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ABSTRACT 

Potash mining is one of the most significant industries in Canada and an 

important part of Saskatchewan’s economy, as potash is a leading commodity by the 

value of production. During the last decade, there has been an increased number of new 

potash mine developments and expansion projects within the province. A new solution 

mine started its operation in May 2017 and five more mines are either under 

construction, or will be by 2020. All mines but one will utilize a solution technique for 

ore extraction, and solution potash mining is heavily reliant upon water availability. 

Currently there is a sufficient amount of fresh water available within 

Saskatchewan for potash production, however this could change as a result of climate 

change and variability. In the last 50 years, since potash mining was introduced to 

Saskatchewan, there has not been a drought longer than one or two years, but the 

paleohydrology from tree-rings reveals that droughts within the region can last for a 

decade or longer. This research was conducted to examine how climate change could 

affect the water supply of solution potash mining in southern Saskatchewan. The South 

Saskatchewan River Basin (SSRB) and the Qu’Appelle River Basin (QRB) runoff was 

projected using output from a large ensemble of regional climate models (RCMs) from 

the NARCCAP and CORDEX scientific programs. The observed runoff and its annual 

cycle over 1971-2000 was simulated using seven different runoff estimation methods, 

total runoff (mrro), surface runoff (mrros), four aridity indices (Budyko, Ol’dekop, 

Schreiber and Turc) and statistical downscaling, in order to identify the best two 

estimators of observed runoff. Based on the quantile indicators of goodness of fit, total 

runoff (mrro) and the statistical downscaling based on the standardized precipitation 
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evapotranspiration index (SPEI) are the best estimation techniques for the SSRB, and 

were used to project the 21st century runoff within the basin. None of the estimation 

methods could simulate the runoff of the QRB, which is a highly managed waterway.  

Based on mrro projections, the water supplies in southern Saskatchewan would 

remain relatively constant with possible dramatic changes in the seasonal distribution of 

flow. SPEI projected severe drying, but the methodology might require further 

improvement. Such severe drying could lead to water conflicts, and should be considered 

during development of expansion projects and new potash mines. 

 

Keywords: aridity index, climate change, CORDEX RCMs, NARCCAP RCMs, 

potash, projected changes, runoff, solution potash mining, South Saskatchewan River 

Basin, standardized precipitation evapotranspiration index (SPEI), Qu’Appelle River 

Basin 
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CHAPTER 1: INTRODUCTION 

The word “potash” is commonly used to describe a set of extracted minerals and 

produced chemicals that contain potassium (Natural Resources Canada, 2014). 

Potassium (K) is one of three basic nutrients that are essential for healthy plant growth 

and reproduction, and its deficit can result in stunted plant growth and yield reduction 

(Andreichuk, McMartin, & Sauchyn, 2015). About 95% of the world’s potash 

production is utilized as a mineral fertilizer (Saskatchewan Mining Association, 2014b). 

Significant deposits of potash are found only in 12 countries (Potash Corp., 2013). The 

world’s largest deposit (almost half of global potash reserves) is buried under the 

southern plains of Saskatchewan. It has been estimated to be approximately 88.8 billion 

tonnes of potassium oxide (K2O) and could be mined for a few thousand years if 

production levels remain the same (Andreichuk et al., 2015; Natural Resources Canada, 

2014). 

Canada is the primary potash producer and exporter. Over one third of global 

potash is manufactured in Canada and over 95% of Canadian potash is exported (Natural 

Resources Canada, 2014). Potash mining is one of the most significant mining industries 

in Canada. According to Saskatchewan Mining Association (2015), potash was Canada’s 

primary mineral in 2013, with a production value of $6.1 billion. In that year, 

Saskatchewan’s potash mines produced more than 96% of Canadian potash (15.8 million 

tonnes) (Natural Resources Canada, 2012; Potash Corp., 2016; Saskatchewan Mining 

Association, 2015).  

Potash is mined by two methods: conventional underground mining and solution 

mining. The geological setting of the deposit, such as depth of bedding, geometry and 
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thickness, are taken into account when choosing a method of extraction. The most 

common method is conventional underground mining. Solution mining techniques are 

used when potash reserves are buried at significant depths, where temperatures are high, 

or as a second phase after conventional underground mining (United Nations 

Environment Programme and International Fertilizer Industry Association, 2001). There 

are twelve operating potash mines in Canada, nine of which use the conventional 

underground method and the remaining three use solution mining. Eleven of these mines 

are located in Saskatchewan (Table 1.1), and one is in New Brunswick (Fuzesy, 1982; 

Ministry of the Economy, 2014; Natural Resources Canada, 2014). 

Potash mining is reliant on water availability. Water demand depends on the 

mining technique used, as well as the production rate. Solution mines utilize higher 

amounts of water than conventional ones, as they use it for the extraction of potash ore, 

while in conventional potash mines, mining machines are used for potash extraction. 

Both types of mines use water in milling processes and for tailings disposal (Pittman, 

Pearce, & Ford, 2013). The estimated water demand for conventional potash mines is 

0.67 - 0.82 cubic meters (m3) per one tonne of potash produced, and for solution potash 

mines this increased to 1.63 m3 per one tonne of potash produced  (Kulshreshtha, Nagy, 

& Bogdan, 2012). The average freshwater use for a solution potash mine is 6.1 m3 per 

tonne of potash produced, this number was obtained by dividing water demand by 

production capacity (First Potash Ventures, 2012; Ministry of Environment, 2009a; 

Ministry of Environment, 2015; Vale, 2013; Western Potash Corp., 2012). In 2010, the 

potash-mining sector in Saskatchewan used 22,059,000 m3 of water, 18,696,000 m3 of  
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Table 1.1: Operating potash mines in Saskatchewan. 
Mine Mining technique Operating since 
Esterhazy K1 Conventional 1962 
Belle Plaine Solution 1964 
Esterhazy K2 Conventional 1967 
Cory Conventional 1968 
Allan Conventional 1968 
Lanigan Conventional 1968 
Colonsay Conventional 1969 
Vanscoy Conventional 1969 
Rocanville Conventional 1970 
Patience Lake Solution 1988* 
Legacy (K+S) Solution 2017 
* as solution mine 
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which were from surface water supplies  (Kulshreshtha, Bogdan, & Nagy, 2012). 

According to PotashWorks (2016), the water use of the potash industry increased 

recently. SaskWater supplies approximately 30 million m3 of non-potable water a year to 

seven potash mines (PotashWorks, 2016). 

Potash wastewater contains up to 40% of dissolved salts, primarily KCl 

(potassium chloride) and NaCl (sodium chloride) (Andreichuk et al., 2015; Reid, 1984). 

According to “The Water Regulations” (Government of Saskatchewan, 2002), effluent 

can be discharged to a receiving water body only when it “meets the requirements set out 

in the permittee’s permit, these regulations and any other relevant regulations made 

pursuant to the Act”. Since potash effluent is very hard to treat, all potash mines have 

‘zero-discharge’ to receiving water bodies (Saskatchewan Mining Association, 2014a). 

Therefore, natural evaporation processes via tailing ponds and deep well injections are 

used for wastewater disposal, and water used by potash mines is not returned to the 

original source (Andreichuk et al., 2015; Reid, 1984). 

 

1.1 Research background 

Beginning in 2008, there have been increased number of new potash mine 

developments and expansion projects for raising potash-mining capacity in the province. 

Table 1.2 contains information about the potash mine developments and expansion 

projects that have completed their Environmental Impact Assessments (EIA), and have 

received ministerial approval or are under review (Market Wired, 2013; Ministry of 

Environment, 2009b; Ministry of Environment, 2009c; Ministry of Environment, 2009d; 

Ministry of Environment, 2009e; Ministry of Environment, 2009f; Ministry of 
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Environment, 2010a; Ministry of Environment, 2010b; Ministry of Environment, 2011a; 

Ministry of Environment, 2011b; Ministry of Environment, 2012; Ministry of 

Environment, 2013a; Ministry of Environment, 2013b; Ministry of Environment, 2013c; 

Ministry of Environment, 2016). 

New potash mines will create new jobs and opportunities for the province, as 

well as increase Saskatchewan’s potash exports. At the same time, it will increase the 

industrial water demand within the province, as water is essential for potash production. 

As seen in Table 1.2, the majority of new mines will utilize a solution process for 

extraction. Therefore, increased amount of fresh water will be required in the near future. 

Detailed information about estimated water demand for solution potash production in 

Saskatchewan is provided in Table 1.3 (First Potash Ventures, 2012; Haydu, 2012; 

Ministry of Environment, 2009b; Ministry of Environment, 2013a; The Council of 

Canadians, 2012; Vale, 2013; Yancoal Canada Resources Company Ltd., 2015). 

It is estimated that water demand for potash production in the province could 

increase to 126.7 million m3 by 2060, almost six times higher than it was in 2010 

(Kulshreshtha et al., 2012) and approximately 11 times higher than in 1980 (Reid, 1984). 

Seven of eleven operating mines and seven proposed developments are located within 

the Qu’Appelle River Basin (QRB) (Figure 1.1). The increased water demand for potash 

mining in the basin will bring new challenges, as the water supplies in the QRB are 

limited. 

Prior to controlled flow in the Qu’Appelle River, it had highly variable flow, that 

peaked in the spring and very low at the end of summer (Lewry, 2016). The monthly 

mean historical discharge records for the Qu’Appelle River near Lumsden indicate that 
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Table 1.2: Potash mines developments and expansion projects in Saskatchewan. 
Mine Mining technique Ministerial decision 
Developments: 
Legacy (K+S) Solution Approved (November, 2010) 
Jansen Conventional Approved (June, 2011) 
Wynyard Solution Approved (February, 2013) 
Milestone Solution Approved (March, 2013) 
Kronau (Vale) Solution Approved (October, 2013) 
Southey (Yancoal) Solution Approved (August, 2016) 
Muskowekwan Solution Under review 
Lazlo Solution Potential project 
Lothar Solution/Conventional Potential project 
Expansion projects: 
Rocanville Conventional Approved (March, 2009) 
Belle Plaine Solution Approved (July, 2009) 
Allan Conventional Approved (September, 2009) 
Colonsay Conventional Approved (October, 2009) 
Cory Conventional Approved (October, 2009) 
Esterhazy K2 Conventional Approved (May, 2010) 
Esterhazy K3  Conventional Approved (May, 2011) 

 

Table 1.3: Estimated water demand for solution potash production in Saskatchewan. 
Solution mine 

Amount of water, 
million m3/yr. 

Water supply Watershed 

Operating mines: 
Belle Plaine 26.0 Buffalo Pound Lake Qu’Appelle River 
Patience Lake unknown Patience Lake South Saskatchewan River 
Legacy (K+S) 15.5 Buffalo Pound Lake Qu’Appelle River 
Approved developments: 
Wynyard unknown Blairmore Formation Qu’Appelle River 
Milestone 21.9 Regina wastewater treatment 

plant 
Qu’Appelle River 

Kronau (Vale) 21.0 Buffalo Pound Lake Qu’Appelle River 
Southey (Yancoal) max 14.5 Buffalo Pound Lake Qu’Appelle River 
Developments under review: 
Muskowekwan 13.1 Buffalo Pound Lake Qu’Appelle River 
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Figure 1.1: Existing and proposed potash mines location within the QRB in Saskatchewan (original in 
colour). 
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August and September flow were as low as 0.1 m3/s several years between 1912-1959 

(Government of Canada, 2016). To preserve relatively constant flow in the Qu’Appelle 

River valley for irrigation and other purposes, the Qu’Appelle River Dam and the 

Gardiner Dam were constructed in the early 1960s to form Lake Diefenbaker. Diversion 

from the South Saskatchewan River (SSR) through Lake Diefenbaker provides stable 

water supply that helps to maintain the flow in the Qu’Appelle River (Prairie Farm 

Rehabilitation Administration, 1980). The amount of water that is diverted into the 

Qu’Appelle River from Lake Diefenbaker varies from 1.7% (117.1 million m3, 3.7 m3/s) 

of the reservoir volume during the median inflow year to 7.3% (195.1 million m3, 6.2 

m3/s) during low inflow years (Andreichuk et al., 2015; Saskatchewan Watershed 

Authority, 2012). The annual mean discharge for the Qu’Appelle River near Lumsden 

between 1912-1959 was 4.3 m3/s and after the construction of Lake Diefenbaker (1969-

2015) it became 7.4 m3/s (Government of Canada, 2016). Therefore, the present flow of 

the Qu’Appelle River consists mainly of water diverted from the SSR. And in case of 

insufficient water flow in the Qu’Appelle River system, more water would need 

diverting. 

Currently there are three operating solution potash mines in Saskatchewan, four 

solution potash mine developments were approved by the Ministry of Environment and 

one more development is under review (Table 1.1 and 1.2). All but one of these solution 

mines are located within the QRB. One out of those seven mines will utilize groundwater 

from the Blairmore Formation (Ministry of Environment, 2013a), another mine will use 

treated effluent from the Regina wastewater treatment plant (Ministry of Environment, 

2013c), and the other five will take fresh water from Buffalo Pound Lake, a shallow 
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reservoir with a maximum capacity of 90 million m3. This reservoir, located in the 

Qu’Appelle River valley, is the primary water source for the cities of Regina and Moose 

Jaw. Lake inflow from rain and spring runoff is quite small in average years, and the 

main source of water in the lake is water diverted from the SSR through Lake 

Diefenbaker. Mean annual water diversion is between 1 and 5 m3/s (31.6 – 157.7 million 

m3/yr) (Buffalo Pound Water Administration Board, 2012). If the amount of water 

diverted from the lake by operating mines sums to the amount allocated to approved 

developments, the total would be 77.0 million m3, that is 48.8% of the maximum amount 

of water that is released from Lake Diefenbaker. And if on top of this, adding the amount 

of water that could be used by developments that are currently under review, the total 

would be 90.1 million m3, that is 57.1% of a maximum diversion. Milestone potash mine 

plans to use water from the Regina wastewater treatment plant. This will decrease the 

flow of Wascana Creek, the receiving water body of treated effluent. The Saskatchewan 

Watershed Authority plans to maintain flow in the system by releasing the water from 

Qu’Appelle Dam on Lake Diefenbaker. Therefore, seven out of eight current or proposed 

solution potash mines in Saskatchewan directly or indirectly utilize water from the SSR. 

 

1.2 Research problem 

Water diversion from the SSR plays an important role in maintaining a stable 

water supply for potash mining in southern Saskatchewan. According to the Master 

Agreement on Apportionment: Schedule A (Prairie Provinces Water Board, 1999), the 

province of Alberta must permit one-half of the SSR annual natural flow to enter 

Saskatchewan. The South Saskatchewan River Basin (SSRB) is located in a semi-arid 
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region. Part of the basin in Alberta has been closed for future allocations due to severe 

stress on surface water supplies. Currently there is a sufficient amount of fresh water 

available in the SSR to maintain the flow within the QRB for municipal, agricultural and 

industrial use, but this could change as a result of climate change and variability. In the 

last 50 years, since potash mining was established in Saskatchewan, there have not been 

prolonged droughts in the region, but paleohydrology from tree-rings reveals that 

droughts can last for a decade and longer  (Sauchyn & Ilich, in press). 

The Prairie Adaptation Research Collaborative (PARC) Tree-Ring Lab at the 

University of Regina reconstructed the mean annual flow of the SSR at Medicine Hat 

back to 1110 AD using a network of moisture sensitive tree-ring chronologies  (Sauchyn 

& Ilich, in press). The reconstruction is presented in Figure 1.2. The mean annual flow of 

the SSR over 1110-2010 is 244 m3/s and is represented as zero on the vertical axis. 

Departures from the mean annual flow for the river throughout the time frame are shown 

in red (deficits) and blue (surpluses). As represented in the Figure, there were long 

periods with below-average flow, so called hydrological droughts. Table 1.4 reveals 

droughts, over 5 years in length, in the SSRB. During the 13th-16th centuries, there were 

several droughts longer than 10 years with average decreases from mean annual flow of 

14-27%. Throughout the 17th and 18th centuries, droughts lasted for 6-9 years with mean 

departures of 13-22%. During this period, there was a 12-year long severe drought 

between 1712 and 1723. The decrease of mean annual flow reached 29%. The 19th 

century was quite wet with two dry periods in the second half (14-22% decrease). During 

the 20st century, the notable below-average flow period was from 1931 to 1946, 

commonly referred to as the dirty thirties. Mean departure during this period was 21%.  
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Figure 1.2: Reconstruction of the SSR over 1110-2010  (Sauchyn & Ilich, in press) (original in colour).
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Table 1.4: Low-flow periods, over 5 years, for the SSR. 
Period 

Duration, 
years 

Departure from mean flow, 
m3/s (%) 

1110-1117 8 31 (13) 
1263-1290 28 33 (14) 
1330-1343 14 53 (22) 
1383-1401 19 37 (15) 
1484-1509 26 57 (24) 
1512-1525 14 43 (18) 
1555-1583 29 65 (27) 
1600-1608 9 32 (13) 
1645-1652 8 37 (15) 
1701-1708 8 40 (16) 
1712-1723 12 71 (29) 
1747-1752 6 40 (16) 
1756-1761 6 53 (22) 
1793-1803 11 58 (24) 
1843-1855 13 34 (14) 
1863-1872 10 55 (22) 
1931-1946 16 51 (21) 
1982-1989 8 68 (28) 
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More recently, low flow periods were between 1982 and 1989 with the average departure 

from mean annual flow of 29%, and between 1999 and 2001 (not included in the Table) 

with an average decrease of 26%. It should be noted that the range and variability of 

flow in the SSR shifts over time, and prolonged droughts have been replaced with 

shorter dry periods, and vice versa. 

Historical naturalized and reconstructed flows of the SSR at Medicine Hat over 

1912-2009 are shown in Figure 1.3. The reconstructed flow matches the naturalized 

flow, as trees are able to capture the internal variability of climate. The coefficient of 

determination (R2) is 0.80. The mean annual naturalized flow of the SSR over 1912-2009 

(black line) is 235 m3/s, which is 1 m3/s lower than the mean annual reconstructed flow 

over the same period of time and 9 m3/s lower than the mean annual reconstructed flow 

over the entire period of the reconstruction (1110-2010). The shaded light-blue area 

represents a time frame for the first wave of the construction of potash mines in 

Saskatchewan. The first mine started its operations in 1962 and tenth mine in 1988. This 

plot shows there were no prolonged droughts after the potash mining was established in 

Saskatchewan. 

The minimum design life for solution potash mining developments is between 40 

to 70 years. Some of them could be operational for 100 years (Potash One Inc., 2010; 

Vale, 2013; Western Potash Corp., 2012; Yancoal Canada Resources Company Ltd., 

2015). Therefore, it is very important to study how climate change could affect water 

supply of current and projected potash solution mining in southern Saskatchewan. 

In 2013, several reports  (Wheaton, Bonsal, & Wittrock, 2013; Wheaton, 2013; 

Wittrock, 2013a; Wittrock, 2013b) were prepared for Saskatchewan Water Security  
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Figure 1.3: Historical naturalized (red) and reconstructed (blue) flows of the SSR at Medicine Hat over 
1912-2009 (original in colour). 
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Agency that examined various aspects of climate variability and change in Saskatchewan 

and implications for solution potash mining. The reports were focused mainly on the risk 

assessment of extreme climatic events (droughts, floods, etc.), possible impacts such 

events might have on the potash industry and assessment of possible solutions and 

adaptation strategies. These early studies used existing information on climate and 

hydrology, based mostly on the analysis of historical instrumental records. 

The main purpose of the research reported in this thesis is projecting runoff 

within the SSRB and QRB for 2041-2070 using the North American Regional Climate 

Change Assessment Program (NARCCAP) and the Coordinated Regional Climate 

Downscaling Experiment (CORDEX) data. And it builds on earlier research conducted 

by Dr. Jeannie-Marie St-Jacques, Dr. David J. Sauchyn (PARC, University of Regina), 

Dr. Elaine Barrow, and myself (St-Jacques, Andreichuk, Sauchyn, & Barrow, 2016). 

 

1.3 Research objectives 

The main purpose of this research is to study possible effects of climate change 

on water supplies for potash solution mining within the QRB. To achieve this goal, the 

following objectives have been set: 

1. To project the SSRB runoff for 2041-2070 using NARCCAP and 

CORDEX data.  

2. To project the QRB runoff for 2041-2070 using NARCCAP and 

CORDEX data. 
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1.4 Study area 

This research studied runoff in the SSRB and the QRB that are located in 

southern Saskatchewan (Figure 1.4). The SSR is one of the major and most important 

rivers in the province, with the gross drainage area of 141,000 km2 (Government of 

Canada, 2016). It provides the largest water supply in Saskatchewan, and almost half of 

the provincial population depends on this source (South Saskatchewan River Watershed 

Stewards Inc., 2015). The SSR starts with the confluence of the Bow River and Oldman 

River that arise on the eastern slopes of the Rocky Mountains, Alberta. The river then 

flows eastward through Alberta, and on the Alberta-Saskatchewan border it is joined 

with the third major tributary, the Red Deer River. These major tributaries arise in the 

Rockies or the Alberta foothills, and therefore the main water source of the SSR 

upstream of Lake Diefenbaker is from snowpack melting. In the spring months (March 

through April), the river is fed by the snowmelt on the prairies, and during late spring 

and summer months (May through August) by the melting of snowpack in the 

mountains. In Saskatchewan, the SSR has one minor tributary, Swift Current Creek 

(Figure 1.4), which supplies less than one percent to the river flow  (Pomeroy, de Boer, 

& Martz, 2005). 

Before the construction of Gardiner Dam on Lake Diefenbaker, the discharge 

regime of the SSR used to be highly variable. The lowest mean monthly flow for 1912-

1958 (Figure 1.5) was in January (68 m3/s) and the highest mean monthly discharge 

occurred in June (816 m3/s). During the winter months, when the river is covered with 

ice, the mean monthly discharge was the lowest (68-79 m3/s). In the early spring, when 

the snowmelt on prairies begins, the mean monthly discharge started to increase and 
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Figure 1.4: Map of the SSRB and QRB in Saskatchewan (original in colour).
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reached 397 m3/s in April. During late spring and summer, the river is fed by the 

mountain snowpack melt and mean monthly flow continuously increased to peak 

discharge of 816 m3/s in June. Glacier ice melting has no significant contribution on the 

flow of the SSR (Pomeroy et al., 2005). 

After the construction of Gardiner Dam, the flow regime of the SSR was 

drastically changed (Figure 1.5). The monthly mean flow at Saskatoon for 1968-2015 

varied between 153-277 m3/s and had two peak discharges, first in January (254 m3/s), 

and second in June (276 m3/s). The dam is used to maintain a minimum flow at 

Saskatoon of 50 m3/s (Pomeroy et al., 2005). 

The Qu’Appelle River begins from the Qu’Appelle River Dam on Lake 

Diefenbaker and flows eastward to the Manitoba border (Figure 1.4). The major 

tributaries are Wascana Creek and the Moose Jaw River. There are several reservoirs in 

the Qu’Appelle River Valley, i.e. Buffalo Pound Lake, Pasqua Lake and Katepwa Lake, 

which were created by series of dams and control structures. Last Mountain Lake is the 

largest natural lake in the system (Pomeroy et al., 2005). The gross drainage area of the 

QRB is 50,900 km2 (Government of Canada, 2016). The discharge regime of the 

Qu’Appelle River used to be extremely variable: higher in the spring time and extremely 

low at the end of summer (Lewry, 2016). Diversion from the SSR through Lake 

Diefenbaker provides stable water supply that helps to maintain the flow in the QRB 

(Prairie Farm Rehabilitation Administration, 1980). 

There are no continuous mean monthly discharge records for the Qu’Appelle 

River before the construction of Lake Diefenbaker. The longest available records are for 

the hydrometric station near Lumsden (05JF001), but there are some gaps in them 
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Figure 1.5: Mean annual flow for the SSR at Saskatoon hydrometric station (05HG001) 
for 1912-1958 (blue) and for 1968-2015 (green) (original in colour) (Government of 
Canada, 2016).
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(Government of Canada, 2016). They cover the periods between 1912-1922, 1928-1930 

and 1944-1958 and the mean monthly flow for those periods is represented in blue on 

Figure 1.6. The lowest mean monthly flow for 1912-1958 was during winter months 

(December through February) as the river is covered with ice. Starting in March, the 

mean monthly flow of the river started to increase and peaked at 16 m3/s in April due to 

spring snowmelt on the prairies. After that, the mean monthly discharge decreased 

dramatically. During late summer and early fall (August-September), the mean monthly 

flow of the Qu’Appelle River was lower that 0.1 m3/s in several years between 1912-

1958 (Government of Canada, 2016). Diversion of water from the SSR through Lake 

Diefenbaker plays an important part in maintaining relatively constant flow in the river. 

After the construction of Qu’Appelle Dam on Lake Diefenbaker, the annual 

hydrograph of the river had not change significantly (Figure 1.6). During winter months 

(December through February), mean monthly flow for 1968-2015 is the lowest, about 

1.4 m3/s. The peak flow as previously occurs in April, but now it is two times higher at 

32 m3/s. The mean summer discharge increased from 2.7 to 7.0 m3/s, and mean fall 

discharge is at 2.1 m3/s that is three times higher than historical average of 0.7 m3/s. 
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Figure 1.6: Mean annual flow for the Qu’Appelle River at Lumsden hydrometric station 
(05JF001) for 1912-1958 (blue) and for 1968-2015 (green) (original in colour) 
(Government of Canada, 2016). 
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1.5 Methodology 

To achieve the objectives of this research, there will be five main steps. The first 

step is projecting SSRB and QRB streamflow using RCM runoff estimators. The 

observed runoff and its annual cycle over 1971-2000 will be simulated for each basin 

using total runoff (mrro), surface runoff (mrros), and aridity indices (i.e., Budyko, 

Ol’dekop, Schreiber and Turc)  (Arora, 2002; Gonzalez-Zeas, Garrote de Marcos, 

Iglesias Picazo, & Sordo Ward, 2012). The domain of an RCM is partitioned its into 

regular grid cells with a different pattern for each model.  First, the grid cells contained 

within each basin are identified for each RCM. For instance, Figure 1.7 shows the 

boundaries of the QRB with the superimposed grid cell centers from RCM4 (25 km 

spatial resolution).  Second, all relevant variables, that is, mrro, mrros, precipitation (pr), 

TOA incident shortwave radiation (rsdt), surface air temperature (tas), maximum daily 

surface air temperature (tasmax) and minimum daily surface air temperature (tasmin), 

are extracted for the identified grid points. The data are checked for missing values and 

converted into these units: mm day-1 for runoff and precipitation, MJ m-2 day-1 for 

radiation and °C for temperature. Then, 3-hourly / daily data are averaged over all grid 

cells inside each river basin for each calendar year (January-December), avoiding 

interpolation (Gonzalez-Zeas et al., 2012). Total averaged mrro and mrros data over the 

basin are compared to the naturalized flow, while pr, rsdt, tas, tasmax and tasmin output 

are used for the calculation of functional forms of the aridity indices that are then 

compared to the naturalized flow as well. Further detailed information about aridity 

indices and their functional forms utilized in this research is provided in Chapter 2.4. 
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Figure 1.7: The QRB boundaries with the superimposed grid cell centers from the 
Regional Climate Model RCM4 (original in colour).
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The second step addresses projecting SSRB and QRB runoff using the statistical 

downscaling approach based on the standardized precipitation evapotranspiration index 

(SPEI)  (Vicente-Serrano, Beguería, & López-Moreno, 2010) and the apportionable flow 

over the longest available record. The first step of the SPEI calculation is computation of 

evapotranspiration using Thornethwaite’s method, as it is the least data demanding of 

several approaches. The SPEI will be computed using MATLAB code from Daniel 

McEvoy, Desert Research Institute. SPEI-derived linear equations will be utilized for 

downscaling RCM-derived temperature and precipitation into runoff for each of the river 

basins. The “calibrated” SPEI-derived runoff estimate is the seventh streamflow 

estimator; in addition to the above six “uncalibrated” estimators that will be delivered 

directly from RCMs. 

Next, the performance of the seven streamflow estimates will be evaluated using 

quantitative indicators of goodness of fit, such as Kolmogorov-Smirnov (K-S) test 

(Conover, 1980) and a bias metric, to identify the best two estimation methods of 

observed runoff. Cumulative density functions (CDFs) of the seven runoff variables are 

compared to the CDF of the observed runoff in order to determine which runoff 

estimator simulated the observed runoff most precisely. K-S tests, at the 0.05 

significance level, between the CDFs of the actual and RCM-derived runoffs are used for 

this. 

The K-S test is as follows: Let F1(Q) and F2(Q) be two CDFs to be compared 

with the null hypothesis Ho: F1(Q) = F2(Q) for all Q and the alternative hypothesis HA: 

F1(Q) ≠ F2(Q) for at least one Q with the test statistic KS being defined as: 

                                    !" = $%&'	 )*(,)– )/(,) ,                                          (1.1) 
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where supx is the maximum vertical distance between the CDFs F1(Q) and F2(Q). 

If KS is greater than the critical value, Ho is rejected. 

The bias quantifies the model’s systematic error by revealing its tendency to 

overestimate or underestimate one variable. The bias for each of the seven runoff 

estimates and each of the two basins and all RCMs is calculated using the equation: 

012$ = 345
5 ,                                                                   (1.2) 

where $ is the mean of the RCM-derived runoff over 1971-2000, and 6 is the 

mean of the observed total annual basin runoff. 

When the best two runoff estimates of observed flow in the SSRB and QRB are 

determined, they will be used to project runoff and its annual cycle over 2041-2070. The 

necessary variables from RCMs will be extracted for the grid points that were identified 

previously (Figure 1.7). The runoff over the river basins will be calculated using the 

same approach as in the first step.  

And the last, fifth step will be dedicated to bias correction of both the 20th century 

simulated and 21st century projected runoff data. Raw RCM model results have to be 

bias corrected for realistic simulation of regional hydrology  (Ashfaq, Bowling, 

Cherkauer, Pal, & Diffenbaugh, 2010; Chen, Brissette, & Leconte, 2011; J. H. 

Christensen, Boberg, Christensen, & Lucas‐Picher, 2008; Teutschbein & Seibert, 2012; 

Wood, Leung, Sridhar, & Lettenmaier, 2004). Frequently, the CDF of simulated 

historical runoff derived from RCMs does not quite match the CDF of the observed 

runoff. The bias correction helps to resolve this issue and can be done using various 

techniques. The quantile-quantile (QPPQ) mapping approach is currently considered the 

best of them  (Boé, Terray, Habets, & Martin, 2007; Hughes & Smakhtin, 1996; 
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Teutschbein & Seibert, 2012). For a given variable, the CDF of a control simulation is 

first matched with the CDF of the observations, generating a correction function 

depending on the quantile. Then, this correction function is used to unbias the projected 

variable from the climate scenario, quantile by quantile (Boé et al., 2007). However, this 

technique might not work for bias correction of projected flow, when projected data are 

more extreme and outside of the range of the 20th century simulated data (Déqué, 2007). 

Variance scaling can be used in this case, as it is not affected by the above problem and 

according to  Teutschbein & Seibert, 2012 is the second best approach. 

Using these two bias-correction techniques, the biased-corrected mean monthly 

flows for both 20th and 21st centuries runoff will be obtained. The changes in runoff 

mean and variance between 1971-2000 and 2041-2070 for the two best runoff estimators 

will be examined, and the significance of the changes evaluated using t-tests and F-tests. 

 

1.6 Organization of thesis 

This thesis is arranged into five chapters. This chapter introduced the research 

problem, the research objectives and discusses the importance of this research. Chapter 2 

provides an overview of the principles of dendrohydrology, instrumental hydrologic 

data, regional climate models and the approaches of generating annual runoff using 

climate models. Preliminary temperature and precipitation results for the SSRB and QRB 

as well as the determination of the best two runoff estimation methods are discussed in 

Chapter 3. Results and discussions for runoff projecting are provided in Chapter 4. 

Chapter 5 summarizes this thesis and provides recommendations for future research. 
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CHAPTER 2: DATA AND METHODS 

In this chapter, the principles of dendrohydrology, instrumental hydrologic data, 

regional climate models and the approaches of generating annual runoff using climate 

models are discussed. This chapter defines the principles of dendrochronology that were 

used to construct tree-ring chronologies and presents the statistical properties of 

chronologies that were utilized for the reconstruction of the SSR mean annual flow.  

This chapter also describes the origin of instrumental hydrologic data that were 

used for calibration of projected runoff and provides details on the set of RCMs that 

were used to generate annual runoff. Different techniques of projecting river basin 

streamflow using direct output of RCMs and statistical downscaling are outlined and 

defined next, and the approaches that were utilized in this research to estimate runoff 

within SSRB and QRB are provided in conclusion. 

 

2.1 Principles of dendrohydrology 

The study of changes in river flow often starts with the calculation of mean 

annual flow and its variability over a specific period of time. The longer the time period, 

the more accurate the calculations. In the case that there are no instrumental river flow 

data, the record is relatively short, or there is a gap in the instrumental records, past 

hydrological (paleohydrological) records could be obtained from natural sources 

(proxies), such as sediment, pollen and tree-rings (dendrohydrology) (Jarrett, 2016). 

Tree-ring dating is “the most reliable dating with the highest accuracy and precision”, 

and it is commonly used for streamflow reconstruction (Speer, 2010). 
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The word dendrohydrology comes from Greek: δένδρο (dendro) meaning tree, 

χύδωρ (hydōr) meaning water and -λόγος, (logos) meaning science (Reddy, 2005). 

Dendrohydrology is a study of changes in streamflow, surface runoff, and water table 

level using tree-rings (annual growth rings), and is a subfield of dendrochronology. 

Dendrochronology is defined by the following set of principles (Grissino-Mayer, 2017; 

Speer, 2010): 

- The Uniformitarian Principle states that the relationship (correlation) 

between current environmental processes and present tree growth patterns has 

been the same in the past. This principle applies to streamflow 

reconstructions and also to projecting the natural variability of river flow, 

assuming that that relationship would be the same in the future (Grissino-

Mayer, 2017; Speer, 2010). 

- The Principle of Limiting Factors states that tree growth is controlled by the 

most limiting environmental factor. Thus, tree-ring width for each year (i.e. 

the volume of produced wood) is a function of a limiting factor, such as heat, 

soil moisture, or length of the growing season (Grissino-Mayer, 2017; Speer, 

2010).   

- The Principle of Aggregate Tree Growth states that tree-ring width depends 

on an aggregate of environmental factors, such as age-related growth trend, 

climate (e.g., sun light, temperature, precipitation), disturbance factors inside 

and outside the forest stand (e.g., insect outbreaks, fires), and random 

processes. Therefore, minimizing other factors could maximize the 

environmental signal of interest (Grissino-Mayer, 2017; Speer, 2010).  
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- The Principle of Site Selection combines the Principle of Limiting Factors 

and the Principle of Aggregate Tree Growth, and it states that a site should be 

selected in the area where the environmental signal being studied (the 

limiting factor) is the strongest. In the case of streamflow reconstructions, the 

trees growing at dry sites should be sampled, as their growth is limited by 

precipitation, snowpack and soil moisture availability (DeRose et al., 2015; 

Grissino-Mayer, 2017; Speer, 2010). 

- The Principle of Crossdating is the fundamental principle of 

dendrochronology, and it states that the exact year in which a tree-ring was 

formed could be identified by matching ring-width patterns of wide and 

narrow rings between the trees from the same site. A series of standardized 

measured tree-ring widths is called a tree-ring chronology. Crossdating 

allows identifying the age of trees that were dead for decades or centuries, 

and thus tree-ring chronologies can be extended to thousands of years into the 

past (Grissino-Mayer, 2017; Speer, 2010).   

- Two other principles, of Ecological Amplitude and Replication, are of 

relatively lesser relevance to this study. They state that trees will be more 

climatically sensitive at the limits of their range (ecological amplitude) and 

that, as with any scientific study, replication of a signal makes it stronger 

relatively to the noise in the data (Grissino-Mayer, 2017; Speer, 2010). 

The construction of a tree-ring chronology starts with the selection of a site and 

species that is sensitive to a climate parameter (e.g., temperature, precipitation) of 

interest. Then standard dendrochronological methods are applied, such as sample 
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collection, mounting, sanding, measuring, crossdating and standardization. These 

methods are well documented (Cook & Kairiukstis, 1990; Fritts, 1976; Speer, 2010; 

Stokes & Smiley, 1996).  

Throughout North America, the principles of dendrohydrology have been used by 

various researchers to reconstruct the flow of rivers. Some examples include the 

reconstructed flow of South Saskatchewan  (Axelson, Sauchyn, & Barichivich, 2009) 

and Upper North Saskatchewan  (Sauchyn, Vanstone, & Perez-Valdivia, 2011) Rivers in 

Alberta; the Colorado River  (Woodhouse & Lukas, 2006); the Churchill River in 

Northern Saskatchewan  (Beriault & Sauchyn, 2006); and the Sacramento River in 

California  (Meko, Therrell, Baisan, & Hughes, 2001). 

All the above principles and methods were used to construct tree-ring 

chronologies for the SSR, Alberta, from Limber pine (Pinus flexilis) and Douglas-fir 

(Pseudotsuga menziesii) in the headwaters region of the river basin. Each chronology 

consists of three separate proxies (i.e., earlywood, latewood and annual ring-width). 

Basic chronological statistics for the annual ring-width chronologies are provided in 

Table 2.1. These five chronologies were included with many others from the University 

of Regina Tree-ring Laboratory, and were used for the reconstruction of mean annual 

flow of the SSR, Alberta back to AD 1110 (Figure 1.2). 
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Table 2.1:  Chronologies statistical properties. 

Site Species 
Chronology 

years 
Length of 

chronology 
Sample depth 
(no. of trees) 

Year with 
min. three 

trees 
CAB Pseudotsuga menziesii 1354 – 2015 662 29 1418 
OMR Pinus flexilis 1106 – 2015 910 85 1171 
OMR Pseudotsuga menziesii 1491 – 2015 525 19 1532 
WPP Pinus flexilis 1062 – 2012 951 23 1274 
WSC Pseudotsuga menziesii 1448 – 2015 568 36 1552 
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2.2 Instrumental hydrologic data 

An important part of reconstructing and projecting runoff is its calibration with 

actual observed streamflow data. Natural or naturalized flow is used in most cases for 

this purpose, as it is flow that occurs, or would occur, naturally within a watershed 

without any anthropogenic effects, i.e. water allocations. Natural or naturalized flow data 

are not available for rivers within Saskatchewan, given the extent of surface water 

impoundment, diversion and consumption.  Instead, there is so called apportionable flow 

records for interprovincial rivers. Under the Master Agreement on Apportionment, 

implemented by the Prairie Provinces Water Board (PPWB), Saskatchewan, receives 

50% of natural flow from Alberta’s interprovincial rivers, and shares 50% of its natural 

flows and half of the water it receives from Alberta with Manitoba. The apportionable 

flow is calculated by applying the apportionment formula on naturalized flow (Prairie 

Provinces Water Board, 2010).  

Therefore, the apportionable flow is not equal to naturalized flow. Figure 2.1 

shows the difference between naturalized and apportionable flows for the SSR below the 

junction of the Red Deer River. The flows were calculated by combining the flows of the 

SSR at the Alberta-Saskatchewan border and the Red Deer River near Bindloss. The 

naturalized flow data are from Alberta Environment and Sustainable Resource 

Development. The apportionable flow for the SSR below the junction of the Red Deer 

River is available from the PPWB (Prairie Provinces Water Board, 2012). As depicted 

below, apportionable flow is slightly lower than naturalized flow. The difference is more 

significant during high flow years. The biggest difference was 10.4% in 1995, with an 

average difference of 5.0% for 1970-2000.  
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Figure 2.1: Naturalized (blue) and apportionable (green) flows for the SSR below the junction of the Red Deer River for 1970-2000. 
The dashed lines (blue and green) represent mean values for naturalized and apportionable flows, respectively (original in colour).
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The SSR below the junction of the Red Deer River is the most downstream 

instrumental gauge location in the contributing area of the SSRB, as the Saskatchewan 

part of the SSRB contributes less than 1% to the total flow of the river. Although, both 

naturalized flow and apportionable flow records are available for the above gauge, and it 

is more common to use naturalized flow for the calibration of projected runoff, the 

apportionable flow of the SSR below the junction of the Red Deer River will be used 

here. Therefore, the approach for two river basins of interest (SSR and Qu’Appelle) will 

be consistent. These apportionable flow data will be referred to as the observed flows or 

observed runoff for the rest of this thesis. Areal runoff was calculated by dividing 

apportionable flow by the effective drainage area. Observed air temperature and 

precipitation data were from the McKenney et al. (2011) 10-km gridded ANUSPLIN 

database. 

 

2.3 Regional climate models (RCMs) 

RCMs are high resolution (25 or 50 km) climate change simulations that are 

driven by a set of atmosphere-ocean general circulation models (AOGCMs or GCMs). 

Each RCM includes a control simulation for the current (historical) period and a 21st 

century simulation forced with a specific emissions scenario (North American Regional 

Climate Change Assessment Program (NARCCAP), 2007). The higher resolution of 

RCMs, versus that of GCMs, allows it to simulate topography of greater complexity and 

finer-scale atmospheric dynamics and thereby provide the more detailed climate change 

scenarios needed for regional impact studies  (Poitras, Sushama, Seglenieks, Khaliq, & 

Soulis, 2011). 
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Table 2.2 contains information of nine RCM runs from the NARCCAP that were 

used in this research. The RCMs cover the periods from 1971 to 2000 and from 2041 to 

2070. The NARCCAP GCMs are part of the phase 3 of the Coupled Model 

Intercomparison Project (CMIP3) (IPCC, 2013; Meehl et al., 2007), and were forced 

with the Special Report on Emissions Scenarios (SRES) A2 scenario (a high emissions 

scenario) (Nakicenovic et al., 2000). A2 is becoming the most realistic emission 

scenario, considering the rapid growth of greenhouse gases emissions in 21st century  

(Van Vuuren & Riahi, 2008). All the NARCCAP RCMs have a spatial resolution of 50 

km. The WRFGccsm and WRFGcgcm3 models have not been used in this research as 

there is too much data missing.  

Also, a set of eight CORDEX RCMs (Table 2.3) was utilized in addition to 

NARCCAP models. CORDEX is the next-in-line framework to NARCCAP that uses the 

most recent RCMs and AOGCMs  (Giorgi, Jones, & Asrar, 2009). Its AOGCMs are part 

of the phase 5 of the Coupled Model Intercomparison Project (CMIP5)  (Taylor, 

Stouffer, & Meehl, 2012). CORDEX simulations cover the full period from 1950 to 2100 

and are available at multiple spatial resolutions with different emissions scenarios.  The 

models that were used in this research were forced for the 21st century with 

Representative Concentration Pathway (RCP) 8.5, which is a later generation high 

emissions pathway comparable to the SRES A2 emissions scenario (Meinshausen et al., 

2011). The runs with 25-km spatial resolution were utilized where available (marked 

with an asterisk). Detailed information on GCMs and RCMs that were used by 

NARCCAP and CORDEX modelers is provided in Table 2.4. 
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Table 2.2: NARCCAP RCMs used in this study. 
RCM Driving GCM 

ccsm  cgcm3  gfdl hadcm3  
CRCM  x x   
ECP2    x  
HRM3    x x 
MM5I  x   x 
RCM3   x x  

 

Table 2.3: CORDEX RCMs used in this study. 
RCM Driving GCM 

cesm2 ec-earth  hadgem2-es  mpi-esm-lr mpi-esm-mr 
CRCM4  x*       
CRCM5 x      x 
HIRHAM5  x    
RCA4 x x    
RCM4       x* x*  

* spatial resolution of 25 km  

 

Table 2.4: Details on RCMs and GCMs. 
RCMs: 
CRCM Canadian Regional Climate Model  (Caya & Laprise, 1999)  
CRCM4 Canadian Regional Climate Model version 4  (Caya & Laprise, 1999; de Elía et al., 2008; 

Laprise, Caya, Frigon, & Paquin, 2003)  
CRCM5 Canadian Regional Climate Model version 5 (Martynov et al., 2013) 
ECP2 Experimental Climate Prediction Center Regional Spectral Model  (Juang, Hong, & 

Kanamitsu, 1997) 
HIRHAM5 HIRHAM Regional Climate Model version 5 (O. B. Christensen et al., 2007) 
HRM3 Hadley Regional Model 3 (Jones et al., 2003) 
MM5I MM5 – PSU/NCAR Mesoscale Model  (Grell, Dudhia, & Stauffer, 1994) 
RCA4 Rossby Centre Regional Atmospheric Model (Kupiainen et al., 2011) 
RCM3 Regional Climate Model version 3 (Pal et al., 2007) 
RCM4 Regional Climate Model version 4 (International Centre for Theoretical Physics (ICTR), 

2017) 
 
GCMs: 
ccsm Community Climate System Model (W. D. Collins et al., 2006)  
cesm2 Community Earth System Model version 2 (UCAR, 2017) 
cgcm3 Third Generation Coupled Global Climate Model (Flato, 2005) 
ec-earth Earth System Model (Hazeleger et al., 2010) 
gfdl Geophysical Fluid Dynamics Laboratory GCM  (Anderson, Balaji, Broccoli, & Cooke, 2004) 
hadcm3 Hadley Centre Coupled Model version 3 (Gordon et al., 2000) 
hadgem2-es Hadley Centre Earth System Model (W. Collins et al., 2008) 
mpi-esm-lr Max Planck Institute Earth System Model at low resolution (Giorgetta et al., 2013) 
mpi-esm-mr Max Planck Institute Earth System Model at mixed resolution (Giorgetta et al., 2013) 
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2.4 Methods to generate annual runoff 

There are several methods of producing runoff projections using climate models: 

running hydrological models, using the direct climate model runoff output, using the 

aridity index, and the statistical downscaling method. Off-line hydrologic models are of 

different complexity and utilize two (temperature, precipitation) or more (solar radiation, 

relative humidity, wind speed, etc.) climate model variables for modeling rainfall-runoff. 

The initial calibration of hydrological models requires large amounts of data over a long 

period of time (10-30 years) that might not be available for a specific river basin. Surface 

hydrology, as a component of the global climate system, is affected by and has effects on 

other components of the system, such as atmosphere and land surface. In order to 

produce accurate runoff projections all the above components have to be incorporated 

into the model that can be challenging for hydrological models, which by definition is 

focused on modelling one component, hydrology. 

Hydrological models have been widely used for projecting runoff because the 

surface runoff modeling in GCMs and RCMs was relatively simplistic, e.g. GCMs didn’t 

take into account water transport through rivers to oceans  (Miller, Russell, & Caliri, 

1994). Later on, it was acknowledged that surface hydrology and river flow play a 

significant part in the planetary climate system  (Sperna Weiland, Van Beek, Kwadijk, & 

Bierkens, 2012). Additionally, the hydrological cycle has an effect on feedback 

mechanisms between land surface and atmosphere (Kite, 1998). In order to fully include 

these feedback mechanisms, land surface schemes (LSSs) have to be incorporated into 

the climate model. These LSSs simulate the distribution of precipitation into 

evaporation, storage and runoff, and the partitioning of radiant energy into sensible and 

latent heat fluxes  (Pappenberger, Cloke, Balsamo, Ngo‐Duc, & Oki, 2010; van den Hurk 
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et al., 2005). Recent LSSs have the resolutions and skilfulness of macroscale 

hydrological models  (Clark & Gedney, 2008; Hagemann & Gates, 2003). To add 

another layer of realism, GCM-generated runoff has been run through river-routing 

schemes (Falloon et al., 2011; Sperna Weiland et al., 2012). Runoff generated by RCMs 

has been used by various researchers to examine projected changes to streamflow in 

North America  (Music & Caya, 2007; Poitras et al., 2011; Sushama, Laprise, Caya, 

Frigon, & Slivitzky, 2006) and Europe  (Gonzalez-Zeas et al., 2012; Graham, 

Hagemann, Jaun, & Beniston, 2007). An important step in this approach is to examine 

how well current climate models simulate observed runoff in various regions, to 

conclude if incorporated LSSs assist in more realistic runoff simulation. 

Another approach, that has been widely used to generate streamflow projections, 

is by using the functional forms of the aridity index (Budyko, 1948; Ol'Dekop, 1911; 

Pike, 1964; Schreiber, 1904; Turc, 1954). The aridity index estimates annual surface 

runoff and evapotranspiration based on available energy and precipitation (Arora, 2002). 

Early generations of GCMs and RCMs had relatively fundamental LSSs, so their runoff 

modelling was quite superficial, while precipitation and available energy simulations 

were much more precise. So, Arora (2002) suggested to use aridity index-derived runoff 

as a first order runoff estimate from climate models. McMahon, Peel, Pegram, and Smith 

(2011) agreed, and recommended the Schreiber (1904) functional relationship 

specifically as the most accurate one. This approach was further developed by Gonzalez-

Zeas et al. (2012), who proposed its use for large-scale studies in regions with data 

restrictions, where the use of calibrated hydrologic models is not possible. Gonzalez-

Zeas et al. (2012) calculated annual runoff using five functional forms of the aridity 

index and direct runoff from RCMs of the European PRUDENCE project and compared 
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generated runoff to observed runoff over 338 basins in Spain. They found that runoff 

calculated from the aridity index for largely semi-arid region using the functional form 

of Schreiber (1904) worked well, confirming the results of McMahon et al. (2011). This 

aridity index approach has been successfully used in numerous recent studies for the 

calculation of mean annual flow in North America  (Milly, 1994; Renner & Bernhofer, 

2012; Sankarasubramanian & Vogel, 2003), Australia  (Donohue, Roderick, & McVicar, 

2011; Potter & Zhang, 2009; Zhang, Walker, & Dawes, 1999; Zhang, Dawes, & Walker, 

2001) and Europe (Gonzalez-Zeas et al., 2012). 

The mean annual surface runoff (R) is calculated from the water balance 

equation: 

! = #–%& − ()–*,                                                                                         (2.1) 

where 
P is annual precipitation,  
ET is annual actual evapotranspiration,  
ΔS is the change in soil water storage, and 
D is recharge to groundwater. 
 

Based on the assumption that ΔS and D are very small over an annual time scale  

(González-Zeas et al., 2012; Zhang et al., 1999; Zhang et al., 2001) and could be 

neglected, the equation 2.1 for the semi-arid Canadian Prairies would be: 

! ≈ #–%& = #(1 − %&/#) ≈ #(1 − 0(1)),                                                  (2.2) 
 

where F(ϕ) is a functional form of the aridity index (ϕ) (Arora, 2002).  

1 = #%&/#,                                                                                                         (2.3) 

where PET is potential evapotranspiration. 
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The four functional forms used in this study are shown in Table 2.5. The four 

aridity index-derived annual runoff estimators are referred to as the Schreiber, Ol’dekop, 

Budyko and Turc runoff variables for the rest of this thesis. 

There are several approaches to calculate PET, the Hargreaves method was used 

in this study for the aridity index approach (Hargreaves & Samani, 1982): 

#%& = 0.0023	789:	!;	(&<=>9 + 17.8)(&<>B	– &<C9)D.E                         (2.4) 
 

where  
PET is in mm day-1, 
conv = 0.4082 m2 mm MJ-1, 
RA is the solar radiation in the upper part of the atmosphere in MJ m-2 day-1 
Tmean is the mean monthly temperature in °C, 
Tmax is the maximum monthly temperature in °C, and 
Tmin is the minimum monthly temperature in °C.  

The Standardized Precipitation Evapotranspiration Index (SPEI) is a multiscalar 

climatic drought index based on precipitation and temperature data. It is similar to the 

standardized precipitation index (SPI), but incorporates temperature (Vicente-Serrano et 

al., 2010) . SPEI is commonly used throughout the Canadian Prairies to monitor 

agricultural droughts and excess moisture (Bonsal, Cuell, Wheaton, Sauchyn & Barrow, 

2017; Masud, Khaliq, & Wheater, 2015, 2017). SPEI calculated at a medium time scale 

(6-12months) is linked to reservoir storage and river discharges (Vincente-Serrano et al., 

2010), and therefore could be used for development of a statistical downscaling method 

to generate river basin runoff from RCMs, in case adequate data are available for the 

model development or calibration. 

Statistical downscaling is another approach that is used for many anthropogenic 

climate change impact studies, which require information on a much higher spatial scale 

than produced by regional climate models. This method is based on developing a 



 41 

Table 2.5: Functional forms F(ϕ) of the aridity index used in this thesis to calculate the 
evapotranspiration/precipitation ratio. 

Author and name Functional form F(ϕ)  
Schreiber (1904) 1 – e-ϕ 
Ol’dekop (1911) ϕtanh(ϕ-1) 
Budyko (1948) [ϕtanh(ϕ-1) (1 – e-ϕ)]0.5 

Turc (1954) - Pike (1964) 

1

0.9 +	 1ϕ
H
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statistical model that correlates large-scale climate variables (predictors) from GCM or 

RCM runs with regional and local variables (predictands) of interest. Statistical 

downscaling can be performed using regression, linear interpolation, spatial 

disaggregation, bias correction, or artificial neural networks techniques (Wilby et al., 

2004).  

In this thesis, three out of four approaches for producing runoff projections using 

climate models were used to estimate runoff for the SSRB and QRB. They are the use of 

the direct runoff outputs (RCM variables mrro and mrros), hydroclimate formulas based 

on the aridity index computed using the functional forms of Schreiber, Ol’dekop, 

Budyko and Turc-Pike (Arora, 2002; González-Zeas et al., 2012), and SPEI-based 

statistical downscaling calibrated with observed runoff data. Output from an ensemble of 

10 RCMs was previously used for studying of the hydrologic response of the SSRB to 

anthropogenic global warming  (St-Jacques et al., 2016). This previous RCM set has 

been supplemented with seven additional CORDEX models that recently became 

available. To the extent of scientific literature, this is the first use of a large RCM 

ensemble, including CORDEX models, to project runoff within the SSRB and QRB. 
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CHAPTER 3: PROJECTING RUNOFF WITHIN THE SSRB AND QRB 

In this chapter preliminary temperature and precipitation results for the SSRB 

and QRB are discussed, as well as the determination of the best two runoff estimation 

methods.  Historical temperature and precipitation simulated by RCMs were compared to 

observed and projected temperature and precipitation respectively, in order to compare 

possible climate change scenarios for these river basins. This chapter also describes the 

statistical analysis behind the determination of the best two runoff estimators using the 

Kolmogorov-Smirnov (K-S) test and a bias metric. 

 

3.1 Preliminary RCM temperature and precipitation results 

First, historical mean monthly temperature and precipitation produced by the 17 

RCMs were compared to the baseline values (McKenney et al., 2011) from the same 

time period, in order to determine how well models captured annual cycles of variables 

in the river basins of interest. Figures 3.2 to 3.5 are plots of mean monthly temperature 

and precipitation over the SSRB and QRB for the historical (1971-2000) and future 

(2041-2070) periods. The legend for the these figures is Figure 3.1. Figures 3.2a and 3.3a 

indicate that the annual temperature cycle is simulated by the RCMs quite well. The 

models mainly underestimate monthly temperatures rather than overestimate them. A 

comparison of Figure 3.2a and 3.2b shows the increase in the future temperature over 

SSRB, mostly in the colder months (Nov-Feb) and during summer (Jun-Aug). A similar 

trend can be seen for QRB (Figures 3.3a and 3.3b). All models but one (ECP2gfdl) 

project higher mean temparatures than observed for Nov-Feb, and show a significant 

temperature increase for Jun-Aug. 
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Figure 3.1: Legend for Figures 3.2 – 3.5 (original in colour). 
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a) 

 
 
 

b) 

 
 
Figure 3.2: Mean monthly temperature (°C) over the SSRB for the 17 RCMs for (a) 
historical (1971-2000) and (b) future (2041-2070) runs (original in colour). 
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a) 

 
 
 

b) 

 
 

Figure 3.3: Mean monthly temperature (°C) over the QRB for the 17 RCMs for (a) 
historical (1971-2000) and (b) future (2041-2070) runs (original in colour). 
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a) 

 
 

 
 

b) 

 
 

Figure 3.4: Mean monthly precipitation (mm/day) over the SSRB for the 17 RCMs for (a) 
historical (1971-2000) and (b) future (2041-2070) runs (original in colour). 
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a) 

 
 
 

b) 

 
  

 
Figure 3.5: Mean monthly precipitation (mm/day) over the QRB for the 17 RCMs for (a) 
historical (1971-2000) and (b) future (2041-2070) runs (original in colour). 



 49 

Figures 3.4a and 3.5a demonstrate that the RCMs have difficulty capturing the 

amount and timing of mean monthly precipitation (mm/day) in the two basins. This is 

common to all climate models (Sauchyn & Andreichuk, 2017). While mean temperatures 

are directly linked to the earth’s energy balance and are influenced by the change in the 

concentration of GHGs, precipitation is related to the coupled dynamics of the ocean and 

atmosphere. Additionally, regional precipitation is driven by the internal natural 

variability of the climate system and the large-scale circulation of the ocean and 

atmosphere; phenomena like the El Niño Southern Oscillation (ENSO), Pacific Decadal 

Oscilation (PDO), Atlantic Multidecadal Oscilation (AMO) and North Atlantic 

Oscilation (NAO) (Sauchyn & Andreichuk, 2017). The models captured the seasonal 

cycle of precipitation in the SSRB and QRB, but all of them overestimate winter 

snowfall and some significantly underestimate summer rainfall. Given this uncertainly in 

the modeling of regional precipitation, a climate change scenario should be based only 

on the relative differences between runs of the same model (Sauchyn & Andreichuk, 

2017). Comparing Figures 3.4a to 3.4b, and Figure 3.5a to 3.5b reveals the precipitation 

increase in all months, and especially in the winter and early spring. 

Table 3.1 and 3.2 show the projected differences in mean temperature and 

precipitation between 1971-2000 and 2041-2070 on annual and seasonal (winter and 

summer) scales. All models show a temperature increase in both river basins, with a 

mean annual rise of 2.9 °C for SSRB and 3.3 °C for QRB. All models but one reveal a 

rise in precipitation over SSRB with a mean annual increase of 10.3%; ECP2gfdl shows 

a slight decrease by 0.6%. 
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Table 3.1: Possible annual and seasonal climate change over the SSRB for the 2050s 
(2041-2070). The changes are the difference in mean temperature and precipitation 
between 1971-2000 and 2041-2070. 
RCMs Annual Winter (DJF) Summer (JJA) 

temp (°C) prec (%) temp (°C) prec (%) temp (°C) prec (%) 
CRCMccsm 3.0 6.5 3.3 13.0 3.7 -6.7 
CRCMcgcm3 2.5 6.7 3.3 21.9 2.6 -2.6 
ECP2gfdl 1.7 -0.6 3.3 -0.3 1.1 1.4 
HRM3gfdl 2.7 0.3 3.1 -8.3 3.6 -3.1 
HRM3hadcm3 2.8 4.8 3.1 3.5 3.1 -3.9 
MM5Iccsm 2.1 7.7 2.2 10.8 1.8 3.0 
MM5Ihadcm3 2.6 9.4 3.1 3.4 2.6 15.3 
RCM3cgcm3 2.2 13.4 2.6 11.7 2.1 13.2 
RCM3gfdl 1.9 4.7 2.6 4.1 2.2 3.0 
CRCM4cesm2 3.7 20.5 4.0 16.7 4.8 11.6 
CRCM5cesm2 4.2 1.5 4.2 7.1 5.3 -22.2 
CRCM5mpiesmmr 3.6 17.0 3.5 12.0 3.5 19.9 
HIRHAM5ecearth 2.4 5.0 2.6 0.3 2.4 0.5 
RCA4cesm2 4.0 30.9 4.8 31.7 4.2 19.3 
RCA4ecearth 3.0 29.7 3.9 24.4 2.7 25.8 
RCM4hadgem2es 3.9 4.1 4.6 14.7 4.9 -16.0 
RCM4mpiesmlr 3.0 13.8 3.3 16.2 3.4 17.0 
Average: 2.9 10.3 3.4 10.8 3.2 4.4 

 

Table 3.2: Possible annual and seasonal climate change over the QRB for the 2050s 
(2041-2070). The changes are the difference in mean temperature and precipitation 
between 1971-2000 and 2041-2070. 
RCMs Annual Winter (DJF) Summer (JJA) 

temp (°C) prec (%) temp (°C) prec (%) temp (°C) prec (%) 
CRCMccsm 3.4 -0.9 4.0 -0.6 3.8 -9.4 
CRCMcgcm3 2.8 9.1 4.0 14.3 2.6 8.7 
ECP2gfdl 2.1 4.5 3.8 12.3 1.2 15.0 
HRM3gfdl 3.1 10.1 3.8 -9.5 3.6 6.3 
HRM3hadcm3 3.0 9.3 3.6 9.2 2.9 -3.4 
MM5Iccsm 2.2 13.3 2.6 6.7 1.5 17.4 
MM5Ihadcm3 3.0 6.9 4.0 7.1 2.7 -6.0 
RCM3cgcm3 2.6 9.5 3.5 4.8 2.2 8.9 
RCM3gfdl 2.0 20.4 3.1 6.7 2.2 25.7 
CRCM4cesm2 4.3 15.4 5.0 17.7 4.8 4.3 
CRCM5cesm2 4.6 3.5 5.0 37.4 5.3 -30.2 
CRCM5mpiesmmr 4.8 7.3 6.1 18.5 3.7 3.9 
HIRHAM5ecearth 2.6 9.3 2.7 10.5 2.3 13.9 
RCA4cesm2 4.6 29.2 5.8 35.7 4.2 14.5 
RCA4ecearth 3.7 26.7 4.8 16.4 2.9 21.5 
RCM4hadgem2es 4.3 -4.3 5.9 11.4 5.2 -22.9 
RCM4mpiesmlr 3.3 9.4 3.9 8.7 3.6 4.2 
Average: 3.3 10.5 4.2 12.2 3.2 4.3 
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For the QRB, a mean annual increase in precipitation is 10.5%, with two models 

showing a slight decrease by 0.9% (CRCMccsm) and 4.3% (RCM4hadgem2es) 

respectively. Comparison of the winter and summer seasons reveals that there is more 

warming in the winter than summer. Both seasons are wetter. For the SSRB, only two 

(ECP2gfdl; HRM3gfdl) of the 17 models project less precipitation during winter. The 

summer season might be drier according to six RCMs (Table 3.1), CRCM5cesm2 reveals 

an extreme 22.2% decrease in precipitation for this basin. For the QRB, two RCMs 

(CRCMccsm; HRM3gfdl) project less precipitation during winter, and five models 

(Table 3.2) during the summer. CRCM5cesm2 is the driest model for the summer 

season; it predicts a 30.2% decrease in precipitation. 

 

3.2 Determination of the best two runoff estimation methods 

20th century runoff was simulated using the six direct runoff estimation methods: 

total runoff (mrro), surface runoff (mrros), and the four functional forms of aridity 

indices (Schreiber, Ol’dekop, Budyko and Turc-Pike). The simulated runoff was then 

compared to the observed runoff using quantitative indicators of goodness of fit (i.e. the 

Kolmogorov-Smirnov (K-S) test and a bias metric). In accordance with the statistics, 

mrro is the best direct runoff estimate in modelling the observed flow for the SSRB 

(Table 3.3, Figure 3.6 and 3.7). Mrro has the lowest K-S statistic for four out of ten 

RCMs and the second lowest K-S statistic for two models in addition (Table 3.3). 

Despite the fact that the simulated historical mrro usually has the lowest K-S statistics of 

the six direct runoff estimates, it is significantly different (p > 0.05) from the observed 

runoff in most cases (seven out of ten models). Also, mrro has the lowest absolute value 
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of the bias statistic for three RCMs (ECP2gfdl, HRM3gfdl, HRM3hadcm3), and the 

second lowest absolute value in an additional three models (MM5Ihadcm3, 

RCM3cgcm3, RCM3gfdl) (Table 3.3, Figure 3.7). A possitive bias with mrro gives more 

runoff than observed for six RCMs. 

For the calibrated SPEI-based downscaling for the SSRB, the K-S statistics 

indicate that the cumulative distribution function (CDF) is not significantly different 

from the CDF for observed runoff (Table 3.3, Figure 3.6). The values of the K-S and bias 

statistics are consistently low (Table 3.3). The results from SPEI-derived downscaling 

cannot be directly compared to those from the six direct runoff estimates because the 

downscaling method is calibrated to the observed runoff and will a priori be very similar 

to it. 

The attempt to model the QRB runoff using direct runoff estimates was 

unsuccessful, as none of the six direct runoff estimates was significantly different at the 

0.05 level from the observed runoff (Table 3.4). The only case with a significant result 

was for the CRCMccsm model using the functional form of Turc (p = 0.10). A possible 

reason for this lack of good results could be the use of apportionable, not naturalized 

flow for the QRB. Therefore, the QRB runoff has not been projected using direct runoff 

estimation methods. In order to determine the possible changes for the basin runoff, the 

raw (not-bias corrected) historical mrro will be compared to the raw future mrro for 10 

RCMs.
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Figure 3.6: Goodness of fit indicators (Kolmogorov-Smirnov statistics) obtained for total 
runoff (mrro), surface runoff (mrros), the four functional forms of aridity index 
(Schreiber, Ol’dekop, Budyko and Turc) and SPEI for 10 RCMs for the SSRB. The 
black dashed line denotes the 0.05 significance level. Points beneath the black line 
signify that the CDF of the runoff variable for that RCM is not significantly different 
from the CDF of the observed runoff (original in colour). 
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Figure 3.7: Goodness of fit indicators (bias statistics) obtained for total runoff (mrro), 
surface runoff (mrros), the four functional forms of aridity index (Schreiber, Ol’dekop, 
Budyko and Turc) and SPEI for 10 RCMs for the SSRB. The black dashed line denotes 
zero bias (original in colour). 
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Table 3.3: Goodness of fit indicators (Kolmogorov-Smirnov and bias statistics) obtained 
for total runoff (mrro), surface runoff (mrros), the four functional forms of aridity index 
(Schreiber, Ol’dekop, Budyko and Turc) and SPEI for 10 RCMs for the SSRB. 
Significant changes (p > 0.05) are shown in bold. 
 CRCM4 

cesm2 
CRCM 
ccsm 

CRCM 
cgcm3 

ECP2 
gfdl 

HRM3 
gfdl 

HRM3 
hadcm3 

MM5I 
ccsm 

MM5I 
hadcm3 

RCM3 
cgcm3 

RCM3 
gfdl 

K-S on CDFs empirical:  
mrro 0.63 0.33 0.33 0.30 0.23 0.17 0.76 0.33 0.10 0.57 
mrros 0.73 0.33 0.30 0.37 1.00 1.00 0.79 0.73 0.10 0.50 
Schreiber 0.33 0.47 0.43 0.67 0.97 0.83 0.38 0.57 1.00 1.00 
Ol'dekop 0.33 0.77 0.37 0.27 0.77 0.60 0.66 0.20 0.70 1.00 
Budyko 0.17 0.67 0.13 0.43 0.90 0.73 0.45 0.40 0.90 1.00 
Turc 0.30 0.77 0.23 0.30 0.80 0.67 0.62 0.30 0.83 1.00 
SPEI 0.13 0.13 0.10 0.13 0.13 0.10 0.13 0.13 0.10 0.10 
p's for K-S: 
mrro 0.00 0.05 0.05 0.11 0.34 0.76 0.00 0.05 1.00 0.00 
mrros 0.00 0.05 0.11 0.03 0.00 0.00 0.00 0.00 1.00 0.00 
Schreiber 0.05 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
Ol'dekop 0.05 0.00 0.03 0.20 0.00 0.00 0.00 0.54 0.00 0.00 
Budyko 0.76 0.00 0.94 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Turc 0.11 0.00 0.34 0.11 0.00 0.00 0.00 0.11 0.00 0.00 
SPEI 0.94 0.94 1.00 0.94 0.94 1.00 0.94 0.94 1.00 1.00 
Bias: 
mrro -0.41 0.26 0.20 -0.11 0.08 0.01 -0.42 -0.10 0.02 0.41 
mrros -0.44 0.26 0.14 -0.17 -0.98 -0.99 -0.52 -0.45 0.01 0.36 
Schreiber 0.23 -0.21 0.29 0.56 1.15 1.01 -0.13 0.54 1.44 2.29 
Ol'dekop -0.19 -0.51 -0.16 0.14 0.66 0.54 -0.38 0.05 0.81 1.59 
Budyko 0.03 -0.35 0.07 0.36 0.91 0.78 -0.25 0.31 1.14 1.95 
Turc -0.13 -0.49 -0.08 0.21 0.76 0.62 -0.38 0.16 0.99 1.81 
SPEI 0.00 -0.02 0.00 0.00 -0.02 -0.02 -0.01 -0.02 0.00 0.01 
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Table 3.4: Goodness of fit indicators (Kolmogorov-Smirnov and bias statistics) obtained 
for total runoff (mrro), surface runoff (mrros), the four functional forms of aridity index 
(Schreiber, Ol’dekop, Budyko and Turc) for 10 RCMs for the QRB. Significant changes 
(p > 0.05) are shown in bold. 
 CRCM4 

cesm2 
CRCM 
ccsm 

CRCM 
cgcm3 

ECP2 
gfdl 

HRM3 
gfdl 

HRM3 
hadcm3 

MM5I 
ccsm 

MM5I 
hadcm3 

RCM3 
cgcm3 

RCM3 
gfdl 

K-S on CDFs empirical:  
mrro 0.63 0.87 0.71 1.00 0.50 0.67 0.41 1.00 0.96 1.00 
mrros 0.63 0.87 0.71 1.00 0.50 0.75 0.41 1.00 0.96 1.00 
Schreiber 0.96 0.70 1.00 1.00 0.96 1.00 0.77 1.00 1.00 1.00 
Ol'dekop 0.92 0.65 0.79 0.96 0.92 0.92 0.68 0.96 1.00 1.00 
Budyko 0.96 0.65 0.96 1.00 0.96 1.00 0.73 1.00 1.00 1.00 
Turc 0.83 0.35 0.75 0.96 0.92 0.88 0.50 0.96 1.00 1.00 
p's for K-S: 
mrro 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 
mrros 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 
Schreiber 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ol'dekop 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Budyko 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Turc 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bias: 
mrro 3.08 4.41 3.10 5.16 1.11 3.18 0.52 7.08 6.78 5.81 
mrros 2.87 4.41 3.08 5.15 -0.65 -0.83 0.49 5.37 6.77 5.81 
Schreiber 9.89 3.31 8.21 11.88 8.58 12.10 4.66 12.67 21.96 21.73 
Ol'dekop 5.46 1.53 4.34 6.75 4.72 7.17 2.28 7.49 15.02 14.72 
Budyko 7.75 2.44 6.33 9.41 6.71 9.73 3.50 10.18 18.65 18.39 
Turc 5.88 1.10 4.71 7.68 5.08 7.92 1.95 8.49 16.93 16.75 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

Two estimation techniques were used to forecast the 21st century runoff of the 

SSRB. Possible changes in mean and variance of projected runoff are discussed in this 

chapter. None of the above methods could be applied to estimate the runoff within the 

QRB, so calculations of historical and future runoff (mrro) were compared for this river 

basin instead and results are presented below.  

 

4.1 SSRB runoff projection results 

Based on the quantile indicators of the goodness of fit (the K-S and bias 

statistics), mrro was the best direct runoff estimate for the SSRB. Therefore, it was used 

to project runoff over 2041-2070 in order to determine possible changes in mean and 

variance of runoff that are likely to occur in the basin. In addition, runoff was projected 

using the statistical downscaling approach based on the SPEI, given a strong linear 

relationship between the 12-month SPEI and standardized observed runoff (Figure 4.1). 

The coefficient of determination (R2) for the ordinary least-squares linear regression 

between the 12-month SPEI and runoff in the SSRB over 1970-2000 is 0.64, F-statistic 

is equal to 49.1 with p-level of 1.3 x 10-7. 

The surface total runoff (mrro) was projected using 10 RCMs (Table 4.1). All 

models but one showed no significant changes in mean annual mrro, as well as the multi-

model mean. CRCM4cesm2 indicated a significant increase in mean runoff by 22.2%. 

This RCM is one of the wetter models (Figure 3.4), since it projects an increase in 

precipitation by 20.5% (Table 3.1), and therefore higher runoff. At the same time 

however, it is one of the warmer RCMs (Figure 3.2) with a projected temperature
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Figure 4.1: Standardized observed runoff versus 12-month SPEI for the SSRB over the statistical downscaling 
calibration period (original in colour).
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Table 4.1: Percent change in mean and variance of annual total surface runoff (mrro) for 
the SSRB between 2041-2070 and 1971-2000 for the nine NARCCAP models and one 
CORDEX model, together with that of the multi-model mean (mm mean). Significant 
changes (p < 0.05) are shown in bold, underlined font, red for significant declines and 
blue for significant increases. 

 RCMgcm pair mm 
mean  CRCM4 

cesm2 
CRCM 
ccsm 

CRCM 
cgcm3 

ECP2 
gfdl 

HRM3 
gfdl 

HRM3 
hadcm3 

MM5I 
ccsm 

MM5I 
hadcm3 

RCM3 
cgcm3 

RCM3 
gfdl 

mean 22.2 7.3 7.0 -8.3 -2.9 8.1 -1.5 9.0 11.8 1.7 5.4 
var 110.1 -7.1 -24.4 17.8 122.9 -8.4 -18.7 210.6 -25.4 -31.2 91.9 
 



 60 

increase of 3.7°C (Table 3.1), which may lead to increased evapotranspiration. The 

variance of mrro might significantly increase according to the three models (Table 4.1), 

while the remaining seven RCMs and a multi-model mean showed no significant 

changes.  

The SPEI-derived mean runoff showed extreme drying over the SSRB (Table 4.2 

and 4.3). The set of 17 RCMs were used for 2041-2070, and all of them projected 

significant declining runoff (Table 4.2). This was confirmed by the multi-model mean 

that showed a significant decrease of 72.9%. Eight RCMs revealed a significant decrease 

in the inter-annual variability of SPEI-derived runoff, whereas a multi-model mean 

showed a slight increase that was not significant (Table 4.2). 

The top three RCMs that projected the driest conditions were CRCM5cesm2 

(99.6%), CRCM4cesm2 (94.1%) and RCA4cesm2 (92.4%). A possible reason for this 

could be the use of the Thornethwaite’s method of estimating evapotranspiration for the 

SPEI calculation. This method is very sensitive to increased temperatures (Bonsal et al., 

2017) and the above three models projected the temperature rise by 4.2, 3.7 and 4.0°C 

respectively (Table 3.1). At the same time, RCM4hadgem2es projected the third greatest 

temperature increase (3.9°C) and showed 73.2% drying, which ranks seventh in overall 

greatest drying. Thus, there is no direct correlation between an increase in temperature 

and extreme dryness. Projected decreasing runoff from this technique is a result of the 

12-month SPEI becoming strongly negative in the 21st century (Figure 4.2). The other 

models indicated similar results that are not shown here.  

Furthermore, the SPEI-derived runoff was projected over 2071-2100 to determine 

if the drying conditions would worsen over the next 30 years (Table 4.3). Only eight
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Table 4.2: Percent change in mean and variance of runoff estimated from SPEI-based 
downscaling for the SSRB between 2041-2070 and 1971-2000 for the nine NARCCAP 
and eight CORDEX models, together with that of the multi-model mean (mm mean). 
Significant changes (p < 0.05) are shown in bold, underlined font, red for significant 
declines and blue for significant increases. 

 RCMgcm pair (NARCCAP) 

 CRCM 
ccsm 

CRCM 
cgcm3 

ECP2 
gfdl 

HRM3 
gfdl 

HRM3 
hadcm3 

MM5I 
ccsm 

MM5I 
hadcm3 

RCM3 
cgcm3 

RCM3 
gfdl 

mean -72.8 -63.2 -46.3 -84.2 -71.9 -50.6 -48.0 -49.9 -40.0 
var -53.8 -50.3 97.4 -41.2 -17.4 -66.9 29.7 -47.8 -24.6 

 RCMgcm pair (CORDEX) mm 
mean  CRCM4 

cesm2 
CRCM5 
cesm2 

CRCM5 
mpiesmmr 

HIRHAM5 
ecearth 

RCA4 
cesm2 

RCA4 
ecearth 

RCM4 
hadgem2es 

RCM4 
mpiesmlr 

mean -94.1 -99.6 -81.8 -81.7 -92.4 -63.9 -73.2 -66.5 -72.9 
var -72.4 -99.4 -58.2 -54.1 -81.0 -10.8 -4.3 -72.1 3.5 
 

Table 4.3: Percent change in mean and variance of runoff estimated from SPEI-based 
downscaling for the SSRB between 2071-2100 and 1971-2000 for the eight CORDEX 
models, together with that of the multi-model mean (mm mean). Significant changes     
(p < 0.05) are shown in bold, underlined font, red for significant declines and blue for 
significant increases. 

 RCMgcm pair mm 
mean  CRCM4 

cesm2 
CRCM5 
cesm2 

CRCM5 
mpiesmmr 

HIRHAM5 
ecearth 

RCA4 
cesm2 

RCA4 
ecearth 

RCM4 
hadgem2es 

RCM4 
mpiesmlr 

mean -100.0 -100.0 -98.6 -95.4 -100.0 -96.5 -98.9 -88.9 -97.3 
var -100.0 -100.0 -96.3 -77.3 -100.0 -82.1 -96.5 -85.9 -93.8 
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Figure 4.2: Projected SPEI over the SSRB for 1971-2100 from the RCM4mpiesmlr.
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models were used for this part of the research, as their runs cover the period from 1950 

to 2100. All models showed a significant decline in mean and variance of runoff. The 

multi-model mean indicated a significant decrease by 97.3% and 93.8% respectively. 

CRCM4cesm2, CRCM5cesm2 and RCA4cesm2 remain the driest models showing a 

100% decrease in mean and variance of annual runoff. 

Noticeably, projected runoff scenarios for the SSRB are quite opposite according 

to the above estimation methods that were used. Mrro projected no significant changes in 

mean and variance of annual runoff with one model forecasting mild wetting, while the 

SPEI-based statistical downscaling forecasted severe drying. Considering the strong 

correlation between the 12-month SPEI and runoff in the SSRB, SPEI-based statistical 

downscaling has great potential for this region, but might require further improvement 

which will be discussed in Chapter 5. Thus, the mrro projected runoff scenario is more 

likely to occur. 

Table 4.4 shows the possible changes in mean annual and seasonal runoff (mrro) 

in mm/day for the SSRB between 1971-2000 and 2041-2070. Seven models projected a 

slight increase in mean annual mrro, two revealed no changes and one model (ECP2gfdl) 

showed a decrease of 0.02 mm/day. A multi-model average projected an increase of 0.02 

mm/day. A comparison of the seasonal changes shows that winter would be wetter with 

an average increase of 0.06 mm/day, and summer would be drier with a projected mean 

decrease of 0.02 mm/day. Multi-model mean reveals wetter spring with an increase of 

0.02 mm/day and slightly wetter fall with an 0.01 mm/day increase. Mean monthly 

runoff over the SSRB for the 10 RCMs for historical and future runs with a multi-model 

mean is shown on Figure 4.3. 
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Table 4.4: The difference in annual and seasonal mean mrro (mm/day) between 1971-
2000 and 2041-2070 for the SSRB. 
RCMs Annual Spring (MAM) Summer (JJA) Fall (SON) Winter (DJF) 
CRCMccsm 0.02 -0.09 -0.05 0.01 0.22 
CRCMcgcm3 0.01 0.14 -0.12 -0.01 0.05 
ECP2gfdl -0.02 -0.03 -0.05 0.00 0.00 
HRM3gfdl 0.00 0.01 -0.03 0.00 0.01 
HRM3hadcm3 0.03 0.13 -0.06 0.02 0.02 
MM5Iccsm 0.00 -0.06 0.00 0.00 0.04 
MM5Ihadcm3 0.04 0.00 0.09 0.03 0.05 
RCM3cgcm3 0.03 -0.01 0.00 0.03 0.12 
RCM3gfdl 0.01 0.03 -0.04 0.00 0.03 
CRCM4cesm2 0.06 0.09 0.07 0.01 0.06 
Average: 0.02 0.02 -0.02 0.01 0.06 
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a) 

 
 
 

b) 

 
 

Figure 4.3: Mean monthly runoff (mm/day) over the SSRB for the 10 RCMs for (a) 
historical (1971-2000) and (b) future (2041-2070) runs (original in colour). 
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4.2 QRB runoff projections results 

Since the modelling of the historical runoff of the Qu’Appelle River using direct 

runoff estimation methods was unsuccessful, future runoff utilizing the above techniques 

could not be projected. In order to determine the possible changes for basin runoff, the 

difference in mean total surface runoff (mrro) between 1971-2000 and 2041-2070 was 

computed and is shown in Table 4.5. Seven out of 10 RCMs revealed a slight increase in 

mean annual mrro with an average rise of 0.02 mm/day. The historical mean annual 

runoff for the QRB is 0.07 mm/day (Government of Canada, 2016), thus 0.02 mm/day 

increase is equal to approximately 29%. RCM3gfdl projected the highest rise of 0.08 

mm/day and CRCMccsm showed the decrease of 0.03 mm/day. A comparison of the 

seasonal changes shows that both summer and winter would be wetter, with an average 

increase of 0.05 mm/day and 0.03 mm/day respectively. Spring might be drier with a 

predicted mean decrease of 0.02 mm/day. CRCMccsm is the driest model for this season 

projecting the decline in runoff by 0.17 mm/day. Fall would be slightly wetter with 

multi-model average of 0.01 mm/day. Figures 4.4a and 4.4b reveals the potential shift of 

the peak runoff from April to March, and additional peak in June.  
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Table 4.5: The difference in annual and seasonal mean mrro (mm/day) between 1971-
2000 and 2041-2070 for the QRB. 
RCMs Annual Spring (MAM) Summer (JJA) Fall (SON) Winter (DJF) 
CRCMccsm -0.03 -0.17 0.00 0.00 0.04 
CRCMcgcm3 0.01 0.00 0.01 0.01 0.02 
ECP2gfdl 0.00 -0.07 0.05 0.01 0.02 
HRM3gfdl 0.03 0.06 0.08 -0.03 0.00 
HRM3hadcm3 0.01 0.04 0.01 0.01 0.01 
MM5Iccsm 0.01 0.00 0.03 0.00 0.01 
MM5Ihadcm3 0.02 0.00 0.04 0.01 0.03 
RCM3cgcm3 0.00 -0.09 0.03 0.02 0.04 
RCM3gfdl 0.08 0.07 0.21 0.04 0.01 
CRCM4cesm2 0.04 -0.04 0.08 0.01 0.08 
Average: 0.02 -0.02 0.05 0.01 0.03 
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a) 

 
 
 

b) 

 
 

Figure 4.4: Mean monthly runoff (mm/day) over the QRB for the 10 RCMs for (a) 
historical (1971-2000) and (b) future (2041-2070) runs (original in colour).
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

This chapter concludes research on the projection of the SSRB and QRB future 

(2041-2070) runoff using NARCCAP and CORDEX data. The chapter provides a 

summary of major findings and recommendations for future research. 

 

5.1 Conclusions 

This research was conducted to examine how climate change could affect the 

water supply of solution potash mining in southern Saskatchewan. In the last decade, 

there has been an increased number of new potash mine developments within the 

province, and solution potash mining is heavily reliant upon water availability. The 

objective of this study was to project changes in the SSRB and QRB runoff using a large 

set of RCMs from the NARCCAP and CORDEX scientific programs. Seven different 

runoff estimation techniques, total runoff (mrro), surface runoff (mrros), four aridity 

indices (i.e., Budyko, Ol’dekop, Schreiber and Turc) and statistical downscaling, were 

used to simulate the observed runoff and its annual cycle over 1971-2000, in order to 

identify the best two estimation methods of observed runoff. The performance of the 

streamflow estimates was evaluated using the quantile indicators of goodness of fit (K-S 

and bias statistics). Based on the above indicators, mrro and SPEI appeared to be the best 

estimators for the SSRB and were utilized to project the runoff within the basin for the 

21st century. None of the estimation methods could be applied to assess the runoff of the 

QRB, and the difference between historical and future mrro was computed instead. Thus, 

objectives of this research were achieved to a large extent although not completely. 
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Projected changes in the SSRB runoff varied widely for the two best estimators. 

Mrro projected no significant changes in mean and variance of annual runoff with one 

model forecasting mild wetting. Seasonal analysis showed that winter and spring would 

be wetter, summer would be drier, and fall would remain relatively the same. Contrarily, 

SPEI predicted severe drying (-72.9%) over 2041-2070 that would worsen within the 

next 30 years (2071-2100). The mrro projected runoff scenario is more likely to occur, as 

SPEI might require further improvement in the PET calculation.  

Comparison of historical (1971-2000) and future (2041-2070) mrro showed a 

potential increase of 29% in mean annual runoff in the QRB. Both summer and winter 

would be wetter, with the higher increase for the summer season, while spring might be 

drier. Fall would be slightly wetter. The peak runoff might occur one month earlier, in 

March not April, and additional minor peak is expected in June. 

Therefore, in accordance to mrro projections, the water supplies in southern 

Saskatchewan would remain relatively constant with a chance of a slight increase. 

However, the seasonal distribution of flow could change dramatically, especially in the 

QRB. Since the present flow of the Qu’Appelle River is mainly water diverted from the 

SSR, it is highly important to study possible changes in runoff due to natural variability, 

as it could influence the diversion regime. Also, the severe declines of runoff in the 

SSRB projected by the SPEI-based downscaling method has to be taken into account, 

even though the methodology might need further improvement. Such severe drying 

could lead to water conflicts and would require improved adaptation strategies.  

Even though mean annual runoff is not projected to differ significantly, the 

changes in seasonal and intra-annual flow variability, such as timing, intensity and 
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frequency of a flow, might require further development of enhanced adaptation 

strategies. There are several ways of using the findings of this research for seasonal and 

annual distribution analysis. First, seasonal and annual runoff, temperature, and 

precipitation results might be used to identify possible extreme climatic conditions and 

potential effects of these conditions on the potash industry. Second, the large set of 

models that was used for this research can be narrowed to only three, which represent 

extreme wet, extreme dry, and the median conditions, that will be used for distribution 

analysis. Lastly, the projecting performance of CORDEX models can be evaluated using 

2001-2017 instrumental data to determine the most realistic predictions on seasonal and 

annual scales. Overall, the using of RCMs is beneficial for adaptation planning, as it 

provides scenarios with a range of potential climatic changes from the baseline 

conditions, and might be incorporated as a mandatory part of the climate change section 

of Environmental Impact Assessment for the future expansion projects and new 

developments in the potash industry.  

The research described throughout this thesis has incorporated a unique and 

innovative approach of projecting changes in runoff within the SSRB and QRB using a 

direct RCM output (mrro) from a large set of models. 

  

5.2 Further recommendations 

Future research. Due to the high importance of the topic, it is recommended to 

continue research on projecting runoff of the SSRB using the SPEI-based statistical 

downscaling technique utilizing Hargreaves method for the PET calculation. Also, it is 

recommended further studies on projecting runoff of the SSRB using direct runoff 
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estimators, when additional variables for CORDEX models, such as mrro, mrros and 

rsdt, will become available. As well, research on projecting runoff of the QRB should be 

pursued, if there is a way to improve apportionable flow for the Qu’Appelle River. 

Taking into account the above recommendations could help to develop a more accurate 

evaluation of potential consequences of climate change on water resources and its 

availability for the municipal, agricultural, and industrial sectors throughout southern 

Saskatchewan. 

Potash industry. Due to changes in seasonal ditribution of precipitation (i.e., 

wetter winters), industry might decrease fresh water use during lower precipitation 

months by storing snowfall. As winter would also become warmer, snowmelt would 

naturally occur earlier, and converting solid precipitation into water might not require 

additional investment. Also, it is highly recommended to consider the cumulative effect 

of all potash mines within a region during seasonal distribution analysis, as water 

consumption might vary from month to month.  
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