0.67 m and the volume was estimated as function of the 

surface area. A modified version of the U.S. Geological Survey's Precipitation Runoff 

Modeling System  was used to simulated daily flows and wetlands levels. Results of this 

study suggests that the model underestimated peak flows during spring runoff for all the 

years but one, and the poor performance capturing the peak flows was attributed to the 

lack of a frozen soils subroutine in the model. 

In 1986, Ogawa and Male simulated the role of wetlands mitigating floods in three 

watersheds in eastern Massachusetts with drainage areas between 146 and 533 km2. This 

study reduced the wetland surface areas and volumes by including encroachments. The 

total number of wetlands within this watershed was small (28 wetlands) in comparison to 

the number of wetlands found in similar size watershed within the pothole region. 

Nonetheless this study accounts for different precipitation intensities, different moisture 

conditions, and different levels of encroachments in the wetlands. Results suggest that 

there were no significant differences between observed and peak flows with 

encroachments of up to 25% of the surface area of the wetlands except for wetlands along 

the main stream. Flood hydrographs were also investigated by Meyer (1998) to assess the 

effect of wetland location, initial water levels, and the shape of the hydrographs during 

floods. This study suggests that wetlands located upper in the watershed are more 

effective reducing peak flows; however, it does not affect total flows which are mostly 

affected by the initial conditions. Meyer (1998) also concluded that wetlands have a 

larger mitigation effect during high frequency runoff events than during low frequency 

events. 

Bullock and Acreman (2003) reviewed the literature to analyze all the studies of wetlands 

and their role in the hydrological cycle; they found more than 150 studies, including 

several that addressed the impact of wetlands  on flows downstream. They concluded that 

the old standing beliefs that wetlands always reduce floods, contribute to groundwater 

recharge, and regulate river flows were not always true.  A large number of floodplain 

wetlands reduce or delay floods but not all of them. Fewer than half of the studies 

reviewed that addressed wetlands in the headwaters have an effect reducing or delaying 
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floods. However, they found that there is a considerable number of studies with wetlands 

in the headwaters that increase flood peaks. During wet periods, they found that near half 

of the headwater wetlands have a faster response to rainfall increasing the volumes 

independent if the peaks are increased or not.  This is attributed to the antecedent 

conditions of the wetlands. During wet conditions wetlands have higher water levels than 

normal and the soil moisture is also higher than normal. 

The effect of prairie wetlands on reducing flows is greater during high-frequency runoff 

events than during low frequency events. It has been suggested that there is a threshold in 

which the contributing area increases rapidly during the low frequency events. This 

threshold is defined when wetlands and ponds reach their spill elevation and start 

connecting with other wetlands, spilling downstream until that a large portion of the gross 

drainage area is contributing to the main channel.  In general when there is storage 

available in the wetlands the hydrographs will present an initial lag until the storage is 

filled and then will rise quickly (Shaw et al., 2011).   

In the Canadian Prairies two studies have recently addressed the wetlands impact on 

hydrology in terms of water quantity. Yang et al., (2010) analyzed a wetland restoration 

scenario in the Broughton’s Creek, Manitoba. The study restored the wetlands of the 

watershed to the 1968 level to analyze the effects on streamflow and sediments. Results 

of this study show that the wetland restoration decreases peak discharge by 24 %. More 

recently, Pomeroy et al., (2014) investigated the effect of prairie wetlands on peak flows 

and annual volumes during the period 2007-2013 in the Smith Creek watershed within 

the Prairie Pothole Region of North America. They simulated several wetland scenarios 

that include the historical maximum, some measure extend such as 2000 and 2008, and 

total wetland drainage in the watershed. The main finding of this study is that wetland 

drainage increase considerably annual flow volumes and peaks. In, average annual 

volumes are increased by 55% in a total wetland drainage scenario. Peak flows are most 

impacted proportionally during dry years. However, it has considerably impacts during 

wet years such as 2011. 
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The importance of doing hydrological simulations for several years is that the antecedent 

conditions of the watershed are considered by the model. These antecedent conditions are 

very important when simulating the hydrology of a watershed with large non-contributing 

areas because if the watershed is wet with wetlands/sloughs near full, a normal runoff 

(high frequency event) can produce peaks and volumes way above the normal because 

most of the watershed is connected and contributing to the runoff as suggested by Shaw 

et al., (2011).  

The main objective of this paper is to use the Soil Water Assessment Tool (SWAT; 

Arnold et al., 1998) hydrological model that has been calibrated and validated at daily 

and monthly time steps (Chapter 3) for the Pipestone Creek to analyze the potential 

impact of drainage in the watershed. Three hypothetical scenarios that assume a drainage 

percentage of 15%, 30%, and 50% of the non-contributing drainage area are investigated.  

4.3 Study Area 

The Pipestone Creek located in southwestern Saskatchewan is within the Prairie Pothole 

Region of North America which extends throughout three Canadian Provinces and five 

states of the United States of North America (Batt et al., 1989).   The Pothole Region is 

the result of the last Pleistocene glaciation and it is estimated that there are between 5 and 

8 million wetlands or small depressions which have an important biological role and 

impact on the ecosystem (Johnson et al., 2010). The geographic characteristics of this 

region make the contributing drainage area to runoff variable from year to year, event to 

event and even from season to season (Godwin and Martin, 1957).  The drainage area of 

the Pipestone Creek was defined to the existing hydrometric station and has a GDA of 

2,242 km2 of which 559 km2 are considered effective (Figure 4.1) and it is estimated that 

near 11% of the watershed is covered by wetlands (Boychuk, 2009). 

The topography in the basin ranges from 547 to 804 meters above sea level (m.a.s.l.) with 

a mean elevation of 650 m.a.s.l. A normal year of precipitation for this area ranges from 

450 to 500 mm and the hydrological processes are typical of cold regions in which land is 

covered by snow and soils are frozen during most parts of the winter (Fang et al., 2007). 

In this area, as well in the rest of the Canadian Prairies, snow is the main driver of runoff 
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in which snowmelt can produce up to 80% of the annual surface runoff (Gray and 

Landine, 1988). Therefore snow process, such as snow accumulation and transport, are an 

important part in the hydrological cycle. Soils in this area of Saskatchewan are dominated 

by Oxbow loams black chernozems, which are black grassland soils in the black soils 

zone that have a loamy texture (Saskatchewan Watershed Authority, 2005). The major 

land use in the watershed is pasture and agriculture (~75%).  

In the watershed there is only one hydrometric station located at the outlet of the 

watershed. This station, Pipestone Creek above Moosomin Reservoir (05NE003) is 

operated by Water Survey of Canada during the months of March throughout October. 

Peak flows occur mostly in April during the spring runoff. In the upper part of the 

watershed there is a water supply reservoir with an approximated capacity of 700 dam3 

and there are no records of operation of this reservoir, however, unofficial information 

suggest that if there was any operation it would have occurred after October 15th 

releasing water to lower the water levels of the reservoir. Finally the watershed is a sub-

basin within the Souris River System that has a drainage area of ~ 62,500 km2. 
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Figure 4.1: Pipestone Creek watershed located in southeastern Saskatchewan. The figure 
also delineates the 27 sub-basins and their reaches. 

 

4.4 Data and Methods 

The SWAT model is used to simulate the impact of the different drainage scenarios on 

the hydrology of the Pipestone Creek watershed. The model set up is carried out using 

weather data from three Environment Canada weather stations (Broadview, Kipling, and 

Whitewood). The watershed and flow network was done using a 15 m resolution digital 

elevation model (DEM) and a 62.5 cm Orthophoto both developed by the Saskatchewan 

Geospatial Imagery Collaborative (https://www.flysask2.ca/). The Orthophoto was used 

to refine the initial delineation based on the DEM. The soil data for the watershed was 

obtained from the Saskatchewan Soil Information Database version 4 (SKSIDv4). Land 

cover and land use at the scale of 1:25,000 were obtained from the Lower Souris River 

Watershed Biophysical Inventory that estimates that more than 75% of the watershed is 

used for agriculture and pasture (Boychuk, 2009).  The SWAT model was set up using 
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Arc-SWAT (Winchell et al., 2007). The watershed is divided into 27 sub-basins and 561 

hydrological response units (HRU) for which the water balance is calculated. 

The wetlands identified in the Lower Souris River Watershed Biophysical Inventory 

(Boychuk, 2009) are used to estimate the hydrological equivalent wetland (HEW) for 

each sub-basin. The hydrological equivalent wetland concept was introduced by Wang et 

al., (2008), and is based on that the SWAT model can only include one pond or wetland 

in each sub-basin. However, it would be extremely difficult to include the thousands of 

wetlands that are found in each sub-basin in the model if SWAT had this capability. 

Thus, the HEW for each sub-basin accounts for all the surface area and volume of the 

wetlands located in the sub-basin of interest. The surface areas of the wetlands are 

extracted directly from the Biophysical Inventory; although, the inventory does not 

provide an estimation of the volumes which are calculated using the following equations 

proposed by Wiens (2001): 

For wetlands with surface areas up to 70 ha: 

V= 2.85*A1.22       (4.1) 

For wetlands with surface areas greater than 70 ha 

V = 7.1*A +9.97    (4.2) 

A: Surface area in hectares (ha)  
V: Full volume (dam3) 

Then the wetland contributing area or non-contributing drainage areas of the sub-basin 

are estimated using the gross and effective drainage areas respectively.   
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4.4.1 Sensitivity Analysis and Model Calibration and Validation  

The sensitivity analysis was carried out on  the typical hydrological parameters published 

in the literature (Arnold et al., 2012) and the wetlands parameters. Next the most 

sensitive parameters are calibrated and validated using a semi-automated tool at daily and 

monthly steps for the 13 year period and including two years for warming up the model. 

The simulated 13 year period is divided into two periods, one of nine years to calibrate 

the model that includes dry and wet years and the other period of four years that also 

includes relatively wet and dry periods.  

The semi automated calibration and validation processes is carried out with Sequential 

Uncertainty Fitting algorithm version 2 (SUFI2; Abbaspour et al., 2007) within the 

SWAT-CUP software (Abbaspour et al., 2007) which addresses the uncertainties in the 

parameters as uniform distributions. The uncertainty in the model is addressed in what is 

called the 95% prediction uncertainty (95PPU). The 95PPU is the bandwidth between the 

2.5% and 97.5% levels of the cumulative distribution output which is the result of the 

Latin Hypercube sampling (Abbaspour et al., 2007). The algorithm follows the principle 

that a single parameter produces a single model response while the propagation of the 

uncertainty of the parameter will result in the 95PPU. In other words, the greater the 

parameter uncertainty the greater the model output uncertainty. The practical idea of the 

95PPU is that the output bandwidth should cover most of the observation. Two factors 

were introduced to quantify the model results. The P-factor which tells the percentage of 

data that is within the 95PPU band and the R-factor which is the thickness of the 95PPU 

(average thickness of the 95PPU band divided by the standard deviation of the measure 

data). Suggested values for these two statistics are P-factor >0.7 and R-factor < 1.5, 

depending on the availability of data and the project (Abbaspour et al., 2015). More 

details on the SUFI2 algorithm can be found in Abbaspour et al., (2007). Other statistics 

such as Nash-Sutcliffe (NS; Nash and Sutcliffe, 1970) and the coefficient of 

determination (R2) are used to compare the best simulation with the observed flows. 

4.4.2 Drainage Scenarios 

The SWAT model has been widely used for water quantity and quality; however, there 

are only a few applications of the model in the prairie pothole region due to the 



70 
 

complexity of representing the thousands of wetlands of the watersheds within the model. 

In order to represent the depressional storage of the watershed, the concept of the 

hydrological equivalent wetland is used (Wang et al., 2008). The methodology uses the 

hydrological equivalent wetland (HEW) or pond concept which consists of determining 

all the wetlands in the watershed or sub-basin and treating them as one. The surface 

areas, inferred from the Biophysical Inventory of the watershed (Boychuk, 2009), are 

used to estimate the volume of all the wetlands according to the empirical equations 

proposed by Wiens (2001). Then the HEW of the non-contributing area is the result of 

the sum of all wetlands within the area or sub-basin and finally HEW surface areas and 

volumes are calculated.  

In order to assess the impact of wetland drainage for the different scenarios, a baseline 

scenario is required. This baseline uses the gross and effective drainage areas used during 

the calibration period. Figure 4.2 illustrates the extension of the drainage areas for the 

baseline scenario.  
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Figure 4.2: Gross and effective drainage area of the Pipestone Creek watershed 
(baseline). Gross drainage areas are delineated by the sub-basins polygons. 

 

The three drainage scenarios consider 15, 30, and 50% drainage of the non-contributing 

area. These percentages of drainage were chosen because the GDA is near four times 

larger than the EDA and it would be unrealistic to drain the whole watershed. Therefore a 

maximum drainage scenario that increases the EDA three times is considered realistic 

while the other two scenarios assume an intermediate drainage by increasing the EDA in 

60 and 120%.  

 The implementation of these scenarios involves the following steps: 

i) Estimating the amount of area that will be drained according to the different 

scenarios (15, 30, and 50% of the non-contributing drainage area of the sub-

basin). 
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ii) Identifying the area that will be drained. The selection of this area is based on 

the visual criteria that takes into consideration proximity to the stream and 

avoids extremely large water bodies. 

iii) Delineating the "New" Effective Drainage Area. 

iv) Estimating the non-contributing drainage area for the scenario. 

v) Identifying the wetlands within the new non-contributing drainage area. 

vi) Calculating areas and volumes of the individual wetlands according to 

Equations 4.1 and 4.2 

vii) Estimating the HEW for each sub-basin (surface area and volume), and the 

area contributing to the HEW. 

viii) Entering the new data into the model. 

The importance of delineating the new effective drainage areas (iii) requires directly 

defining the non-contributing areas or the drainage areas that are contributing to the 

HEW. All the scenarios are based on an increasing effective drainage area which results 

in a reduction of the non-contributing area and the number of wetlands within this area 

becomes smaller. Figure 4.3 illustrates sub-basin 12 of the watershed and the different 

drainage areas under the three different scenarios.  
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Figure 4.3: Sub-basin 12 and its effective drainage area under the three drainage 
scenarios. The EDA PFRA is the effective drainage area used for the baseline scenario. 

 

The SUFI2 algorithm within the SWAT-CUP software is used to run the three different 

drainage scenarios. Once the model has been successfully calibrated and validated the 

same parameters ranges and number of simulations is used to run the scenarios. The 
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results of the calibrated model are represented by the 95 % prediction uncertainty which 

is the output of the model obtained by the stochastic calibration. Therefore, the median 

(50% probability) values of the 95PPU will be used to compare the different scenarios 

against the baseline scenario (the calibrated model with the current conditions in the 

watershed).  

4.5 Results 

4.5.1 Drainage Scenarios 

The proportional increment of the EDA, based on a percentage of the non-contributing 

contributing drainage area, was done without analyzing the hydraulics and cost feasibility 

and in some sub-basins considers the expansion of the EDA of up to 37 times (i.e. sub-

basin 22). The EDA drainage area in the sub-basin 22 is estimated to be 4 km2 and the 

non-contributing drainage area 311 km2 therefore, according to the criteria used to define 

the drainage scenarios assumes a maximum effective drainage area of 160 km2. On 

average, draining 15, 30, and 50% of the non-contributing area increases the EDA of the 

Pipestone Creek watershed by almost 2.2, 3.4, and 5 times, respectively. Table 4.1 

summarizes the effective, gross, and the non-contributing drainage areas for the baseline 

conditions and the three drainage scenarios. 

The surface area of the wetlands in each sub-basin decreased between 9% and 53% for 

scenario 1, between 20% and 61 % for scenario 2, and between 35% and 66% for 

scenario 3 with the exception of sub-basins 8, 10, 11, 16, and 18 which are small and 

most of the drainage area contributes to runoff during a normal year (Table 4.2). On 

average the wetland surface areas are decreased by 26% for scenario 1, by 38% for 

scenario 2, and by 52% for scenario 3. 



75 
 

Table 4.1: Estimated gross, effective, and  non-contributing drainage areas by sub-basin. * Drainage areas for sub-basin 10 is 0.2 km2 
Base Line Scenario 1 Scenario 2 Scenario 3 

Sub-
basin 

Gross 
Drainage 

Area (km2) 

Effective 
Drainage 

Area (km2) 

Non-
contributin

g Area 
(km2) 

Effective 
Drainage Area 

(km2) 

Non-contributing 
Area (km2) 

Effective 
Drainage Area 

(km2) 

Non-
contributing 
Area (km2) 

Effective 
Drainage Area 

(km2) 

Non-
contributing 
Area (km2) 

1 93 30 63 41 52 48 45 61 31 
2 81 5 76 18 63 30 51 42 39 
3 108 5 103 21 87 37 71 56 52 
4 70 5 65 17 54 27 43 40 31 
5 155 57 97 73 81 90 65 106 49 
6 45 2 43 8 37 16 29 24 21 
7 43 7 37 11 32 17 26 23 20 
8 6 6 0 6 0 6 0 6 0 
9 9 5 4 5 4 6 3 7 2 

10* 0 0 0 0 0 0 0 0 0 
11 4 4 0 4 0 4 0 4 0 
12 60 17 43 22 39 32 28 40 21 
13 159 40 120 61 98 76 83 99 60 
14 85 16 69 29 55 38 46 50 34 
15 43 15 28 21 22 25 18 29 14 
16 1 1 0 1 0 1 0 1 0 
17 24 13 11 17 8 18 6 19 5 
18 1 1 0 1 0 1 0 1 0 
19 58 34 24 42 16 42 16 46 12 
20 134 102 32 107 27 112 21 118 15 
21 154 45 108 63 91 79 75 100 54 
22 315 4 311 54 261 96 220 160 155 
23 83 51 32 57 26 64 19 68 15 
24 150 20 130 43 108 62 88 85 65 
25 86 3 83 16 69 28 57 46 40 
26 122 39 82 50 72 67 55 80 42 
27 153 32 121 49 104 67 86 90 63 
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Table4.2: Estimated wetland area and volume by sub-basin. 
Baseline Scenario 1 Scenario 2 Scenario 3 

Sub-
basin 

Non-
Contr. 
(km2) 

Wetland 
Area 
(ha) 

Wetland 
Vol. 

(dam3) 

% Cont. 
to 

Wetlands 

Non-
Contr. 
(km2) 

Wetland 
Area 
(ha) 

Wetland 
Vol. 

(dam3) 

% Cont. 
to 

Wetlands 

Non-
Contr. 
(km2) 

Wetland 
Area 
(ha) 

Wetland 
Vol. 

(dam3) 

% Cont. 
to 

Wetlands 

Non-
Contr. 
(km2) 

Wetland 
Area 
(ha) 

Wetland 
Vol. 

(dam3) 

% Cont. 
to 

Wetlands 

1 63 604 4298 0.68 52 521 3711 0.56 45 445 3169 0.48 31 335 2386 0.34 
2 76 891 6339 0.94 63 801 5697 0.78 51 711 5057 0.63 39 580 4128 0.48 
3 103 1229 8736 0.95 87 962 6840 0.80 71 713 5074 0.66 52 469 3339 0.48 
4 65 832 5920 0.93 54 613 4363 0.76 43 493 3511 0.61 31 369 2632 0.44 
5 97 1209 8592 0.63 81 873 6206 0.53 65 720 5122 0.42 49 607 4318 0.32 
6 43 520 3703 0.96 37 436 3104 0.82 29 368 2625 0.64 21 276 1967 0.46 
7 37 404 2875 0.84 32 351 2504 0.74 26 295 2105 0.61 20 225 1608 0.47 
8 0 11 53 0.00 0 0 0 0.00 0 0 0 0.00 0 0 0 0.00 
9 4 35 215 0.44 4 21 114 0.44 3 15 79 0.34 2 14 69 0.26 

10 0 0 0 0.00 0 0 0 0.00 0 0 0 0.00 0 0 0 0.00 
11 0 1 3 0.00 0 0 0 0.00 0 0 0 0.00 0 0 0 0.00 
12 43 454 3232 0.72 39 341 2430 0.64 28 270 1925 0.47 21 197 1411 0.35 
13 120 1119 7954 0.75 98 880 6256 0.61 83 764 5433 0.52 60 529 3769 0.38 
14 69 893 6353 0.81 55 641 4564 0.65 46 546 3887 0.55 34 400 2853 0.40 
15 28 423 3014 0.65 22 289 2060 0.51 18 232 1655 0.42 14 201 1438 0.33 
16 0 4 18 0.47 0 4 18 0.47 0 4 18 0.48 0 4 18 0.48 
17 11 147 1051 0.46 8 91 658 0.32 6 67 486 0.26 5 58 405 0.21 
18 0 1 2 0.27 0 1 2 0.27 0 1 2 0.24 0 0 0 0.00 
19 24 284 2029 0.42 16 134 959 0.28 16 134 959 0.28 12 110 789 0.21 
20 32 386 2751 0.24 27 195 1398 0.20 21 158 1134 0.16 15 136 976 0.12 
21 108 1383 9829 0.70 91 1102 7832 0.59 75 972 6908 0.49 54 814 5792 0.35 

22 311 3416 24262 0.99 
261 3099 22016 0.83 

220 2584 18358 0.70 155 2041 14498 0.49 

23 32 518 3689 0.38 26 281 2005 0.32 19 201 1440 0.23 15 174 1244 0.19 

24 130 1736 12338 0.86 
108 1336 9495 0.72 

88 1240 8811 0.58 65 1064 7562 0.43 

25 83 429 3054 0.97 69 300 2139 0.81 57 249 1780 0.67 40 177 1267 0.46 
26 82 1042 7409 0.68 72 890 6327 0.59 55 729 5187 0.45 42 614 4371 0.34 

27 121 1892 13442 0.79 
104 1700 12078 0.68 

86 1456 10345 0.56 63 1009 7176 0.41 
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4.5.2 Calibration and Validation  

The hydrologic model of the Pipestone Creek was calibrated for the period 1997-2005 

and validated for the period 2005-2009. The model performance is better at monthly than 

daily time steps. Figure 4.4 illustrates the calibration results for the daily and monthly 

simulations.  The green region depicts the 95% prediction uncertainty (95PPU). The 

uncertainty are generally large (R-factor) but less than what is recommended (R-factor < 

1.5) during the calibration. The percent of data falling within the 95PPU region is smaller 

at daily than monthly time steps which are near of what is recommended and published in 

other studies (Abbaspour et al., 2015).  

The results of the best simulation (simulation with the largest objective function value) 

for daily calibration are satisfactory with R2 and NS both of 0.72. In general, the model 

captures well the timing of the spring runoff. The model was less successful at  capturing 

the magnitude of the peaks andthere is no tendency to underestimate or overestimate the 

daily peak flows. During the spring runoff of 1997, 2001, and 2005, years wetter than 

normal, the model does relatively well estimating the peaks. Daily peak flow of 1997 is 

slightly overestimated while the peak flow of 2005 is slightly underestimated. A larger 

difference between recorded and simulated flows is observed during 2001 although the 

model replicates well the annual hydrograph with the largest spring runoff followed by a 

summer peak. Significant summer runoff such as the one of the years 1998, 2000, and 

2001 are replicated by the model, however, in these years the model overestimate the 

summer peaks. In addition, the model does not replicate very well  the hydrograph of 

2003 which has a double peak caused by warm temperatures during later March and early 

April followed by cooler temperatures that slowed down the snow melt and finally the 

warm temperatures that melted the remaining snowpack in the watershed. During the 

validation period the performance statistics decrease but are still considered satisfactory 

with a R2 = 0.65 and NS=0.64. The P-factor decreases even more to 0.5. The decreased 

performance of the model during the validation period is mostly due to the 

underestimation of flows during the spring runoff of 2009.  

The results of the best simulation at monthly time steps are better than for the daily time 

steps visually and therefore statistically (R2= 0.81 and NS= 0.81). The model reproduces 



 

78 
 

summer runoff well. However, there remains an overestimation of the summer peaks of 

1998 and 2001. On the other hand, as well as the daily model, it does well replicating the 

summer flows of 2007. Wider hydrographs with larger volume such as the 1999 is 

replicated by the model by a smaller peak and a shorter recession. This was also observed 

during the daily calibration and might be because the weather stations in the watershed or 

nearby did not capture the precipitation event that triggered some of the runoff during 

that summer. 

As well as in the daily model, the model performance at monthly time steps decreases 

during the 4 years of validation (NS = 0.76) with similar P-factor and R-factor than the 

calibration period.  

In general the 95PPU bands envelop well the peaks during the daily calibration despite 

the lower than desire P-factor which perhaps could be increased by calibrating the model 

only for flows over a certain threshold such as flows over 1 m3/s depending on the final 

purpose of the model. For assessing the impact of drainage on peak flows that occur 

predominantly over spring runoff the performance of the model is considered satisfactory 

at daily and monthly time steps. 
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Figure 4.4:. Daily (top) and monthly (bottom) calibration and validation results. Include 
P-factors and R-factor. 

4.5.3 Daily Drainage Scenarios 

The SWAT model at daily steps is used to have a better understanding of the impact of 

drainage on mean daily peak flows. As described previously the performance of the daily 

model is considered satisfactory particularly during the calibration period. Due to the 

unique characteristics of the model and the inclusion of the HEW the timing of the peaks 

will not be analyzed. In addition, the results presented here are not absolute numbers but 

they provide an idea of the impact of drainage on peak flows particularly during spring 
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runoff period in which the model performs better. The results apply only to the 

watershed, for the period analyzed and it is not recommended to extrapolate the results 

since the watershed has unique characteristics and internal storage that might differ 

significantly from other watersheds. 

Drainage of 15 % of the non-contributing drainage area in the Pipestone Creek increases 

mean daily spring runoff peak flows by 50% during the simulation period (1997-2009). 

The modeling results of this scenario suggest that the largest impact on peak flows occurs 

during 2008, in this year mean daily peak flows would have been 85% greater. This year 

was recorded as a dry year therefore the percentage of increase would be translated to a 

flow of ~5 m3/s, which is still below a normal year. In other dry years such as 2000 and 

2004 the impact on mean daily flows is estimated to be 45%, although the model has 

some difficulties simulating these dry years.  

For the purpose of this analysis the term “wet years” refers to years in which observed 

peak flow was greater than 20 m3/s that are well simulated by the model. According to 

this criterion the wet years will make reference to the years of 1997, 2001 and 2005. The 

increment of peak flows during the wet years range between 28% and 45% with an 

average increment of 36%. This increment is smaller than the average increase for spring 

runoff peaks. The smallest increase in mean daily peak for this scenario occurs for the 

spring runoff of 2001 in which the increment would be 28%. The impact of drainage on 

summer peaks is smaller in terms of percentage than for the spring runoff, 17% versus 

50% during the snowmelt period.  

The reduction of the non-contributing drainage area in scenario 2 by 30% suggests an 

increase of mean daily spring peak flow between 28 and 127%, with an average increase 

of 57%. As the previous scenario, the largest spring runoff increase (127%) occurs for 

2008. Summer peaks also present a smaller increase, with the summer runoff of 1998 

presenting the minimum increase of all (17%). In general the increase in terms of 

percentage is larger during spring runoff (average of 79%) than during the few summer 

events recorded in the simulated period (32%) which is perhaps due to that during the 

snowmelt the whole watershed is wet  and there are small loses. On the other hand, the 



 

81 
 

summer peaks simulated by the model are preceded by dry conditions in which there little 

to no runoff in the watershed thus the response is smaller in magnitude.   

The impacts of draining 50% of the non-contributing area on mean daily peak flows are 

much larger. On average, this scenario would increment spring peak flows by 113% 

during the simulated period. Increments of peak flows range from 70% to 177% 

depending on the year. As the previous two scenarios the low runoff year of 2008 would 

have the largest increase in peak flow (177%) which in terms of magnitude means a peak 

flow of ~7 m3/s, still below the normal peak flow. Spring runoff peaks during the wet 

years would increase on average 81%, still bellow the mean for the whole period. Table 

4.3 summarizes the percentage of increase of the peak flows during the simulated period. 

The summer peaks and wet years present the smaller increase in terms of percentage. 

Table 4.3: Percentage of increment of mean daily peak flows during the simulated 
period. 

  
Spring 
Peaks 
(%) 

Summer 
Peaks 
(%) 

Wet Years (%) 
(1997,2001,2005) 

Scenario 1 50 17 36 
Scenario 2 79 32 57 
Scenario 3 113 50 81 

 

Overall, for the three scenarios summer peaks are impacted the least by the drainage of 

the non-contributing area. During spring runoff, wet years have a smaller increase in 

terms of percentage than the rest of the years (Table 4.3). It is also observed that the 

percentage of increment calculated for the years in which peak flows is less than 13 m3/s 

is greater than for the years in where peak flows are greater than 13 m3/s (56%, 90% and 

131% versus 42%, 64%, and 91% for scenarios 1, 2, and 3, respectively). Figure 4.5 

illustrates the percentage of change of peak flows for the whole period and for the 

scenarios. 
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Figure 4.5: Percentage of change of mean daily peak flows by year including summer 
peaks (left) and Box-Whisker Plot for spring peaks by Scenario (right) 

 

4.5.4 Monthly Drainage Scenarios 

The annual volumes of runoff under the three different drainage scenarios are analyzed 

using the monthly simulation because of the better performance that the model has at the 

monthly time steps.   

Monthly flows are expected to increase for all three scenarios by an average of 43%, 68% 

and 98%.  The increments expected for scenario 1 range from 25% to 69% depending on 

the year. The scenario does not present a clear tendency to increase or decrease monthly 

flows based on the magnitude or return period of the runoff year. However, wet years 

(1997, 2001, and 2007) in terms of the annual volume, have a smaller percentage of 

increase volume (36%) in relation to the average (43%). The largest increase in volume is 

for the year 2006 which had a slightly above average volume while the smallest increase 

in volume occurs during 2000 (25%). No clear relationship is observed between the 

magnitude of the runoff year and the magnitude of the impact caused by drainage.  

The second scenario is expected to increase the annual volume between 43% and 98%. 

On average the watershed is expected to produce 68% more runoff with drainage of 30% 

of the non-contributing drainage area. The percentage of increase of annual volume is 

smaller during the wet years in comparison with the mean of the whole period (56% vs 

68%). As for the previous scenario, years with near normal or slightly above normal 

volume have the largest increment in annual volumes.   
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The third scenario produces the largest impact on annual volumes which are expected to 

be 98% greater. The annual increments range between 65% and 138% with the year 2008 

again having the largest percentage of increment. As with the analysis of the peak flows 

this year had an annual runoff volume that was slight less than normal  (RP of 2 years) 

and considering the drainage impact of this scenario the total runoff volume would 

correspond to a return period of less than 3 years. Figure 4.6 illustrates the mean annual 

percentage of change by scenario as well as the whole range of change within the 

scenario through a Box-Whisker plot. 

 

Figure 4.6: Percentage of change for annual volumes by scenario (left) and Box-Whisker 
plot by Scenario (right). 

 

Monthly flows from March to October are expected to increase in the range of 11% to 

49% for scenario 1, between 28% and 77% for scenario 2, and between 48% and 115% 

for Scenario 3. The largest increase in flows during the simulated period in terms of 

percentage occurs in April for scenario 1 and March for scenarios 2 and 3. In terms of 

magnitude, flows in April would have the largest increments for all three scenarios. 

Monthly flows are expected to be 49%, 75%, and 106% higher during the month of April. 

Summer flows (June-July-August) also show a considerable increase in terms of 

percentage which likely results in the streams running longer during the summer or not 

drying out as has happened historically.  Figure 4.7 illustrates the monthly flow 

increments for the different scenarios. Runoff during the month of June would present the 

smallest impact of drainage during the summer months.  
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Figure 4.7: Percentage of change by month 
 

4.6 Discussion and Conclusion 

The SWAT model was calibrated and validated for a period of 13 years at daily and 

monthly time steps. The model performance at daily and monthly time steps is considered 

good, with the model performing better at monthly time steps. The algorithm used for the 

calibration and validation maps all the uncertainties onto the parameters ranges, trying to 

capture most of the observed data within the 95% prediction uncertainty (95PPU). The 

performance of the calibration (P-factor and R-factor) at daily and monthly time steps is 

considered acceptable considering the complexity of the watershed and the weather data 

available. In the case of this study another source of uncertainty was added with the 

inclusion of the hydrological equivalent wetlands since the areas estimated by the 

Biophysical Inventory (Boychuk, 2009) were considered maximum areas and the 

volumes were estimated as function of these areas. Despite this additional uncertainty the 

wetlands variables were not sensitive in the model thus were not considered in the 

calibration process and the methodology proved to be a useful resource for modeling 
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watersheds in the prairie PRNA. The statistics that account for this uncertainty in the 

model (P-factor and R-factor) resulted lower than what is recommended in the literature 

but are in the range of other results published in the literature (Abbaspour et al., 2007). In 

particular, the daily calibration of the model presented a low P-factor (0.56) in 

comparison with the monthly calibration (0.63) while both R-factors are near the desire 

range. The typical statistics used to assess the performance of the model for the best 

simulation according to the objective function such as coefficient of determination and 

Nash-Sutcliffe and others suggested by Moriasi et al., (2007) such the Bias and RSM fall 

within the desire range for both simulations.  

The geographic characteristics of the watershed with the variable contributing drainage 

areas poses a great challenge in order to model the hydrology of the watershed. In this 

study the hydrological equivalent wetlands concept that has been used previously in 

similar watersheds was used. This methodology requires the location and surface area of 

the wetlands within the watershed which might demand a lot of resources, considering 

that a watershed in the pothole region can have thousands of wetlands. Although, new 

resources such as new digital topographic information available for numerous watersheds 

makes possible the determination of the wetlands in a watershed but it is still a time 

consuming process. Currently, it is more common that LiDAR (Light Detection and 

Ranging) data (usually 1 m resolution or even less) are available for many places and 

inclusive watersheds; the high resolution data can be more useful when determining 

wetlands areas and spill elevations than the typical DEM of 20 or 10 m resolution. 

This study analyzed three different drainage scenarios for a period of 13 years. In all the 

scenarios peak flows and annual volumes are increased by the drainage, which is 

explained by the larger effective drainage area and the lower storage available in the 

watershed that results from the wetland drainage. During the modeling, this larger 

effective drainage area is inversely proportional to the area contributing to the 

hydrological equivalent wetland; however, when simulating these scenarios no routing 

effects are considered and have to be taken into account. In practice, drainage ditches 

have a determined flow capacity that limits the outflows from the wetlands that affects 
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directly peak flows, thus the impact of drainage during medium frequency might not be 

as high as simulated. 

The literature suggests that the impact of wetlands on peak flows and volumes is variable; 

some wetlands increase flow and volumes and while others decrease them. In this study, 

by simulating the drainage of the wetlands in parts of the non-contributing drainage area, 

daily spring peak flows are expected to increase by 50%, 79%, and 113% for scenarios 1, 

2, and 3, respectively. Monthly flows are expected to increase on average 10%, 50%, and 

75% for the three scenarios and while annual volumes would have an increment of 43%, 

68%, and 95%. In terms of magnitude of the peak flow and runoff year, spring runoff 

peak flows during the wet years present a below average increase while the drainage 

would impact summer peaks the smallest. Years with runoff above normal present an 

increase in annual volume below average.  The results presented in this study agree with 

findings for others Canadian Prairie watersheds (Yang et al., (2010) and Pomeroy et al., 

2014). However, the results of this study cannot be directly extrapolated to other 

watersheds because the magnitude of the impact of wetlands on water quantity will 

depend on the geographical characteristics of the watershed and the type of wetlands 

existing in the watershed. As suggested by Bullock and Acreman (2003) wetlands that 

dry out during the summer or recharge groundwater have the potential to minimize flows 

in the way that the storage is used however, wetlands that are fed by groundwater tend to 

maintain water levels near the spill elevation have the opposite effect.   In addition the 

impact of wetlands on hydrology might be different depending if it is a wet or dry cycle. 

During a wet period of time wetlands/sloughs tend to be near full and have little storage 

thus during a normal year runoff parts of the non-contributing area can contribute to the 

runoff while during a dry period there is plenty of storage and wetlands do not usually 

spill.   

The simulated period 1997-2009 is a relatively wet period where most years had higher 

peak flows and volumes than normal. The model at daily time steps has some difficulties 

reproducing the dry years, which suggests that the effects of drainage during a normal 

period of time, in which there are more dry years than wet years, might provide different 

results. During normal and dry years the wetlands fluctuate seasonally, inter-annually and 
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many of the wetlands that dry out are cultivated later in the summer resulting in plenty of 

storage available for spring runoff. In the same context soils are dryer with low moisture 

conditions and are able to hold more water. Therefore during a wet period a normal 

precipitation produces above normal runoff because of the antecedent moisture 

conditions of the watershed.   

Finally, the importance of doing a long term simulation like the one presented in this 

study is that consecutive years of runoff above normal are simulated by the model 

accounting for the antecedent moisture conditions.  
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5.1 Abstract 

The impacts of climate change  on water resources have been analyzed in many places in 

the world with the goals of providing a potential range of impacts that will help water 

managers develop practices and policies that will optimize water resources and minimize 

the impact of climate change. The projection of hydrological scenarios under climate 

change is key for the development of new mitigation and adaptation strategies for areas 

such as the Canadian Prairies, where water resources are fundamental for the success and 

sustainability of key economic drivers (agricultural and mining). Five Global Circulation 

Models (GCMs) and three greenhouse gas emission scenarios are used to drive the Soil 

Water Assessment Tool (SWAT) model to assess impacts of climate change on the 

hydrology of the Pipestone Creek for the period 2031-2060. Overall, the models agree, 

estimating an earlier spring runoff and higher spring flow volumes and soil water content. 

Actual evapotranspiration is expected to increase during spring and to decrease during 

fall, while there is little anticipated change in summer actual evapotranspiration rates. 

The projections of streamflow and soil water content are more uncertain during the 

summer and fall seasons due to the wider range of change forecasted. 

5.2 Introduction 

It is estimated that, as result of climate change, the global mean surface temperature will 

increase between 0.4 and 2.6 °C and that the global mean sea level will rise between 

0.17-0.38 m during the period 2046-2065. An even greater increase in mean surface 

temperature and sea level is expected during the period 2081-2100 (IPCC, 2014). There 
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is evidence that water resources of several world regions are already affected by changes 

in precipitation and snow melt, impacting both water quantity and quality (IPCC, 2014). 

However, it is still uncertain how climate change will impact water resources at the 

different watershed scales.  

There are plenty of studies that analyzed the impacts of climate change on water 

resources through hydrological modeling (Dias-Nieto and Wilby, 2005; Salathe, 2005; 

Dilbike and Coulibaly, 2005; Toth et al, 2006; Pietrorino et al., 2006; Zhang et al., 2007; 

Mineville et al., 2008; among others). However, there are limited studies that address 

climate change impacts on hydrology in the Canadian Prairies and only a couple 

identified for the province of Saskatchewan. The impact of climate change on the 

hydrology of the Canadian Prairies has been documented by Zhang et al., (2011) who 

studied the impact of climate change on small prairie wetlands by simulating the water 

storage. They used two regional climate models (RCMs) forced with one emission 

scenario to simulate the hydrological conditions of the wetlands in the 2050s (2041-2070) 

by comparing them to a baseline scenario (1971-2000). The regional climate models were 

downscaled using two stochastic weather generators. This study found no significant 

changes in annual water yield and evapotranspiration but suggests lower water levels in 

the wetlands. The authors have more confidence in the warming trend than in the 

precipitation pattern, claiming considerable uncertainty when modeling climate change 

impacts using only one regional climate model and one weather generator. In another 

Canadian Prairies study, Shrestha et al., (2011) used the SWAT model to study the 

impacts of climate change in the upper Assiniboine watershed. The study employed three 

regional climate models to assess climate change impacts on streamflows and nutrient 

loads during the period of (2042-2062) in relation to the baseline period (1980-2000). 

The authors reported successful SWAT calibration and validation using the SWAT 

Calibration and Uncertainty Program (SWAT-CUP; Abbaspour et al., 2007). They 

reported in their main findings an earlier spring runoff, discharge peaks, and higher 

runoff volumes.  

Currently, the assessment of climate change impacts on water resources is following a 

similar path to the actual projection of climate change. This involves the use of multi-
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model ensembles for hydrological simulation. The concepts of using several emission 

scenarios forcing different GCMs and using one or more RCMs are the same. However, 

at the bottom of the model chain, hydrological models are included, ideally choosing 

more than one. This approach can also be modified by the introduction of statistical 

downscaling methods instead of the RCMs. This methodology has been implemented by 

Bae et al., (2011) who analyzed hydrologic uncertainties in hydrologic climate change 

scenarios for two time periods (2011-2040 and 2071-2100), by using a multi-model 

approach based on three emission scenarios (A2, A1B, and B1) forcing thirteen different 

GCMs, which were downscaled using a statistical approach (WXGEN stochastic weather 

generator), and three semi-distributed hydrological models (PRMS, SLURP, SWAT). 

Seven different methods to calculate potential evaporation were used in the hydrological 

models (Hamon and Jensen-Haise for PRMS; Penman-Monteith, Granger and 

Spittlehous-Black for SLURP, Penman-Monteith, Priestley-Taylor and Hargreaves for 

SWAT) whereby the projected mean hydrometric variables for the two 30-year periods 

were compared to the reference period (1971-2000). Results of this study suggest that 

hydrological models projected different runoff scenarios even though they had similar 

performance for the calibration and validation periods. Variability in these scenarios was 

higher for the period 2071-2100 than for 2011-2040. Major differences in projected 

scenarios occurred for winter.  

Finally, the uncertainty inherent in climate projections is increased by the hydrologic 

model uncertainty, in particular for the winter season, thus runoff projections for the low 

flow season may be highly uncertain. In another multi-model ensemble study, Graham et 

al., (2007a) used eleven RCMs with boundary conditions from two GCMs forced by two 

different emission scenarios (A2, B2) and two hydrological models (VBV-Baltic, 

WASIM)  to assess how model selection affects estimates of projected hydrological 

changes in the Baltic Sea Basin and the Rhine River Basin in Europe. Precipitation and 

temperature outputs from RCM projections for the period 2071-2100 were used as input 

variables for the hydrological models after two bias correction methods were applied. A 

total of 20 climate change scenarios were generated. Results of this modeling approach 

for the Baltic Basin suggest a decrease in summer flows by as much as 22% and an 
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increase in winter flows by as much as 54%. In the Rhine River Basin, projected 

hydrological scenarios showed a similar trend in which summer and fall river flows 

would decrease as much as 42 percent and winter flows would increase by up to 14 

percent. The most relevant conclusion of this study was that RCMs forced by the same 

GCMs and emission scenarios showed similar hydrological trends. Alternatively, the use 

of different GCMs to force RCMs produces more variability in the results than using 

different RCMs with the same GCMs and emission scenarios; therefore the selection of 

GCMs has a larger impact on hydrological projections than the selection of emission 

scenarios or regional climate models (Graham et al., 2007a).  

Another study by Graham et al., (2007b) used a similar methodology to assess climate 

change impacts on hydrology in the Lule River Basin in northern Sweden. As in their 

previous study, Graham and co-authors (2007a,b) employed two GCMs forced by two 

emission scenarios. However, in this case (2007b), seven regional climate models, 

instead of eleven, were used to generate fifteen climate change scenarios for the period of 

2071-2100. The objective of the study by Graham and collaborators (2007b) was to 

assess the impacts of climate change in a northern basin in Sweden (Lule River) on the 

hydropower potential. The Sweden HBV model and a delta scaling approach were used 

for the hydrologic modeling and for the bias correction of the RCM outputs. This study 

demonstrated that climate projections suggest that an increase in runoff in the basin and 

that spring flows will peak a month earlier. Also, the selection of GCMs to force RCMs 

to assess hydrological changes is more important than the selection of emission scenarios. 

In terms of the two bias correction approaches, their main conclusion was that they 

produced similar results for changes in runoff volumes; however, they presented different 

seasonal dynamics and extreme river discharge (Graham et al 2007b).  

Most studies projecting hydrologic scenarios of climate change, and using complex chain 

models using several combinations of GCMs and RCMs, have focused on Europe. There 

have been some studies in North America, a few in Asia, Africa, and South America. In 

Brazil, South America, Block et al., (2009) proposed an interesting framework to forecast 

streamflow. The framework is conceptually the same; it involves GCMs, statistical or 

dynamical downscaling, and hydrological models. However, the difference in this 
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framework is that they propose to force hydrological models with both statistically and 

dynamically downscaled data producing multi-model combinations to forecast 

streamflow. This approach has its advantages in terms of potential applications to regions 

for which there are not many RCM output runs forced by different GCMs; the RCMs 

would preserve the natural variability in the projections that could be removed by the 

statistical downscaling, depending on the method. Also, the inclusion of statistical 

downscaling would contribute to a reduction in some of the uncertainty associated to the 

bias correction methods. However, as in any climate projections there are disadvantages 

such as the need for a reliable weather network to perform statistical downscaling. 

In the current study, we use three of the latest greenhouse gas emission scenarios or 

representative concentration pathways (RCP), the output of five GCMs and the Soil 

Water Assessment Tool (SWAT) hydrological model in order to assess the impacts of 

climate change on the Pipestone Creek Watershed. 

5.3 Study Area 

The Pipestone Creek located in southwestern Saskatchewan is within the Pothole Region 

of North America (PRNA) which extends throughout three Canadian Provinces and five 

US States in North America (Batt et al., 1989). The Pothole Region is the result of the 

last Pleistocene glaciation and it is estimated that there are between 5 and 8 million 

wetlands or small depressions which play an important hydrological and biological role 

and impact on the ecosystem (Johnson et al., 2010). Stichling and Blackwell (1957) 

initially pointed out in the late 1950s, that the contributing drainage area varies from year 

to year, event to event and even from season to season.  Later, in 1975, Godwin and 

Martin introduced the concept of effective and gross drainage areas (EDA and GDA 

respectively). Gross drainage area is the area that is expected to contribute to runoff 

during extremely wet conditions. On the other hand, the effective drainage area was 

defined as the area that contributes to runoff during a flood with a return period of two 

years. Thus, the area found outside the EDA but within the GDA is defined as the non-

contributing drainage area.  The drainage area of the Pipestone Creek above the 

hydrometric station has an estimated GDA of 2,242 km2 from which 559 km2 are 
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considered effective. It is estimated that near 11% of the watershed is covered by 

wetlands (Boychuk 2009). 

The elevation in the basin ranges from 547 to 804 m.a.s.l. with a mean of 650 m. A 

normal year of precipitation for this area ranges from 450 to 500 mm and the 

hydrological processes are typical of cold regions in which land is covered by snow and 

soils are frozen during most of the winter (Fang et al., 2007). In this area, as well in the 

rest of the Canadian Prairies, snow is the main driver of runoff; snowmelt can produce up 

to 80% of the annual local surface runoff (Gray and Landine 1988). Therefore snow 

processes, such as snow accumulation and transport, are an important part of the 

hydrological cycle. Figure 5.1 illustrates the GDA of the Pipestone Creek and its spatial 

location within the province of Saskatchewan. 

 

Figure 5.1: Pipestone Creek watershed located in southeastern Saskatchewan. Note that 
all the sub-basin configuration used in the model are delineated. 
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5.3 Methods  

5.3.1 Datasets 

The SWAT model is used to simulate the impact of the different drainage scenarios on 

the hydrology of the Pipestone Creek watershed. The model set up is carried out using 

weather data from three Environment Canada weather stations (Broadview, Kipling, and 

Whitewood). The watershed and flow network was derived from a 15 m resolution digital 

elevation model (DEM) and a 62.5 cm Orthophoto both developed by the Saskatchewan 

Geospatial Imagery Collaborative (https://www.flysask2.ca/). The Orthophoto was used 

to refine the initial delineation based on the DEM. The soil data for the watershed was 

obtained from the Saskatchewan Soil Information Database version 4 (SKSIDv4). Land 

cover and land use at the scale of 1:25,000 were obtained from the Lower Souris River 

Watershed Biophysical Inventory that estimates that more than 75% of the watershed is 

used for cropland and pasture  agriculture (Boychuk 2009).  The SWAT model was set up 

using Arc-SWAT (Winchell et al., 2007). The watershed is divided into 27 sub-basins 

and 561 hydrological response units (HRU) for which the water balance is calculated. 

The wetlands identified in the Lower Souris River Watershed Biophysical Inventory 

(Boychuk 2009) are used to estimate the hydrological equivalent wetland (HEW) for each 

sub-basin, a concept introduced by Wang et al., (2008). It is the basis for the SWAT 

modeling, which can include only one pond or wetland in each sub-basin. It would be 

extremely difficult to include the thousands of wetlands that are found in each sub-basin 

in the model even if SWAT had this capability. Thus, the HEW for each sub-basin 

accounts for all the surface area and volume of the wetlands located in the sub-basin of 

interest. The surface areas of the wetlands are extracted directly from the Biophysical 

Inventory. Since the inventory does not provide an estimation of the volumes, these were 

calculated using the following equations proposed by Wiens (2001): 

For wetlands with surface areas up to 70 ha: 

V= 2.85*A1.22       (4.1) 

For wetlands with surface areas greater than 70 ha 
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V = 7.1*A +9.97    (4.2) 

A: Surface area in hectares (ha)  

V: Full volume (dam3) 

Then the wetland contributing area or non-contributing drainage areas of the sub-basin 

were estimated using the gross and effective drainage areas respectively.   

5.3.2 Calibration and Validation 

The semi automated calibration and validation processes were carried out with Sequential 

Uncertainty Fitting algorithm version 2 (SUFI2; Abbaspour et al., 2007) within the 

SWAT-CUP software (Abbaspour et al., 2007) which addresses the uncertainties in the 

parameters as uniform distributions. The uncertainty in the model is addressed in what is 

called the 95% prediction uncertainty (95PPU). The 95PPU is the bandwidth between the 

2.5% and 97.5% levels of the cumulative distribution output which is the result of the 

Latin Hypercube sampling (Abbaspour et al., 2007). The algorithm follows the principle 

that a single parameter produces a single model response while the propagation of the 

uncertainty of the parameter will result in the 95PPU. In other words, the greater the 

parameter uncertainty the greater the model output uncertainty. The practical idea of the 

95PPU is that the output bandwidth should cover most of the observations. Two factors 

were introduced to quantify the model results. The P-factor identifies the percentage of 

data that is within the 95PPU band and the R-factor which is the thickness of the 95PPU 

(average thickness of the 95PPU band divided by the standard deviation of the measure 

data). Suggested values for these two statistics are P-factor > 0.7 and R-factor < 1.5, 

depending on the availability of data and the project (Abbaspour et al., 2015). More 

details on the SUFI2 algorithm can be found in Abbaspour et al., (2007). Other statistics 

such as Nash-Sutcliffe (NS; Nash and Sutcliffe, 1970) and the coefficient of 

determination (R2) are used to compare the best simulation with the observed flows. 
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5.4 Model Selection  

The output of five GCMs of the phase 5 of the Coupled Model Intercomparison Project 

(CMIP5; Taylor et al., 2012) model simulation for North America is used to drive the 

hydrological model for the Pipestone Creek Watershed.  The CMIP5 provides the latest 

historical and climatic projections available to analyze the impact of climate change in 

North America. The new ensemble of models is better able to reproduce basic climate 

variables than the previous ensemble of models (CMIP3) although Sheffield et al, (2013) 

pointed out that the performance of some models has decreased.  

The models selected include the Second Generation Canadian Earth System Model 

(CanESM2) with an atmospheric resolution of 2.8 x 2.8 degrees latitude and longitude 

(Arora et al., 2011), the Community Climate System Model version 4 (CCSM4) which 

has a resolution of 1.25 x 0.94 degrees (Gent et al., 2011), the Commonwealth Scientific 

and Industrial Research  Organization Mark, version 3.6.0 (CSIROMk3.6) with an 

atmospheric resolution of 1.8 x 1.8 degrees (Rotstayn et al., 2010.), the Geophysical 

Fluid Dynamics Laboratory Earth System Model with Generalized Ocean Layer 

Dynamics Component (GFDL-EMS2) with a resolution of 2.5 x 2 degrees (Donner et al., 

2011) and the Hadley Centre Global Environment Model version 2 - Earth System 

(HadGEM) with a resolution of 1.875 x 1.25 degrees (Jones et al., 2011). 

The five models selected to drive the hydrological simulation are considered to perform 

relatively well for the West North America (WNA) region (Sheffield et al., 2013). 

However, they all present biases in precipitation and mean daily temperature. Models 

have considerable differences reproducing the seasonal precipitation; they tend to 

overestimate precipitation in humid and cooler regions and underestimate it in drier 

regions (Sheffield et al 2013). The subset of five models selected have a cooler bias 

during the winter months and a warmer bias during the summer months which is opposite 

to the bias reported by Sheffield et al., (2013) for the total ensemble of 17 models (Table 

5.1.). Independent of the sign of the bias that the models present, downscaling is 

necessary in order to reduce and/or eliminate it. Thus, the subset of models has been 

statistically downscaled by the Pacific Climate Impact Consortium using the Bias 

correction spatial disaggregation (BCSD). The historical daily gridded climate data for 
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Canada (McKenney et al., 2011; Hopkinson et al., 2011) is the target of the downscaling 

for the period 1950-2005. During this period the downscaled outputs tend to match 

monthly minimum and maximum temperature of the gridded dataset which might differ 

from the observations.  The statistically downscaled data for all Canada is available at 

https://pacificclimate.org/data/statistically-downscaled-climate-scenarios.  

The statistically downscaled GCMs were chosen to assess the impact of climate change 

because they allow the assessment of the impacts using the latest run and different 

GCMs. In  this study, the five selected models were the best performing models at 

reproducing historical winter and summer precipitation and temperature for western 

North America. On the other hand, it is possible to have access to the output of RCMs in 

order to develop climate change scenarios, however, the RCMs are typically driven with 

a few GCMs and for a few climate change scenario limiting the developments of climate 

change scenarios.  

 
 

Table5.1: Precipitation and temperature biases for the subset of models use to drive the 
hydrological model over the North West America region extracted from Sheffield et al. 

2011.  
 

Model 
Precipitation (%) Temperature °C 
DJF JJA DJF JJA 

CanESM2 5.3 -25.6 0.7 3.6 
CCSM4 48.9 4.1 -0.4 1.8 
GFDL-ESM2M 40.6 49.9 -0.4 -0.8 
HadGEM2-ES 13.9 4.6 -3.5 2.2 
CSIRO Mk3.6.0 20.4 -3.7 -1.3 1.5 
Mean 25.8 5.8 -1.0 1.7 
Stdev 18.3 27.5 1.6 1.6 

 

 

5.5 Projected Changes in Precipitation and Maximum and Minimum Temperature 

In order to understand the change in stream flow due to climate change, the changes in 

the climate components such as precipitation, maximum and minimum temperature need 
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to be analyzed and understood. All the changes presented in this section are referred to 

the “baseline” which corresponds to the calibration period for the hydrological model 

(1997-2005). Typically, studies of climate change are based on analysis of periods of 

time of 30 years, in which the baseline starts in 1961 or 1971 and are compared to other 

periods of time of 30 years that will represent changes during mid century (2050s) and at 

the end of the century. However, the calibration and validation of the hydrological model 

in the Pipestone Creek Watershed represents the conditions of the period studied and all 

the hydrological comparison will be based on this period of 9 years. In addition, 

projecting the impact of climate change on water resources for periods of ten years 

provides a better tool for water managers and engineers because the results are not 

smoothed out over periods of 30 years. A key assumption when analyzing climate change 

scenarios is that, all the watershed in the future will be the same as of the period 

calibrated. Thus, the scenarios do not account for changes in land use and or drainage of 

the watershed.  

5.5.1 Projected Changes in Precipitation 

5.5.1.1 Projected Changes for 2031-2040 
All five models project increases in the annual precipitation for the period 2031-40 

between 2 and 9% for RCP2.6, between 0 and 24% for RCP4.5 and between 4 and 15% 

for RCP 8.5. The largest increase in precipitation is projected by the CCSM4 model for 

RCP2.6 and RCP8.5 while the HadGEM model projects the largest increase for RCP4.5. 

Annual maximum temperature is expected to increase between 1.0 and 1.9 °C for 

RCP2.6, between 0.9 and 2.0 °C for RCP4.5, and between 0.6 and 2.5 °C for RCP8.5. 

The HadGEM model projects the largest increase in maximum temperature for RCP2.5 

while the Canadian model (CanEMS2) does for RCP4.5 and RCP8.5. On the other hand, 

the GFDL model projects the smallest increase in maximum temperature. Annual 

minimum temperatures for this decade are projected to increase between 1.2 and 2.0 °C 

for RCP 2.6, between 1.0 and 2.3 °C for RCP4.5 and between 0.7 and 2.7 °C for RCP8.5. 

The forecasted changes in spring precipitation range from -11 to 19% for RCP2.6, from -

1% to 34% for RCP 4.5, and from 6% to 54% for RCP 8.5. The negative change in 

precipitation is projected by only one model in both scenarios (HadGEM and CCSM4, 
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respectively) while all the models agree in the direction of change for RCP8.5. Maximum 

temperature during the spring is projected to change between 1.0 and 1.8 °C, -0.8 and 1.9 

°C, and -0.8 and 1.7 °C for scenarios RCP2.6, RCP4.5, and RCP8.5, respectively. 

Minimum temperatures are forecasted to change between 0.8 to 1.6 °C, -0.9 to 2.4 °C, 

and from -0.9 to 2.2 °C for scenarios RCP2.6, 4.5, and 8.5, respectively. The models 

GFDL and CSIRO forecast a negative change in maximum and minimum temperature for 

scenario RCP8.5 and also the GFDL models projects the negative change for scenario 

RCP4.5. 

Summer precipitation is estimated to change in the range of -2 to 17%, -3 to 34%, and -2 

to 16% for scenarios RCP2.6, RCP4.5, and RCP8.5, respectively. The negative changes 

are forecasted by the CanEMS2 and GFDL models for scenarios RCP2.6, by the 

CanEMS2 for RCP4.5, and by the CCSM4 model for scenario RCP8.5.  Changes in 

maximum temperature for this decade are forecasted to be in the range of 0.9 to 2.9 °C, -

0.3 to 2.2 °C, and -0.4 to 3.0 °C. On the other hand, minimum summer temperatures are 

projected to change in a similar range, between 0.9 to 2.5 °C, -0.2 to 2.2 °C, and between 

0 to 2.7 °C for the three scenarios. The maximum increments in maximum and minimum 

summer temperature are all forecasted by the CanEMS2 model while the negative change 

is projected by the GFDL model. 

Annual and seasonal forecasted changes in precipitation and maximum and minimum 

temperature are illustrated in Figure 5.2. 
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Figure 5.2: Projected changes in precipitation, maximum and minimum temperatures for 
the 2031-2040. 

 

The models do not agree in the direction of change for fall precipitation which is 

forecasted to change between -12 to 17%, -13 to 16%, and -1 to 13% for the three 

scenarios. Negative changes in precipitation are projected by the GFDL and CSIRO 

modes for scenario RCP2.6, by the CanEMS2, GFDL and CSIRO for scenario RCP4.5 

and only by the CSIRO model for scenario RCP8.5. Projected changes for the fall 

maximum and minimum temperatures are all positive. Changes in maximum temperature 
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are in the ranges of 0.4 to 2.2 °C, 0.8 to 2.5 °C, and 0.6 to 2.2 °C for the three scenarios 

while minimum temperature is forecasted to increase between 0.6 to 2.1 °C, 1.1 to 2.7 °C, 

and between 0.9 to 2.5 °C. 

Most of the models project a positive change in winter precipitation (12-14%) for 

scenario RCP2.6 with the exception of the CCSM4 model that projects a decrease of 

11%. Two out of the five models project a negative change in precipitation for scenario 

RCP4.5 in the range of 2 to 6%. The three other models forecast increments in winter 

precipitation between 9 and 38%. During the warmest climate change scenario (RCP8.5) 

the model projections are from no change (0%) up to 20% in winter precipitation. All the 

models project an increase in maximum and minimum temperatures for this decade 

independent of the climate change scenario. Maximum and minimum temperatures are 

forecasted to increase from 1 to 2.3 °C and from 1.2 to 2.9 °C for scenario RCP2.6, from 

0.1 to 2.9 °C, and from 0 to 3.6 °C for RCP4.5, and in the range of 1.7 to 3.6 °C and 2.6 

to 4.0 °C for scenario RCP8.5. 

5.5.1.2 Projected changes for 2041-2050 
In general all the models forecast an increase in precipitation for all the climate change 

scenarios with the exception of the GFDL model that forecasts a decrease of precipitation 

of 1% for scenario RCP2.6.  The other four models project an increase of precipitation 

that ranges between 3 and 11% for this scenario. During this decade the models agree in 

the direction and magnitude of the increments of annual precipitation scenario RCP4.5 

which is expected to increase between 1 and 6%. The models also agree with the 

direction of change for the warmest scenario (RCP8.5) in which precipitation is expected 

to increase between 0 and 22%. Maximum and minimum annual temperatures are 

expected to increase in all three scenarios. The increments of maximum and minimum 

temperature range from 0.7 to 1.8 °C  and 0.9 to 2.0 °C,  from 1.3 to 3.5 °C and from 1.3 

to 3.5°C, and 0.8 to 3.3 °C  and 1.3 to 3.6 °C for scenarios RCP2.6, RCP4.5, and RCP8.5, 

respectively. 

Four out of the five models project an increase in spring precipitation for this decade 

independent of the climate change scenario. The GFDL models forecast a decrease in 
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spring precipitation of around 17% for scenario RCP2.6. The projections of the rest of the 

models range between 9 and 31% for the same scenario. Projections for the intermediate 

warming scenario range between 1 and 26% and the projections are even larger in 

magnitude for the warmest climate change scenario (14-49%). Overall, maximum and 

minimum temperatures are forecasted to increase by most models for all scenarios. The 

GFDL models projects a slightly decrease in maximum and minimum temperatures for 

scenario RCP2.6 (-0.1 °C and -0.2 °C) while the rest of the models forecast increments in 

both temperatures that range between 0.6 and 2.2 °C, and from 0.6 to 2.5 °C, 

respectively. All the models agree in the direction of change in both temperatures for the 

intermediate warming scenario with ranges of 0.7 to 2.7 °C and 0.5 to 3.1 °C for 

maximum and minimum temperature respectively. 

Changes in summer precipitation are expected to be between -7 and 17%, -12 and 5%, 

and -7 and 20% for scenarios RCP2.6, RCP4.5, and RCP8.5. The CanEMS2 model is the 

only model that forecast a decrease in precipitation for scenario RCP2.6, while the 

CCSM4 and CSIRO models project a decrease in precipitation for scenarios RCP4.5 and 

RCP8.5. The models forecast increments in the maximum and minimum temperatures for 

all three scenarios.  Maximum temperature is expected to increase between 0.7 and 

2.1°C, 0.5 and 2.7 °C, and 0.3 and 3.7 °C for scenario RCP2.6, RCP4.5, and RCP8.5, 

respectively. While minimum temperatures are forecasted to increase between 1 and 2.1 

°C, 0.2 and 2.5 °C, and 0.5 and 3.6 °C for all three scenarios. 

The majority of the models (four out of five) project a decrease in fall precipitation for 

scenario RCP2.6 that ranges from -22 to -5%. The only model that projects an increase in 

precipitation for this scenario is the CanEMS2 (9%). On the other hand, most models 

project an increase of fall precipitation between 3-18% for the intermediate warming 

scenario, being the CSIRO model the one that projects a decrease of about 8%. The 

projections of change in fall precipitation for the warmest scenario range from -9 to 24%. 

In this scenario the models CCSM4 and CSIRO forecast a negative change in 

precipitation.  In addition, the CSIRO model is the only model that estimates a negative 

change in precipitation for all three scenarios. Changes in maximum and minimum fall 

temperature are all positive, changing between 0.3 and 2.6 °C and 07 and 2.7 °C for 
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scenario RCP2.6, between 0.9 and 3.7°C,  and between 0.9 and 3.3 °C for scenario 

RCP4.5 and between 1.2  and 3.0 °C and  between 1.6 and  3.5 °C for scenario RCP8.5. 

Expected changes in precipitation, maximum, and minimum temperature are illustrated in 

Figure 5.3.  

 

Figure 5.3:  Projected changes in precipitation and maximum and minimum temperature 
for the period 2031-2040. 
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Overall, the five models agree with the direction of change in winter precipitation for this 

decade independently of the climate change scenario with the exception of the CanEMS2 

model that projects a negative change (6%) for scenario RCP4.5. Forecasted changes in 

precipitation for scenarios RCP2.6, RCP4.5, and RCP8.5 range between 2-21%, 12-20%, 

and 0-33%, respectively.  Changes in maximum temperature are expected to be from 0.1 

to 2.9 °C, 1.6 to 5.3 °C, and from 2.1 to 4.0 °C for scenarios RCP2.6, RCP4.5, and 

RCP8.5. On the other hand, the models project changes in minimum temperature between 

0.5 and 3.4 °C, 2.2 and 5.8 °C, and  between 2.9 and 4.8 °C for the three scenarios, 

respectively. 

5.5.1.3 Projected changes for 2051-2060 
The five models disagree in the direction of change when projecting annual precipitation 

changes for scenario RCP2.6. Two of the models (GFDL and CSIRO) forecast negative 

changes while the other three models estimate positive changes that are between 5 and 

8%.  On the other hand, the five models agree in the direction of change for scenarios 

RCP4.5 and RCP8.5 projecting changes that are between 0 and 16% and between 1 to 

28% for each scenario, respectively. Maximum temperatures are expected to increase in 

the range of 1.3 to 2.8 °C, 1.8 to 3.2 °C, and 1.3 to 4.5 °C for all three scenarios, while 

minimum temperatures are also expected to increase in the range of 1.1 to 2.7 °C, 2.1 to 

3.5 °C, and 1.9 to 4.6 °C for scenarios RCP2.6, RCP4.5, and RCP8.5, respectively. 

Spring precipitation for this decade is forecasted to change between -18 to 17% for 

scenario RCP2.6 with most of the models (3) projecting a negative change. The models 

do agree in the direction of change for the intermediate (RCP4.5) and warmest (RCP8.5) 

climate change scenario, forecasting changes that are between 0-42%, and 18-53% 

respectively. Four models forecast higher maximum temperatures for all three scenarios 

that range between 1.4-3.4 °C, 1.3-2.8 °C, and 0.4-3.6 °C. The GFDL model is the only 

model that forecasts slightly cooler temperatures (-0.2 and -0.3 °C) for scenarios RCP2.6 

and RCP8.5. The models estimate changes in minimum temperature that ranges from -0.5 

to 2.9 °C, 0.9 to 2.7 °C, and from 0.4 to 3.7 °C for all three scenarios. The only model 

that forecasts a decrease in minimum temperatures is GFDL. 
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The models disagree projecting changes in the direction and magnitude of summer 

precipitation for this decade for all three scenarios.  Three out of the five models forecast 

an increment of summer precipitation that ranges between 6 and 15% while the other two 

models estimate a negative change (-16 to -10%) for scenario RCP2.6. On the contrary, 

three out of five models forecast a negative change in precipitation for RCP4.5. Positive 

changes range between 9 and 14% while negative changes are between 1 and 5%. The 

projections of changes in precipitation for scenario RCP8.5 range between -25 and 27% 

with most of the models forecasting a negative change. The five models estimate a 

warmer summer for all three scenarios with increases in maximum and minimum 

temperature that range from 0.7 to 3.8 °C and from 0.9 to 2.5 °C for scenario RCP2.6, 

from 0.7 to 3.9 °C and 0.4 to 3.6 °C for scenario RCP4.5 and between 0.9-4.7C and 1.1.-

4.4 °C for scenario RCP8.5. 

The models also disagree forecasting the direction of change for fall precipitation. 

Projected changes in precipitation range between -30 to 20%, -11 to 21%, and -4 to 23% 

for scenarios RCP2.6, RCP4.5, and RCP8.5, respectively. The models GFDL and CSIRO 

estimate a negative change in precipitation for scenario RCP2.6 and a positive change in 

precipitation for scenario RCP4.5. Changes in fall temperatures are little more moderate 

than the forecasted changes in summer temperatures for this decade. Maximum 

temperature is projected to increase between 0.8-3.7 °C, 1.2-3.9 °C, and 1.3-4.6 °C for all 

three scenarios while minimum temperature is forecasted to increase between 1.3-3.2 °C, 

1.4-3.6 °C, and 1.5-4.6 °C for scenarios RCP2.6, RCP4.5, and RCP8.5, respectively. 

As with the fall precipitation, the models do not agree with the direction of change of 

winter precipitation for this decade. The CanEMS2 and CCSM4 models forecast a 

decrease in precipitation between 1 and 8% while the rest of the models project increases 

in precipitation in the range of 6 to 34% for scenario RCP2.6.  The models do agree in the 

direction of change for the warmer scenarios in which precipitation is expected to 

increase between 3-54% for scenario RCP4.5 and between 2 to 23% for scenario RCP8.5.  

Maximum temperatures are forecasted to increase between 1.0-3.2 °C, 2.5-4.2 °C, and 

2.4-6.2 °C for scenarios RCP2.6, RCP4.5, and RCP8.5, respectively. While minimum 
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temperatures are also expected to increase in the range of 2.2-3.1 °C, 3.6-5.6 °C, and 3.9-

6.5 °C for all three scenarios. 

Figure 5.4 illustrates the different changes in precipitation and temperatures forecasted by 

all the models for the 2051-2060 period. 

 

Figure 5.4: Projected changes in precipitation, maximum, and minimum temperature for 
the 2051-2060 period. 
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5.6 Results 

5.6.1 Model Calibration and Validation 

Three observed weather records, one within the watershed and two nearby were used to 

calibrate and validate the SWAT model at monthly time steps.  

After the initial parameterization of the model, the timing of the peak flows in general 

area well replicated; however, the magnitude of the peaks is overestimated particularly 

during the summer months. Sensitivity analysis of the typical hydrological parameters 

suggested that six variable should be used for the final calibration and validation of the 

model. The calibration process was carried out following Abbaspour et al., (2014). The 

variables to be calibrated are snow melt temperature (SMTMP), maximum snow melt 

factor (SMFMX), available water capacity of the soils (SOL_AWC), evaporation 

compensation factor (ESCO), curve number (CN2) and the groundwater recharge 

(RCHRG_DP.gw). The number of simulations needed to find the optimum range of 

parameters was 500. 

In terms of typical calibration statistics such as the ones reported by Moriasi et al., (2007) 

the calibration and validation of the model are quite good with coefficients of 

determination of 0.83 and 0.73 and Nash-Sutcliffe of 0.82 and 0.70 during the calibration 

and validation periods (Figure 5.5). However, the measurement of the performance with 

the statistics for the stochastic calibration, P-factor and R-factor are considered 

satisfactory. The P-factor obtained during the calibration and validation periods are 0.58 

and 0.63, respectively. While the R-factor for both periods are 1.46 and 1.53.  
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Figure 5.5: Calibration of the SWAT model at monthly time steps for the period 1997-
2005. 

 

As suggested by Abbaspour et al. (2014), the modeler has to analyze and find a balance 

among all the calibration statistics considering the final use of the model. As an example, 

in our calibration most of the 95PPU covers the observed data during spring runoff where 

most of the uncertainty would be low. On the other hand the uncertainty would increase 

during late summer flows or fall flows. As result the modeler could account for the model 

uncertainty by just calibrating the model only for spring flows which typically are the 

highest flows during the year in this watershed, however, in a watershed as the Pipestone 

Creek is important to run a hydrological model throughout the year to capture summer 

and fall moisture conditions.  

Despite the lower P-factor and R-factor during the calibration of the model, they are still 

in the range of other results published in the literature (Abbaspour et al., 2014). The 

performance of this model is considered satisfactory due to the complexity of 

representing the variable contributing area within the model by including the 
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hydrological equivalent wetland and the limited weather data for the watershed. 

Therefore, this model is suitable to analyze the impact of climate change on the 

watershed. 

5.6.2 Changes in Spring Flows 

There is not a clear tendency of the direction of change of spring flows in terms of 

magnitude for any of the climate change scenarios for the period 2031-2040. The models 

disagree in the direction and the magnitude of the change. Changes in spring flows range 

between -21 to 39% for scenario RCP2.6, between -18 to 89% for RCP4.5, and between -

26 to 21% for RCP8.5.  Two models, GFDL and HadGEM forecast an increase in flows 

for all three scenarios. On the other hand, the CCSM4 model projects a decrease in flows 

for all three scenarios. The CanEMS model forecast increases in spring flows for RCP2.6 

and decrease in flows for the other scenarios while the CSIRO model only projects 

increase in flows for the warmest climate change scenario. The largest increment in flows 

is forecasted by the GFDL model for scenario RCP4.5. This increase is likely driven 

mostly by the large increase in winter precipitation during this period of time (~40%; 

Figure 5.2). 

The models tend to agree more in the direction of change for the scenarios RCP2.6 and 

RCP4.5 in the 1941-50 decade. Four out of five models forecast an increase in stream 

flows for scenario RCP2.6 and the same models forecast a decrease in flows for scenario 

RCP4.5.  During the warmest climate change scenarios the models disagree with the 

direction of change and magnitude. Forecasted changes in spring flows for this decade 

range from -16 to 20% for scenario RCP2.6, from -36 to 58% for scenario RCP4.5, and 

from -25 to 146% for scenario RCP8.5. The largest increase, forecasted by the GFDL 

model for scenario RCP8.5, is the result of a considerable increase in fall (24%), winter 

(33%), and spring (18%) precipitation.  

Spring flow during the 2051-60 period is projected to have no change or decrease by 

most models. The forecasted range of change is between -42 to 41% for scenario RCP2.6. 

The positive change is forecasted by only the GFDL model. In addition, the direction of 

change during the intermediate warming scenario is not clear. Spring flows are estimated 
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to change in the ranges of -37 to 40% with three models projecting a negative change. On 

the other hand, flows under the warmest climate change scenario are mostly projected to 

increase in the range of 3-119%. The HadGEM model is the only model that projects a 

negative change in flows of about 8%. On the contrary, the GFDL model is the only 

model that forecasts a positive change in streamflow independent of the warming 

scenario. 

Even though the models tend to not agree in the direction of change of spring flows, most 

of the models agree in an earlier spring runoff resulting in higher flows during the month 

of March. In the decade of 2031-2040, all the model estimate higher flows during the 

month of March for climate change scenarios RCP4.5 and RCP8.5 while three models 

forecast a similar increment under scenario RCP2.6. There is unanimous agreement by all 

the models on this earlier spring runoff for the decade of 2041-2050 for all climate 

change scenarios while in the decade of 2051-2060 the CSIRO model is the only model 

that does not forecast an increase in March flows under climate change scenario RCP8.5.  

5.6.2.2 Changes in Summer Flows 
The majority of the models agree forecasting a positive change in summer flows under all 

climate change scenarios for the 2031-2040 period, with the exception of the CanEMS2 

model that estimates a negative change for the three scenarios. Changes in summer flows 

are forecasted to be between -32 and 87% for RCP2.6, between -32 and 164% for 

RCP4.5, and between -38 to 56% for scenario RCP8.5.  There is more uncertainty in the 

models when forecasting changes in summer flows during the 2041-205 period for all 

three scenarios. Estimated changes in summer flows range between -52% and 593%, -14 

and 9%, and between -32 and 88% for scenarios RCP2.6, RCP4.5, and RCP8.5, 

respectively. The largest increased in summer flows for scenario RCP2.6 is forecasted by 

the CCSM4 model which projects a late spring runoff combined with high summer 

precipitation during some years of this decade. 

The models are also divided when forecasting changes in summer flows for the 2051-

2060 period.  Changes in summer flows are estimated to be between -44 and 140% for 

scenario RCP2.6, between -35 and 148% for scenario RCP4.5, and between -62 and 
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262% for scenario RCP8.5. The models have the most agreement forecasting a positive 

change in flows for scenario RCP4.5 where only the CanEMS2 model forecast a negative 

change.  

5.6.2.3 Changes in Fall Flows 
In general the models disagree in the direction and magnitude of change in fall flows for 

most climate change scenarios over the three decades analyzed. During the 2031-2040 

decade two models forecast an increase in fall flows for scenario RCP2.6 while three 

models forecast an increase in fall flows for RCP4.5 and RCP8.5. Projected changes in 

fall flows range from -38 to 206%, -43 to 236%, and from -40 to 278% for scenarios 

RCP2.6, RCP4.5, and RCP8.5, respectively. 

There is more agreement among the models when forecasting fall flows for the 2041-205 

decade. Four models project a decrease and increase in flows under climate change 

scenarios RCP2.6 and RCP4.5, respectively. Flows are projected to change between -62 

and 161% and -30 and 37% for RCP2.6 and RCP4.5.  The direction of change for the 

intermediate warming scenario is not clear, two models forecast a positive change of 28 

and 35% while three models estimate a negative change in the range of -46 to -20%. 

Fall flows during the 2051-2060 are expected to change in the range of -55 to 305%, -51 

to 107%, and -55 to 375% for climate scenarios RCP2.6, RCP4.5, and RCP8.5. There is 

more agreement among the models (4) forecasting a positive change for scenarios 

RCP4.5 and RCP8.5 than for scenario RCP2.6, in which three models forecast a negative 

change in flows.  

The HadGEM model forecast a negative change in all three decades for most scenarios 

with the exception of scenario RCP4.5 during the 2031-2040 period in which a positive 

change is projected. On the other hand the CCSM4 forecast a positive change in flows 

over the three decades.  

5.6.2.4 Changes in Annual Flows 
Annual flows are forecasted to increase by all models for scenario RCP2.6 during the 

decade of 2031-2040. The expected changes in annual flows range from 2 to 30% for this 
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scenario. The direction of change during the intermediate warming scenario is not clear. 

Three out of the five models project a negative change that ranges between -3 and -21% 

while the other two models a positive change of 57% and 100%. There is more agreement 

among the models during the warmest climate change scenario forecasting a positive 

change that ranges between 3 and 35% in annual flows. In this scenario the CanEMS2 

model is the only one that forecast a decrease in annual flows of 24%. 

Overall there is agreement in the direction of change of annual flows during the decade of 

2041-2050 for scenarios RCP2.6 and RCP4.5. In both scenarios four models forecast an 

increase and decrease in annual flows. Annual flows for scenario RCP2.6 are expected to 

change in the range of -23 to 64%; the GFDL model the only one that forecasts a 

negative change in annual flows. On the other hand, flows during under the RCP4.5 

scenario are expected to range between -29 and 46% with the GFDL model forecasting a 

the positive change in flows. The direction of change during the warmest scenario is not 

clear with three models estimating a negative change, while the other two a positive 

change. The forecasted range of change in annual flows is from -25 to 119%. 

Three out of the five models forecast a positive change in annual flows for the 2051-2060 

decade for scenarios RCP2.6 and RCP4.5 while four models do for RCP8.5. Expected 

changes in annual flows for the three scenarios range between -29 and 21%, -30 and -

52%, and -18 and 156% for scenarios RCP2.6, RCP4.5, and RCP8.5, respectively.  

The expected changes during the different decades and for the different climate change 

scenarios are illustrated in Figure 5.6. The figure summarizes the ranges through Box-

Whisker plots for all the seasons described earlier. In addition, more detailed information 

of the changes forecasted by the different models is provided in Table 5.2. 
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Figure 5.6: Box-Whisker plot for streamflows by season and climate change scenario. 
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Table5.2: Changes in streamflow (%) by model, season, and climate change scenario. 
 

  Spring Summer Fall Annual 

2031-40 
RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

CanEMS2 14 -18 -26 -32 -32 -38 -15 -43 40 6 -21 -24 

CCSM4 -6 -18 -6 87 107 36 161 53 278 5 -5 3 

GFDL 39 89 21 8 120 56 -38 236 217 30 100 35 

HadGEM 0 30 11 45 164 18 -26 188 -30 4 57 10 

CSIRO -21 -8 7 74 47 39 206 -40 -40 2 -3 8 

  Spring Summer Fall Annual 

2041-50 
RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

CanEMS2 20 -36 -10 -41 5 -5 -35 -20 5 8 -29 -9 

CCSM4 6 -14 -25 593 -14 -22 161 35 17 64 -13 -24 

GFDL -16 58 146 -52 2 33 -15 28 37 -23 46 119 

HadGEM 2 -20 11 69 -7 88 -62 -46 -30 7 -20 19 

CSIRO 9 -15 -25 102 9 -32 -43 -40 2 17 -14 -25 

  Spring Summer Fall Annual 

2051-60 
RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

RCP 
2.6 

RCP 
4.5 

RCP 
8.5 

CanEMS2 -42 -26 3 30 -35 -22 2 25 125 -29 -25 7 

CCSM4 -17 -37 22 140 17 58 305 107 35 3 -30 26 

GFDL 41 40 119 -44 89 262 -10 94 374 21 52 156 

HadGEM 0 12 -8 68 42 -62 -19 -51 -55 8 12 -18 

CSIRO -24 -12 27 -35 148 99 -55 53 23 -27 10 36 

 
 

5.6.3 Changes in Actual Evapotranspiration (AET) 

Spring AET is forecasted to increase for all the three climate change scenarios during the 

three decades analyzed. The five models agree in the direction of change for all three 

scenarios with the exception of RCP2.6 during the last decade in which the GFDL model 

forecast a decrease in spring AET of 3%. Expected ranges of change in AET for RCP2.6 

are between 9 and 21%, 0 and 18%, and -3 and 16% for the decades of 2031-2040, 2041-

2050, and 2051-2060, respectively. The AET ranges between 9 and 20% during the 

intermediate warming scenario and between 1 and 34% during the warmest climate 

change scenario. The larger change in AET is forecasted for the warmest scenario (by 

decade) and the largest change is forecasted for the decade of 2051-2060 under RCP8.5. 
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The forecasted changes in summer AET in terms of percentage are not as high as for 

spring AET.  During the decade of 2031-2040 all the models agree in the direction of 

change, forecasting an increase in AET for all scenarios. A negative change in summer 

AET of 1% is forecasted by the CanEMS2 under scenario RCP4.5 while the rest of the 

models forecast a positive change in the range of 3 to 22%.  The five models also 

estimate a positive change for scenarios RCP4.5 and RCP8.5 that ranges between 0 and 

7% and between 5 and 8%. Most of the models also project a positive change in AET that 

is between -2 and 12% during the decade of 2041-2050 for scenario RCP 2.6. The GFDL 

model is the only model that forecast a decrease in summer AET. On the other hand, the 

models do not agree in the direction of change in the intermediate warming scenario. 

Two models forecast a negative change while the rest of the models forecast a positive 

change; AET is expected to change in the range of -7 to 10% in this scenario. 

Furthermore, there is agreement among the models forecasting an increase in AET that 

ranges between 1 and 17% for the warmest scenario of this decade.   

The models disagree in the direction of change of summer AET during the 2051-2060 

decade for climate change scenarios RCP2.6 and RC4.5. Two models forecast a negative 

change in AET while the other three forecast a positive change. Expected ranges of 

change for these two scenarios are between -8 and 10% for scenario RCP2.6 and between 

-4 and 16% for scenario RCP4.5. During the warmest scenario the models have more 

agreement, with four out of the five models projecting a positive change in summer AET. 

The change in AET is forecasted to range between -9 and 19%.  

The largest change in AET in terms of percentage is forecasted for the fall season.  The 

AET is expected to decrease in all climate change scenarios during the three decades 

independent of the climate change scenario. Expected changes in fall AET range between 

-71 and -44% for RCP2.6, between -69 and -44% for RCP4.5, and between -66 and -38% 

for RCP8.5.  

Despite the large percentage of decrease in fall AET, annual AET is forecasted to 

increase by all models in almost all the climate change scenarios for the period 2031-

2040. The negative change in annual AET is estimated by the CanEMS2 model. The 
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AET is also forecasted to increase by all the models in the decade of 2041-2050. 

Estimated ranges of change are between 1 and 12%, 0 and 5%, and between 1 to 20% for 

scenarios for all three climate change scenarios. The direction of change in AET during 

the decade of 2051-206 for scenario RCP2.6 is not clear. Two models forecast a decrease 

in annual AET while the other three models project an increase. The estimated range of 

change is between -5 and 11% for this scenario. Moreover, all the models agree 

forecasting an increase in AET of 0 to 11% and 0 to 20% for scenarios RCP4.5 and 

RCP8.5, respectively.  

Figure 5.7 illustrates the changes in AET by season and by climate change scenario 

through Box-Whisker plots. Overall the range of seasonal AET changes increases by 

scenarios.  
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Figure 5.7: Estimated changes in annual and seasonal actual evapotranspiration. 



 

120 
 

5.6.4 Changes in Soil Water Content  

Soil water content during the spring season is forecasted to increase during the three 

decades despite the climate change scenario. Positive soil water changes during the 2031-

2060 range between 2 and 83% depending on the climate change scenario and the 

decade. Over the three decades, the CSIRO model is the only one that forecast a negative 

change in soil water content during the 2051-2060 period under Scenario RCP2.6. 

There is less agreement among the models when forecasting soil water content for the 

summer season.  Three out of the five models forecast a positive change for scenario 

RCP2.6 while four models project an increase in soil moisture for the scenarios RCP4.5 

and RCP8.5 during the 2031-2040 period.  A negative change between 2 and 12% is 

projected by all the models during the 2041-2050 period for scenario RCP4.5. On the 

other hand, the models disagree in the direction of change for the other two scenarios. 

Expected changes in soil water content range between -35 and 48% and between -37 and 

27% for scenarios RCP2.6 and RCP8.5, respectively. The pattern of disagreement in the 

direction of change is also seen in the decade of 2051-2060 in which four, three, and two 

models forecast a decrease in soil water content for scenarios RCP2.6, RCP4.5, and 

RCP8.5, respectively; However, there is more confidence in the direction of change for 

scenario RCP2.6 than for the others. 

The direction of change of fall soil water content in the watershed is not clear during the 

2031-204 decade, in particular under the climate change scenarios RCP2.6 and RCP4.5. 

Expected changes range from -25 to 74% and -17 to 74% for scenarios RCP2.6 and 

RCP4.5, respectively. During the least warming scenario the negative changes are 

forecasted by three models while the in the intermediate warming scenario the positive 

changes area projected also by other three models.  In the warmest climate change 

scenario, the direction of change is mostly positive with four models projecting an 

increase in soil water content in the range of 13 to 81%.  The negative change is 

simulated with the CSIRO model that forecasts negative changes for this decade 

independent of the climate change scenario.  
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In the 2041-2050 decade fall soil water content is expected to range between -9 and 52%, 

-25 and 46%, and from -7 to 70% for scenarios RCP2.6, RCP4.5, and RCP8.5. The 

majority of the models forecast a negative change during the coolest climate change 

scenario. On the contrary, three out of the five models forecast a positive change for the 

intermediate and the warmest climate change scenario.  Similar direction of change is 

observed for scenario RCP2.6 during the 2051-2060 period, in which soil water content is 

expected to change in the range of -46 to 72%. There is more agreement among the 

models forecasting a positive change is soil water content for the intermediate and 

warmest scenarios in which all the five models agree estimating a change between 2 and 

58% for scenario RCP4.5 and four out of the five models project a change between 19 

and 129% in soil water content for scenario RCP8.5. 

As result of the seasonal changes, annual soil water content is forecasted to increase by at 

least four models during the 2031-2040 and 2041-2050 decades. All the models agree 

forecasting a positive change for scenarios RCP8.5 during the 2031-2040 period and for 

the scenario RCP4.5 during the 2041-2050 period. This positive change is also observed 

in the 2050s decade for climate change scenarios RCP4.5 and RCP8.5. Scenario RCP2.6 

is the exception in agreement as  two models project a negative change in soil water 

content.  

Figure 5.8 illustrates the range of change in terms of percentage of soil water content over 

the three decades by climate change scenario and season.  
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Figure 5.8: Estimated changes in annual and seasonal soil water content.  
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5.7 Discussion and Conclusions 

In this study the SWAT model is used to assess the climate change impacts on Pipestone 

Creek located in Southern Saskatchewan for the near future (2031-2060). The changes in 

hydrology are analyzed in periods of ten years by comparing them to a baseline period 

(1997-2005).  Five GCMs and three greenhouse gas emission scenarios are used to drive 

the hydrological model. Overall, the models agree projecting the direction of change for 

temperature in most seasons and agree estimating the direction of change in annual 

precipitation particularly for climate change scenarios RCP4.5 and RCP8.5; precipitation 

is forecasted to increase by all the models during the three decades. The agreement in the 

annual estimation of precipitation for most climate change scenarios suggest a reliable 

estimation of the impacts of climate change, however, there are major differences among 

the models when forecasting seasonal precipitation especially during the summer and fall.   

Results of the simulation do not clearly define the direction of changes in spring flows 

except in a couple of climate change scenarios (RCP2.6 and RCP8.5) during the 2041-

2050 and 2051-2060 decades in which four out of the five models forecast an increase in 

flows. However, most of the models agree, forecasting an earlier spring runoff with 

higher flows during the month of March. 

Summer flows during the 2031-2040 decade are forecasted to increase by most models 

(4) independent of the climate change scenario, driven in general by higher spring and 

summer precipitation. During the other two decades subjected to the models, the direction 

of change in summer flows is not clear except in the 2050s where four models forecast an 

increase in summer flows for scenario RCP4.5. Fall flows are expected to decrease in the 

2040s under climate scenario RCP2.6 and increase under climate scenarios RCP8.5 while 

during the 2050s flows are estimated to increase in the intermediate and warmest climate 

change scenarios. Nevertheless, summer and fall flows have the largest range of 

variability. Projected changes in annual flows for the 2030s are positive under climate 

scenarios RCP2.6 and RCP8.5 while direction of change under the intermediate warming 

scenario is not well defined.  Overall in the 2040s, a positive change in annual flows is 

expected during scenario RCP2.6, however, this change will become negative under the 
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warmer climate change scenario RCP4.5. The shift in annual flows is driven by the same 

transition during spring flows.  

There are clear changes in the direction of seasonal AET particularly during spring and 

fall in which all models agree, forecasting increases in spring and decreases in fall AET 

resulting in an overall increase in the annual AET over the three decades.  

Spring soil water content is projected by most of the models to increase independent of 

the climate change scenario resulting in a positive change at the annual temporal scale. 

Despite the direction of change in soil water content during the three decades and climate 

change scenarios, it has the largest possible range of change during the summer and fall 

season as with the streamflow estimation.  The wider range of change that also involves 

negative changes represents the uncertainty associated in the prediction of the 

hydrological variables during these two seasons. A large amount of this uncertainty is 

associated with the GCMs that have high precipitation uncertainty during the summer 

months of June-July-August (Sheffield et al. 2013) but it is also observed in the fall 

precipitation.  

The importance of summer and fall precipitation is that it influences the moisture 

conditions in the watershed for the next spring runoff. Having a large amount of 

uncertainty does not only affect the seasonal projections (summer and fall), but also the 

following spring runoff conditions and the long term hydrological conditions.  The 

Pipestone Creek watershed, as many other Canadian Prairies watersheds that have their 

head waters within the Prairie Pothole region of North America, has a variable drainage 

contributing area to streamflow with large portions of the watershed that rarely contribute 

to runoff. These areas are characterized by large numbers of wetlands or potholes that do 

not have an outlet or have high spill elevations that are reached during low frequency 

runoff events or wet periods. In these regions, summer and fall precipitation play a key 

role impacting the water levels in the wetlands/ponds and soil moisture conditions that 

affect directly spring runoff of the following year. As an example, above normal 

precipitation or even late significant summer precipitation combined with near normal 

fall precipitation might lead to high water levels in the wetlands of the non-contributing 
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drainage area, making these wetlands are more likely to spill during the following spring 

runoff. As result a normal winter precipitation might lead to well above normal spring 

runoff. Therefore, it is very important for watersheds within the Prairie Pothole Region to 

have reduced uncertainty in the GCMs projections during the summer and fall months in 

order to assess with more confidence the impacts of climate change in these watersheds.  

This study used a subset of GCMs to assess the impacts of climate change in the near 

future in the Pipestone Creek watershed with different models estimating a variety of 

magnitude of change and even direction of change.  All of the models are independent 

with different parameterization; therefore there is more variability in the results as 

suggested by Graham et al., (2007a). In terms of individual performance of the GCMs, 

there is no model that is better than other. There are, of course, models that provide 

improved simulation of certain hydrological variables than others. However, the 

assessment of climate change impact on hydrology should not be carried out according to 

a single model and/or climate change scenario. In this context the multi-model ensembles 

approaches such as the one used by Bae et al., (2011), Graham et al., (2007) and others, 

play an important role in the reduction of uncertainty in the estimation of future 

hydrological scenarios.  

This study presents a range of the potential impacts of climate change on the hydrology 

of a prairie watershed by using the several GCMs and climate change scenarios; however, 

there is a large amount of uncertainty in the projections. Therefore, future research should 

include focus on reducing uncertainty. GCMs that better reproduce summer and fall 

precipitation and the use of several downscaled models combined with more than one 

hydrological model will provide more certain estimates of the potential impacts of 

climate change in hydrology in Canadian Prairies Watersheds. 
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CHAPTER 6  
Conclusions and Discussion 

 

In this study the Soil Water Assessment Tool model has been set up, calibrated, 

validated, and used to assess the impact of wetland drainage and climate change scenarios 

in the Pipestone Creek Watershed. The concepts of gross, effective, and non-contributing 

drainage area are used to represent the variable contributing drainage area that is typical 

of the watersheds within the Pothole Region of North America.  

The variable contributing drainage areas of the Pipestone Creek watershed are 

represented within the model using the hydrological equivalent wetland, concept used 

previously in others watersheds of similar topography. The methodology consists of 

identifying all the wetlands within the determined watershed or sub-basin and estimating 

their surface area and volume which are aggregated to define only one wetland by sub-

basin.  The implementation of this methodology requires a previous identification of the 

numerous wetlands in the watershed as well as the assumption of the maximum surface 

areas of the wetlands and estimation of their maximum volumes. Thus, this methodology 

might not be always easy to implement especially in large watersheds. 

The SWAT model was successfully calibrated and validated at daily and monthly time 

steps for a period of 13 years. The timing and magnitude of the spring runoff are 

generally well captured by the model as well as some summer runoff events. The use of 

other hydrometric and weather data to calibrate and validate the model would provide 

additional information of the performance of the model. In particular, additional 

precipitation records in the watershed which certainly would reduce the uncertainty in the 

estimation of summer precipitation across the watershed. 

Three drainage scenarios were implemented within the SWAT model in order to assess 

the impact of wetland drainage on the hydrology of the Pipestone Creek. The 

implementation of the scenarios follow a logical principle of proximity to the current 

effective drainage areas and are based on a percentage of the estimated non-contributing 
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drainage area of each sub-basin. However, no cost or hydraulic feasibility assessment was 

done. The three drainage scenarios are expected to increase spring daily peak flows 

between 50 and 113% while monthly flows are expected to increase on average from 10 

to 75%. In addition, wetland drainage in the Pipestone Creek would increase estimated 

annual volumes between 43 and 95%, depending on the drainage scenario. The results 

obtained from the wetland drainage study are similar to other studies done previously in 

Canadian Prairies watersheds, suggesting that drainage increases peak flows and 

volumes. However, the results of this study cannot be extrapolated or generalized to other 

watersheds since the geographic characteristics, internal storage, effective to gross 

drainage area ratio are likely different. 

The calibrated SWAT model of the Pipestone Creek watershed was also used to assess 

the impacts of climate change on the hydrology. Five different GCMs and three different 

greenhouse gas emission scenarios were used to drive the hydrological model to analyze 

the changes in the hydrology for three periods of ten years (2031-2060). There is 

agreement among the models estimating the direction of change for maximum and 

minimum temperature in most seasons as well agreement projecting a positive change in 

annual precipitation for climate change scenarios RCP4.5 and RCP8.5 during the three 

decades. Forecasted changes in spring flows are more consistent for climate change 

scenarios RCP2.6 and RCP8.5 during the 2041-2050, and 2051-206 decades. During 

these two decades the majority of the models forecast an increases in spring flows. 

Nevertheless, the models agree estimating an earlier spring runoff with higher flows 

during the month of March. 

There is a considerable uncertainty when forecasting changes in streamflow for the others 

seasons. Summer and fall flows present the largest range of variability which is likely 

associated with the uncertainty transferred by the models in the projection of summer and 

fall precipitation.  Summer flows are forecasted to increase during the 2031-2040 decade 

by four models for all climate change scenarios.  In addition, most of the models agree 

forecasting changes in summer flows for the climate scenario RCP8.5 during the 2050-

2060 decade while in the other decades and climate change scenario the direction of 

change is not clear. Fall flows are expected to decrease in the 2040s under climate 
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scenario RCP2.6 and increase under climate scenarios RCP8.5 while during the 2050s 

flows are estimated to increase in the intermediate and warmest climate change scenarios. 

Actual evapotranspiration is forecasted to increase during the spring and decrease in the 

fall season resulting in an overall increase over the three decades. Spring soil water 

content is projected by most of the models to increase independent of the climate change 

scenario resulting in a positive change at the annual temporal scale. Despite the direction 

of change in soil water content during the three decades and climate change scenarios, it 

has the largest possible range of change during the summer and fall season as with the 

streamflow estimation. 

Finally, this study shows that the SWAT model can be used in the Canadian Prairies and 

provides the opportunity to extend its applications beyond the ones presented in this 

study.  
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