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Abstract 

 This research considers the effects of climate change projected by global climate 

models (GCMs) on irrigated agriculture and water supply in Saskatchewan using 27 

different combinations of GCMs, special reports on emissions scenarios (SRES), and 

time periods (2020s, 2050s, 2080s). Future drought events are extracted from the 

scenarios using the Standardized Precipitation-Evapotranspiration Index (SPEI) to 

identify extremely dry conditions, and downscaled to create a daily time-series of 

temperature and precipitation. The CROPWAT agroclimatic model is used to calculate 

irrigation water requirements (IWR) under given conditions for two crops commonly 

grown in rotation, canola and dry beans. This process allows for analysis of current and 

future water demands for irrigated agriculture. Under future drought conditions, IWR 

changes are found to be from -10% to 20% relative to the 2001-02 drought event. The 

resulting water requirement from Lake Diefenbaker, including irrigation expansion to 200 

000 ha, is up to 12% of annual supply volume for irrigation. 
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Chapter 1 - Introduction 

Water is essential for life, and in arid and semi-arid environments is a major limiting 

factor to economic growth. The scarce water resources in southern Saskatchewan are 

exceptionally sensitive to changes in hydroclimatic conditions (Pomeroy, et al., 2005; Sauchyn 

& Kulshreshtha, 2008). As such, impact assessments of plausible future hydroclimatic 

conditions and the management challenges that will be experienced are needed. Irrigated 

agriculture is the largest consumptive use of water in Saskatchewan (PFSRB, 2009). Since 

Saskatchewan is heavily reliant on limited water resources, research focused on potential 

changes to the water supply and the major consumptive uses under projections of climate 

change are important for informing adaptation. This thesis focuses on irrigation and potential 

irrigation expansion in Saskatchewan under future climate conditions projected by global climate 

models (GCMs), with a focus on drought events. 

GCMs are forced by scenarios which are different courses of future human development 

around the world including population, economic and technological growth (IPCC, 2001). In this 

study, three Special Report on Emissions Scenarios (SRES) scenarios are used: A1B which is a 

world of rapid economic growth, a mixture of fossil fuel and efficient technologies, with a peak of 

population near 2050s; A2 which is a world with high population growth and slow technological 

and economic development; and B1 which shows lowest population and economic growth, 

focusing on locally sustainable solutions (IPCC, 2007). The three scenarios drive the projected 

changes in global climate. However, GCMs are computationally expensive and are as such 

required to be of a coarser resolution than is required for local or regional impact assessments; 

they also contain assumptions, biases, and uncertainty that need to be accounted for (Barrow, 

2010). Therefore, several combinations of emissions scenarios and GCMs should be 
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considered to provide a range of plausible conditions that bracket future possibilities and 

attempt to address the uncertainty of any single GCM.  

The standardized precipitation-evapotranspiration index (SPEI) is computed for each 

GCM scenario to detect which months are considered droughts. The drought events are then 

downscaled using the Long-Ashton Research Station Weather Generator (LARS-WG) to create 

a daily time series of temperature and precipitation. Finally, the downscaled time-series are 

analyzed for daily irrigation water requirements (IWR) using the United Nations Food and 

Agriculture Organization (FAO)-developed CROPWAT agroclimate model.  

This thesis constructs nine future climate scenarios for the purpose of assessing the 

effects of climate change on irrigated agriculture in and around Outlook, Saskatchewan in the 

South Saskatchewan River Irrigation District (SSRID). 

1.1 Thesis Objectives 

The objectives for this thesis are: 

1. To use GCM outputs to develop future drought projections for the SSRID region. 

Specifically, this involves providing a range of future scenarios in the SSRID representing 

optimistic to extreme estimates of future conditions using the United Kingdom’s Hadley 

Centre climate model version 3 (HadCM3), Canada’s third generation coupled global climate 

model (CGCM3) T47, and CGCM3 T63 climate models forced by the A1B, A2, and B1 

emissions scenarios; while using the SPEI to define future ‘drought events’.  

2. To compare projected future IWR during drought events to those of SPEI-Neutral years as 

well as the 2001-02 drought event in order to illustrate magnitude of change in water 

requirements for irrigated agriculture in the SSRID. Specifically, this involves using the 

CROPWAT agroclimate model to calculate crop water requirements (CWR) and IWR for 
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multiple crops in comparison with past streamflow and Lake Diefenbaker supply levels to 

show the proportion of total water capacity consumed by irrigation. 

1.2 Study Site and Scope 

1.2.1 Study Site 

This study focuses on Outlook, Saskatchewan and the surrounding area including both 

the South Saskatchewan River (SSR) and the SSRID. Outlook is located on the banks of the 

South Saskatchewan River in the heart of the Saskatchewan Prairies approximately 80 km 

southeast of Saskatoon, Saskatchewan. In this semi-arid region, agriculture is the major 

economic activity and extensive expansion of irrigation is proposed for the short- and long-term 

future (Ministry of Agriculture, 2013; Saskatchewan Irrigation Projects Association, 2008). This 

location is also near the farthest east end of the South Saskatchewan River Basin (SSRB) 

which extends from the Rocky Mountains in southern Alberta to the west and ends east of 

Prince Albert, Saskatchewan where it meets the North Saskatchewan River to form the 

Saskatchewan River. The SSRB drains the eastern slopes of the Rocky Mountains and east 

through the Prairies with a gross drainage area of nearly 120 000 km2 (Saskatchewan Water 

Security Agency, 2012). Although the gross drainage area for Lake Diefenbaker is large, only a 

small portion of this area (“effective drainage”) contributes runoff during floods with a return 

period of two years (Saskatchewan Water Security Agency, 2012). The remainder of the gross 

drainage area is non-contributing, meaning that, during a two-year return period, surface water 

does not drain directly into the tributaries of the South Saskatchewan River or Lake Diefenbaker 

(Pomeroy et al., 2005; Saskatchewan Water Security Agency, 2012). Figure 1.1 highlights the 

non-contributing areas for Saskatchewan in red, and illustrates pervasive non-contributing 

drainage across the southern portion of the province. 
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Figure 1.1 - Non-contributing drainage areas in Saskatchewan. Source: Pomeroy et al., (2005) 
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Outlook was chosen due to its location on the South Saskatchewan River north of the 

Gardiner Dam on Lake Diefenbaker and in the rural municipality of Rudy which is the most 

intensively irrigated in Saskatchewan. Outlook is also the location of the Canada-Saskatchewan 

Irrigation Diversification Centre and the Outlook Prairie Farm Rehabilitation Administration 

(OPFRA) weather station (Station ID: 4055736) which has high quality daily resolution climate 

data recorded since 1953 and hourly data from 1996 to present for a wide variety of variables. 

The combination of a closely monitored water supply (Lake Diefenbaker), heavily irrigated 

cropland (SSRID), and a relatively long record of climate data (OPFRA) is not found elsewhere 

in Saskatchewan. The SSRID region also has potential to double the current irrigated land area 

to a total of 202 000 hectares through expansion and infill of existing irrigation districts (Figure 

1.2B). 
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Figure 1.2 - Study location in the regional (A) and local (B) context. Current irrigation extent and 
future expansion and infill. Sources of data: GeoBase; Ministry of Agriculture (2013). 
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1.2.2 Scope 

This thesis places a particular focus on irrigation, as it is the largest consumptive use of 

water in Saskatchewan. Although mining, energy production, habitat, flood protection, and 

recreation uses of Lake Diefenbaker water are important to both the environment and people of 

Saskatchewan, these are outside the scope of this thesis. Hydroclimatic change, emission 

scenarios, agricultural decisions and irrigation water requirements are used to inform this 

analysis of irrigation. This means that industrial, economic, and recreational uses, as well as 

any linkages between these factors and hydroclimatic change, are not undertaken herein, but 

are of obvious importance in any subsequent analysis of Lake Diefenbaker stemming from this 

work. Extreme wet years are not considered in this work.  

1.3 Southern Saskatchewan’s Climate 

 The climate of southern Saskatchewan is characterized by long cold winters and a short 

hot summer. However, the region is also one of the most highly variable regions in the world 

(Sauchyn, 2010). The variability is also much higher during the winter months (Table 1.1). The 

combination of both extreme and highly variable climate makes southern Saskatchewan a 

challenging region for agriculture but it is also very productive. The development of the soils in 

southern Saskatchewan is also directly linked to the long cold winter, and changes in the 

severity and length of winter can have a major impact upon the viability of the soils and 

therefore on agriculture (Pomeroy et al., 2005). Table 1.1 outlines the 1971-2000 normals for 

the OPFRA station during the summer (June – August) and winter months (December – 

February). Precipitation is even more variable than temperatures in southern Saskatchewan. 

The majority of precipitation falls as rain during convective summer storms. However, much of 

the soil water that is used for agriculture in the spring falls as snow and accumulates until nival 

melt saturates the soil (Pomeroy et al., 2005). Therefore a shift in winter precipitation from 

nearly all snow to a mixture of rain and snow would be detrimental as the leftover snow may not 
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provide sufficient soil moisture at the start of the growing season. The future climate for the 

region is generally warmer and wetter (Chapter 3, 4). 

Table 1.1- 1971-2000 Temperature and Precipitation Normals for Outlook Prairie Farm 
Rehabilitation Administration Weather Station 

Season Mean 
(°C) 

Minimum 
(°C) 

Maximum 
(°C) 

Mean 
St. 
Dev. 
(°C) 

Extreme 
Minimum 
(°C) 

Extreme 
Maximum 
(°C) 

Precipitation 
(mm) 

Summer1 17.8 10.9 24.7 1.57 -1.7 40 159.1 

Winter2 -12.6 -17.3 -7.8 4.83 -42 12.3 40.1 

1 June, July, August 2 December, January, February 

1.4 Water Supply 

Of all the water arriving in Lake Diefenbaker, an average of only 2% originates in 

Saskatchewan with the remainder coming from Alberta and Montana (Saskatchewan Water 

Security Agency, 2012). The SSRB and Lake Diefenbaker are fed by seven sub-watersheds: 

the St. Mary’s in Montana, Bow, Oldman, Red Deer, South Saskatchewan in Alberta, and Swift 

Current Creek and South Saskatchewan in Saskatchewan. The South Saskatchewan is broken 

into two sub-watersheds: the Alberta portion, and Saskatchewan portion. The only major 

tributary in Saskatchewan is Swift Current Creek which accounts for half of the 2% originating in 

Saskatchewan (Saskatchewan Water Security Agency, 2012). Furthermore, the irrigated areas 

of the Oldman, Bow, and South Saskatchewan sub-basins together comprise almost three 

quarters of the irrigated land in Canada (PFSRB, 2009). Since most of the water Saskatchewan 

relies on originates outside the province, changes occurring in these areas are key variables in 

any future analysis of water supply in Saskatchewan. 

 Lake Diefenbaker is a reservoir created by the damming of the Saskatchewan River 

Valley by the Gardiner and Qu’Appelle dams in 1967. The purposes for Lake Diefenbaker are to 

supply a water source for irrigation, municipalities, and industry, recreation, flood control, and 
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hydroelectric power generation. Saskatchewan Water Security Agency (WSA) is developing a 

priority order for these purposes, as there has been no priority order among these purposes to 

date (Saskatchewan Water Security Agency, 2012). Lake Diefenbaker also provides an readily 

calculable water supply for meeting crop and irrigation water requirements as both inflow and 

outflow are continuously monitored.  

1.5 Thesis Organization 

The body of this thesis is presented as two manuscripts in Chapters 3 and 4. Chapter 2 is a 

literature review of relevant hydroclimatic change, including climate change impact studies, 

droughts and drought indices, and evapotranspiration from cropland. Chapter 3 is the first 

manuscript covering the process used to construct future climate conditions and choose drought 

events under future conditions. Chapter 4 is the second manuscript which examines 

evapotranspiration and irrigation water requirements of crops under the drought and their 

consequences for water supply. Chapter 5 presents the results of the study and the implications 

for agriculture in southern Saskatchewan and future research that flow from this study. 
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Chapter 2 - Literature Review 

This literature review examines the two main objectives outlined in Chapter 1.1 

regarding climate change and how it will affect irrigated agriculture and water supply in 

Saskatchewan. Specifically:  

1. Climate change scenarios and their application for the creation of future 

drought events at a high resolution using downscaling techniques. 

2. The use of the CROPWAT agroclimate model for the estimation of 

irrigation water requirements (IWR) and the effect of IWR on a limited 

water supply. 

2.1 Climate Change and Drought in the Canadian Prairies 

Research on climate change in the Canadian Prairies has been a focus of many 

researchers in Saskatchewan in recent years. Current results generally agree on a 

warmer future for the Prairies, while precipitation results are more variable with models 

projecting both wetter and drier futures (Barrow, 2009; Lapp et al., 2009; Sauchyn & 

Kulshreshtha, 2008). Research conducted during the past two decades is now resulting 

in important changes to the management of Saskatchewan’s water resources  

(Saskatchewan Watershed Authority, 2012). Two extensive studies have recently been 

conducted on the changes to be expected in the Prairie region. The first is From 

Impacts to Adaptation: Canada in a Changing Climate 2007 in which the “Prairies” 

chapter provides extensive regional analysis of both the expected changes to the 

climate, as well as some of the impacts the changes will have on major sectors in the 

region (Sauchyn & Kulshreshtha, 2008; Warren et al., 2008). “Prairies” cites issues of 

water scarcity as the primary challenge in the region as a result of the analysis of the 

various scenarios, reconstructions, and models run for the water supply and climate. 
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Sauchyn and Kulshreshtha (2008) cite temperature, precipitation, evapotranspiration, 

and snow and ice cover changes as the main factors governing the hydrologic cycle. 

Temperature change for the Prairies region over the instrumental record shows a 

warming of 1.6°C and declines in streamflow for upstream rivers (Bow, Red Deer, and 

Oldman) and inflow into Lake Diefenbaker ranging from -4% to -13% (Pietroniro et al., 

2006; Sauchyn & Kulshreshtha, 2008; Sauchyn & Vanstone, 2013). This regional scale 

study provides an excellent base for further studies at finer resolution that may be useful 

for planning and adaptation at the local scale. 

The second large work is The New Normal (2010) which greatly expands upon 

“Prairies” and updates much of the information (Sauchyn et al., 2010). The New Normal 

outlines key implications of climate change on the Prairies’ water supply, including the 

timing of spring runoff in the Rocky Mountains and increased water demand due to 

longer, and warmer, summers. Changes in mean annual temperature by the 2080s 

range from 4-6°C on the Prairies while precipitation changes range from an increase of 

10% to a maximum of 50% (Barrow, 2009; Sauchyn et al., 2010). Case studies are also 

examined which help contextualize the serious nature of the climate change threat to life 

in the Prairies. For example, earlier onset of spring runoff in the St. Mary River will 

require changes in management of the water supply to accommodate increased late 

season demands in addition to flood control (MacDonald et al., 2010).  

2.2 Lake Diefenbaker Operations and Purpose 

Development of Lake Diefenbaker began in 1958 for the main purpose of 

providing a reliable water source for irrigating 202 000 ha, while also providing 

hydroelectric power generation, recreation, flood control, and urban and rural water 

supply (Saskatchewan Watershed Authority, 2012). The lake was formed by damming 

the valley with both the Gardiner and Qu’Appelle dams creating the largest water body 



 

13 
 

in southern Saskatchewan. The full supply level (FSL) of Lake Diefenbaker is 556.87 

masl, while hydroelectric intakes at the Gardiner Dam require a minimum supply level of 

522.73 masl. Figure 2.1 shows the lake capacity relative to lake level between FSL and 

empty (500 masl). The difference between maximum and minimum supply create a live 

storage capacity of 8 300 000 dam3; which is roughly equivalent to the annual flow 

volume of the South Saskatchewan River measured below the confluence of the Red 

Deer River (Saskatchewan Watershed Authority, 2012). Pomeroy and Shook (2012) 

have argued that operating procedures are ad hoc with few formal rules for operation, in 

addition to minimal monitoring relative to other major North American reservoirs.  

The three Prairie Provinces reached an agreement for sharing water resources 

in the form of the Master Agreement on Apportionment in 1969. This agreement 

governs the water quantity and quality in all interprovincial eastward flowing rivers, 

including the South Saskatchewan River. In this agreement, Saskatchewan is required 

to pass one-half of the water volume received from Alberta plus one-half of the natural 

flow originating in Saskatchewan to Manitoba (Prairie Provinces Water Board, 2009; 

Saskatchewan Watershed Authority, 2012). Saskatchewan has not experienced any 

difficulty fulfilling these obligations, in part because there is minimal water consumption 

in the North Saskatchewan River basin.  

Blackwell (1963) evaluated the minimum flow requirements downstream of 

Gardiner Dam, including dilution of sewage effluent, ferry crossings and water 

requirements of smaller hydroelectric facilities and private irrigators (Blackwell, 1963 as 

cited in Saskatchewan Watershed Authority, 2012, p.28). This study concluded that 

minimum flow at Saskatoon to meet these needs is 42.5 m3s-1. The ‘preferred flow 

range’ for users downstream to be somewhat higher, between  60 and 150 m3s-1 during 

the recreation season and summer months (South Saskatchewan River Basin Study, 
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1991 as cited in Saskatchewan Watershed Authority, 2012, p.28). These limited 

constraints are augmented by annual lake level targets for certain uses, particularly the 

limits for irrigation districts at 551.5 masl for the upstream end of the lake to 549.86 masl 

for the West Side pumping plant near the Gardiner Dam (Figure 2.2). The minimum safe 

operating level to prevent damage to the dam by wave action below the level of 

protective riprap is 548 masl (Saskatchewan Watershed Authority, 2012). Using 548 

masl as the minimum supply level for future irrigation, Figure 2.1 indicates the total 

volume for available irrigation at FSL is approximately 2 860 000 dam3 (Saskatchewan 

Watershed Authority, 2012). Figure 2.3 outlines the filling objectives for certain dates as 

well as the upper and lower operating levels for Lake Diefenbaker.  
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Figure 2.1 - Area and Capacity Curves for Lake Diefenbaker. Source: Saskatchewan 
Watershed Authority (2012). 
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Figure 2.2 - Lake Diefenbaker annual target levels. Source: Saskatchewan Watershed 
Authority, 2012. 
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Figure 2.3 - Lake Diefenbaker reservoir zones and annual target levels. Source: 
Saskatchewan Watershed Authority, 2012. 
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 There are currently competing views regarding Saskatchewan’s water supply 

and whether Lake Diefenbaker and the South Saskatchewan River can support 

additional water consumption. Many researchers cite water scarcity as a key threat to 

Saskatchewan as water is required in each sector and droughts are expensive and 

relatively common (Sauchyn & Kulshreshtha, 2008; Warren et al., 2008). 

Reconstructions of historical flows within the South Saskatchewan River Basin have 

revealed that the most recent century has been relatively wet in comparison with earlier 

periods, and has experienced fewer severe drought events (Sauchyn & Vanstone, 

2013). Furthermore, naturalized streamflows from the South Saskatchewan’s upstream 

tributaries is expected to decline into the 21st century indicating a climate change 

induced decrease (Lapp & Kienzle, 2010; Larson et al., 2011). These studies also found 

a much earlier onset of spring with larger flooding potential and decreased water 

availability in summer and fall. On the other hand, the claim is also made that Lake 

Diefenbaker “is the best kept water secret in North America” and “irrigation presently 

uses less than five per cent of the mean annual inflow into Lake Diefenbaker, offering 

an incredible expansion opportunity” (Ministry of Agriculture, 2013). This disparity 

between scientists citing scarcity issues and other sources pointing to abundance needs 

to be clarified to allow citizens, irrigators, and policy makers to make informed decisions 

about future water use.  

2.3 GCMs and Emissions Scenarios 

The Intergovernmental Panel on Climate Change (IPCC) has carried out 5 major 

studies on climate change since 1990. The studies are: the first assessment report 

(FAR) in 1990; second assessment report (SAR) in 1995; third assessment report (TAR) 

in 2001; the fourth assessment report (AR4) in 2007; and most recently the fifth 

assessment report (AR5) was published in 2013. Each assessment report features 
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improvements in modeling as a result of increased understanding of the processes 

driving Earth’s climate as well as increases in computing power to allow for more 

complexity in models. According to the IPCC AR4 (2007) the major improvements in the 

models can be organized in three groups: first, dynamical cores and both vertical and 

horizontal resolutions are improving; second, more processes are being incorporated; 

and third, parameterization of physical processes is improving which reduces the need 

for artificial flux adjustments to allow the model to produce plausible results (IPCC, 

2007). The most recent assessment report (AR5) has reached the point where all the 

flux adjustments have been eliminated. These improvements allow for more confident 

and complete climate projections which will increase their utility for impact assessments 

and planning how to deal with impending climate changes. 

The GCMs used in this research are Canada’s third generation coupled global 

climate model (CGCM3) T63 and CGCM3 T47 and the UK’s Hadley Centre climate 

model version 3 (HadCM3). These models were selected, in part, because they 

adequately model the Pacific Decadal Oscillation (PDO) - an important component in 

the climate of Saskatchewan (Lapp et al., 2012; St. Jacques, personal communication, 

5 April, 2013, St. Jacques et al., personal communication, 27 May, 2013). These three 

models were also selected to provide a bracketing range of future conditions from the 

hot and wet HadCM3, to the hot and dry CGCM3 T47, and the slightly warmer and dry 

CGCM3 T63 (Lapp et al., 2012). 

2.4 Irrigation Water Requirements and Agroclimate Models 

Dalton (1803) developed what has become the law of partial pressures and the 

equation for the rate of evaporation from a surface:  

(2.1) 𝐸 = 𝑒𝑠1 − 𝑒𝑑 �𝑓(𝑢)�; 
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where evaporation E is dependent on the difference between the vapour pressure near 

the surface 𝑒𝑠1 and the vapour pressure in the atmosphere above 𝑒𝑑, and 𝑓(𝑢) is a 

function of horizontal wind speed. Improvements upon Dalton’s Law did not occur for 

nearly 100 years. Progress in research in crop water requirements began again in the 

late 19th century and early 20th century which laid the foundations for modelling irrigation 

water requirements through experiments involving crop water requirements under 

controlled conditions in pots. Notably the experiments of Briggs and Shantz (1914) 

involved many cultivars grown under controlled conditions while stating the 

measurements should be considered relative rather than absolute as actually field 

measurements will differ based on the environment. Works such as this provided a 

reference for crop water requirements but did not address many important conditions 

and variables inherent to field conditions such as deep percolation, heat loss through 

pots, and the effect of wind (Jensen, 2010). Controlled methods led to the development 

of more complex methods for quantifying the water required for crops which attempted 

to include many of the variables present in the natural environment. Recognition of the 

issues not considered when using non-representative conditions led to the development 

of energy balance concepts such as the Penman “combination equation” (Penman, 

1948) which is still widely used today.  

The combination equation coupled the energy balance with aerodynamic 

equations to allow for more complete calculations of crop water requirements in the 

natural environment: 

(2.2) 𝜆𝐸 = [Δ(𝑅𝑛−𝐺)]+(𝛾 𝜆 𝐸𝑎 )
(Δ+𝛾) ;    

where 𝜆𝐸 is the evaporative latent heat flux in MJ m-2 d-1and 𝜆 is the latent heat of 

vapourization and is usually taken as a constant value of 2.45 MJ kg-1 at 20°C (Howell & 
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Evett, 2004), Δ is the slope of the saturated vapour pressure curve in kPa °C-1, 𝛾 is the 

psychrometric constant in kPa °C-1, 𝑅𝑛 is the net radiation flux in MJ m-2 d-1, G is the 

sensible heat flux into the soil in MJ m-2d-1 and finally,  𝐸𝑎 refers to vapour transport flux 

in mm d-1 (1 mm d-1 is approximately 1.0 kg m-2 d-1). Embedded within the 𝐸𝑎 term is the 

‘wind function’ (𝑊𝑓) in mm d-1 kPa-1 which accounts for horizontal wind speed and mean 

daily vapour pressure deficit (𝑒𝑜 − 𝑒𝑎) where 𝑒𝑜 is the saturated vapour pressure in kPa 

at mean air temperature and 𝑒𝑎 is the mean ambient vapour pressure at reference 

height above ground in kPa: 

(2.3) 𝐸𝑎 = 𝑊𝑓  (𝑒𝑜 − 𝑒𝑎) 

Reliable estimation of daily mean dew point is among the limitations of the use of 

equation 2.3 (Penman, 1948). The combination equation allows for estimation of total 

evapotranspiration from each of the main surfaces important for natural evaporation. 

The main surfaces in order of importance are plant canopy surface, bare soil and 

subsoil, and open water (Penman, 1948). 

 Thornthwaite (1948) also produced a method for estimating the potential 

evapotranspiration (Vicente-Serrano et al., 2009a): 

(2.4) 𝐸 = 16K�10 𝑇1
𝐼
�
𝛼
; 

where 𝐸 is the monthly potential (total) evapotranspiration in mm, 𝑇1  is mean monthly 

temperature in °C, 𝐼 is heat index for a given area which is the sum of 12 monthly 

values of i derived from mean monthly temperature: 

(2.5) 𝑖 = �𝑇
5
�
1.514

 ; 

and 𝛼 is an empirically derived constant which is a function of 𝐼 where: 
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(2.6) 𝛼 = 6.75× 10−7𝐼3− 7.71 × 10−5𝐼2+ 1.79 × 10−2𝐼+ 0.492; 
 
and K is a monthly correction coefficient: 
 
(2.7) 𝐾 = �𝑁

12
��𝑁𝐷𝑀

30
�; 

 
as a function of the latitude and month where 𝑁 is maximum sun hours and 𝑁𝐷𝑀 is 

days in the month. The shortcomings of the Thornthwaite equation are that it can only 

calculate at a monthly time-scale and lacks the theoretical basis of equation 2.2. 

However, the Thornthwaite equation is sufficiently accurate for fast calculation with 

limited input data sets or where finer temporal resolution is not required such as those 

required in many drought index calculations (Alkaeed et al., 2006).  

 Monteith (1965) improved upon the Penman combination equation for vegetated 

surfaces by using a psychrometric table creating the Penman-Monteith equation (PM). 

Monteith included the bulk surface resistance term that is not explicitly defined in the 

combination equation, and thus allowed for more accurate calculations of ETo. The 

resulting equation at the daily time scale is: 

(2.8) 𝜆𝐸𝑇𝑜 =
�Δ(𝑅𝑛−𝐺)�+86400𝜌𝛼𝐶𝑃

�𝑒𝑠𝑜−𝑒𝑎�
𝑟𝑎𝑣

Δ+𝛾�1+ 𝑟𝑠
𝑟𝑎𝑣

�
; 

Where 𝜌𝛼  is the air density in kg m-3, 𝐶𝑃 is the specific heat of dry air J kg-1 °C-1, 𝑒𝑠𝑜 is 

the mean saturated vapour pressure calculated using minimum and maximum daily 

temperatures in kPa, 𝑒𝑎 is the mean daily ambient vapour pressure in kPa as defined in 

equation 2.3, 𝑟𝑎𝑣  is the bulk surface aerodynamic resistance for water vapour in s m-1, 

and 𝑟𝑠 is canopy surface resistance in s m-1 (Howell & Evett, 2004; Zotarelli et al., 2013). 

The inclusion of more complex aerodynamic resistance and bulk surface resistance 

enhances the resulting calculation of ETo relative to the original combination equation. 
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However, it has since been further enhanced in the form of the Penman-Monteith FAO 

(PM-FAO) equation. 

The PM-FAO equation is a modified version of the Penman-Monteith and is 

generally accepted as one of the most accurate equations for estimation of 

evapotranspiration internationally. PM-FAO assumes a reference crop with a fixed 

height of 0.12 m, surface resistance of 70 s m-1 and albedo of 0.23 (Allen, Pereira, 

Raes, & Smith, 1998). These assumptions reduce calculations and data requirements to 

minimum and maximum daily temperature, relative humidity (vapour pressure deficit), 

wind speed and station elevation, latitude and longitude. The resulting equation takes 

the form: 

(2.9) 𝐸𝑇𝑜 =
0.408∆(𝑅𝑛−𝐺)+𝛾 900

𝑇2+203
𝑈2(𝑒𝑜−𝑒𝑎)

∆+𝛾(1+0.34𝑈2) ; 

where 𝐸𝑇𝑜  is hypothetical reference evapotranspiration in mm, 𝑇2  is the mean 

temperature at required time period (daily, decadal, monthly), 𝑈2 is the wind speed at 

reference height of 2m in km h-1 and all others variables are previously defined in 

equation 2.8. The PM also uses SI units, allowing for direct use of output data from most 

weather stations. The CROPWAT model uses the PM-FAO in its calculation of 𝐸𝑇𝑜  and 

resulting crop water requirements (CWR) and irrigation water requirements (IWR). The 

PM-FAO also has standard methods for estimation of missing climate data for areas 

with limited climate data (Allen et al., 1998). 

 The CROPWAT model has been used in past studies for estimation of future 

CWR and IWR under various conditions (Chatterjee et al., 2012; Farajalla et al., 2011).  

Chatterjee et al., (2012) used the CROPWAT model to project future water 

requirements of potato crops in West Bengal after validating CROPWAT by taking field 
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measurements of each variable and comparing the results of the field water balance 

method and the results from CROPWAT. Chatterjee et al., (2012) state that a validation 

step should be done in any project using an agroclimatic model, if possible. Their results 

showed an increase in IWR of 7-8% and 14-15% in the 2020s and 2050s respectively. 

Farajalla et al., (2011) analyzed the change in projected drought frequency and 

evapotranspiration in Lebanon, and CROPWAT was used to estimate changes in 

evapotranspiration. This was done by varying both temperature and humidity values 

individually in a sensitivity analysis and then together to determine the effect of each 

variable. This research found large changes in CWR from both sources; 2-12% for 

temperature and 7-14% for relative humidity (Farajalla et al., 2011). These projects both 

made effective use of CROPWAT for projection of future CWR and IWR for the 

purposes of estimating how climate change will affect the irrigated agriculture in each 

region. The climates of both of these project sites are very different, highlighting the 

flexibility of the CROPWAT model for use in a variety of climates.  
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Chapter 3 - Using Downscaled GCMs and SPEI Time-

Series to Delineate Drought in Future Climate 

Scenarios 

3.1 Introduction 

Drought is difficult to define as a drought event will have different characteristics 

depending on the area in which it is occurring (NOAA, 2008). For the purposes of this 

thesis, drought is considered a deficiency in precipitation in a region causing deficit in 

water required for agriculture, or an agricultural drought (NOAA, 2008). Drought indices 

are often employed to help researchers and policy makers decide what is or is not a 

drought for a given region. For example, the standardized precipitation-

evapotranspiration index (SPEI) is a standardized index which allows for calculation of 

moisture levels in a region based on past measurements of temperature and 

precipitation (Vicente-Serrano et al., 2009a). The SPEI could be used to take mitigating 

actions once moisture levels reach a certain SPEI value. The difficulty of defining 

drought is further complicated when other climatic changes are underway, such as 

changes in temperature, precipitation and variability. Therefore, in order to delineate 

projected future drought events from global climate model (GCM) data, a multi-step 

approach is required. The GCMs must be of sufficient spatial and temporal resolution 

and have a long enough climate record (minimum 30 years) in the region in which it is 

being applied for calibration and downscaling purposes (Semenov & Barrow, 1997; 

Semenov & Stratonovitch, 2010). Monthly precipitation and temperature characteristics 

can be used to standardize the potential moisture available during each scenario and 

time period and detect periods of dry or wet conditions. This thesis aims to use the 
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standardized precipitation-evapotranspiration index (SPEI) to help delineate drought 

events in future time-series data retrieved from several GCMs.  

3.2 GCM Selection and Formatting 

Three GCMs were used for projecting future climate in the Outlook PFRA 

(OPFRA) area: Canada’s third generation coupled global climate model (CGCM3) T47, 

and CGCM3 T63 and the United Kingdom’s Hadley Centre climate model version 3 

(HadCM3). These GCMs were chosen to satisfy two main requirements: (1) to provide 

an ensemble of future conditions and avoid reliance on any single GCM as uniquely 

representative of future conditions and (2) to account for long-term climate cycles such 

as the Pacific Decadal Oscillation (PDO) which is an important component of the 

Prairies’ climate (Lapp et al., 2012). Inclusion of a wide range of future conditions and 

natural climate cycles reduces uncertainty relative to using a single GCM that provides 

only one of many plausible future climates. The scenarios driving the GCMs are based 

on the special report on emissions scenarios (SRES) (Nakicenovic & Swart, 2000; 

Sheffield & Wood, 2007). The scenarios for each GCM from highest to lowest emissions 

are A2, A1B, and B1. With three GCMs and three emissions scenarios, a total of nine 

future climate scenarios covering a wide range of outcomes are included in this 

analysis. 

The monthly GCM outputs for the Outlook, Saskatchewan region were obtained 

from the Canadian Climate Change Scenarios Network (CCCSN, 2013). The variables 

required for SPEI calculations are monthly mean temperature and total precipitation 

(Vicente-Serrano et al., 2009a). The data was then extracted for both the 1961-1990 

baseline and 2011-2100 projected time slices for each variable and model using 

MATLAB software scripts (Appendix B). These scripts facilitated automated extraction 

and formatting of data for very large datasets that would be time-prohibitive to complete 
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manually. The result was a 140 year time-series of monthly temperature and 

precipitation values spanning the period January 1961 to December 2100. 

3.2.1 Model Bias Correction 

Bias correction of GCM outputs is undertaken to ensure a statistical match with 

observed climate (Hawkins et al., 2013; Ho et al., 2012). Bias correction is performed in 

order to attempt to eliminate the bias that is a result of systematic discrepancies caused 

by various choices made during the development of GCMs such as what variables to 

include and how to account for uncertainty and limited understanding of some physical 

processes (Ho et al., 2012). The level of realism within the projected future climate 

resulting from each GCM is therefore acknowledged and addressed via bias correction, 

and two methods were tested in this study: bias correction (BC) and change factor (CF). 

Both methods involve using either temperature (T) or precipitation (P) values for bias 

correction at three time-series: (1) the observed historical climate (T(P)obs); (2) GCM 

generated historical climate (T(P)ref); and (3) GCM projected future time-series (T(P)raw). 

Datasets (1) and (2) both refer to the baseline period, in this case 1961-1990; dataset 

(3) is the future time period (2011-2040, 2041-2070, or 2071-2100). The equations used 

for bias correction are as follows: 

(3.1) Temperature Bias Correction 

𝑇𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑇𝑜𝑏𝑠����� +
𝜎𝑇𝑜𝑏𝑠
𝜎𝑇𝑟𝑒𝑓

�𝑇𝑟𝑎𝑤 − 𝑇𝑟𝑒𝑓������� 

(3.2) Precipitation Bias Correction 

𝑷𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 = 𝑷𝒐𝒃𝒔������ ×
𝝈𝑷𝒐𝒃𝒔

𝝈𝑷𝒓𝒆𝒇
�𝑷𝒓𝒂𝒘/𝑷𝒓𝒆𝒇������� 

(3.3) Temperature Change Factor 

𝑇𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑇𝑟𝑎𝑤������ +
𝜎𝑇𝑟𝑎𝑤
𝜎𝑇𝑟𝑒𝑓

�𝑇𝑜𝑏𝑠 − 𝑇𝑟𝑒𝑓������� 
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(3.4) Precipitation Change Factor 

𝑃𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑃𝑟𝑎𝑤 ×
𝑃𝑟𝑎𝑤������
𝑃𝑟𝑒𝑓������ �𝑃𝑜𝑏𝑠/𝑃𝑟𝑒𝑓������� 

 Although similar, the two methods have important differences in the ‘direction’ of 

the calibration. The BC method ‘pushes’ the GCM T/Praw values towards the observed 

values using the difference (bias) between both baseline datasets. Thus, BC is 

generally a subtractive (negative) adjustment of the raw GCM outputs resulting in 

potentially higher adjusted values if the reference period is highly variable. On the other 

hand, the CF method ‘pulls’ the observed values in the baseline period towards the 

GCM output values using the bias between the GCM baseline and future periods. The 

CF is generally an additive (positive) adjustment of the observed values resulting in 

similar variability to baseline period but including some of the magnitude of change 

projected in the GCM values. 

 The main reason for the differences in bias correction methods is due to the 

very large standard deviation of temperature and precipitation in the study area. 

Therefore, using the observed data to account for the variation (BC) over-corrects Traw 

resulting in unlikely high temperature changes for some months Figure 3.1. Applying 

correction values to the Tobs instead maintains some of the pattern of variability seen in 

the past but also maintains the changes projected by the GCMs. Once bias corrected, 

the relative mean monthly changes between GCM outputs and observed baseline are 

used in the Long Ashton Research Station Weather Generator (LARS-WG) to 

downscale to a daily time-series for Outlook PFRA weather station (OPFRA) (Semenov 

& Barrow, 1997). This model uses daily observed values of OPFRA as the “true climate” 

from which new daily time-series can be generated that are statistically similar to the 

calibrated OPFRA data. This step is important as it allows for both temporal and spatial 
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downscaling which is required for climate impact studies such as the CROPWAT 

analysis in Chapter 4 (Semenov & Barrow, 1997).  
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Figure 3.1 - Bias correction vs change factor calibration. Temperature bias correction for 
September 2041-2070 (2050s) using the CGCM3 T47 A2 scenario. 
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Changes in future climate are made through the perturbation of LARS-WG 

scenario files. The relative mean monthly changes between future GCM and baseline 

observations for temperature are entered into LARS-WG and the model shifts the 

calibrated climate accordingly at the daily time-scale. For temperature the changes are 

additive while the changes in precipitation and radiation are multiplicative. This results in 

future scenarios which are statistically similar to the current climate but include changes 

projected in the nine chosen scenarios. The changes relative to the current climate are 

presented further in Chapter 4. 

3.3 Standardized Precipitation-Evapotranspiration Index (SPEI) 

 To identify and quantify drought events in both baseline and projected datasets, 

a drought index is applied to both past and future time-series (Kirono et al., 2011). A 

drought index assimilates several different pieces of data into a single more readily 

useable number (Hayes, 2001). Many popular drought indices have been developed 

due to the different approaches to classifying, and defining, drought. These include the 

Palmer Drought Severity Index (PDSI), Standardized Precipitation Index (SPI) and Crop 

Moisture Index (CMI), among others.  

In this analysis, SPEI was selected since it considers both precipitation and 

temperature but maintains a simple process which addresses several of the 

weaknesses with other drought indices. Another advantage of SPEI over other indices is 

the ability to examine droughts of different duration. This is advantageous as the length 

of a given dry spell determines what the effects are; shorter (months) contribute to 

agricultural and meteorological drought while longer (years) affects ground and surface 

water supplies (Kirono et al., 2011). However, SPEI is also not without limitations. The 

most significant drawback of SPEI is that it currently uses the Thornthwaite equation for 

determining potential evapotranspiration (PET) which is not as accurate as the Penman-
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Monteith equation as it lacks consideration of humidity and wind speed. Regardless, the 

SPEI is considered the best method for the current analysis since it identifies drought 

events well enough to clearly show severe droughts but may underestimate severity in 

some cases. Values in the SPEI are standardized using the Pearson (III) Probability 

Distribution and as such a value of zero indicates the median value (Vicente-Serrano et 

al., 2009a). A positive SPEI indicates wetter conditions while a negative value indicates 

drier conditions. This project used SPEI calculation software created by Vicente-Serrano 

(2009b) to calculate and SPEI time-series for each scenario. The software uses 

temperature and precipitation time-series data along with geographic coordinates of the 

weather station data to provide a time-series of SPEI values. The SPEI index is a 

standardised monthly climatic balance computed as the difference between the 

cumulative precipitation and the potential evapotranspiration.  

This process also uses a short-term SPEI in blocks of 30 year time periods to 

account for changes in climate for each period. This is required as the generated 

weather data is perturbed in 30 year chunks as well. That is, every thirty years the 

climate is shifted by the temperature and precipitation changes derived from the GCM 

outputs. Thus, drought events are standardized based on only the 30 year time period in 

which they are found. Using a long-term SPEI time-series would result in few or no 

events in the early time periods and all or many in the final period. 

The long-term SPEI trends for each scenario from the baseline period through 

the next century show a drying trend. By the end of the century the SPEI hovers around 

the -1 which indicates conditions similar to severe droughts observed over the last 

century. It is also important to note that, because this calculation uses the Thornthwaite 

method for PET calculations, the future is likely to be even more negatively (dry) biased 

(Figure 3.2) as the Thornthwaite method does not consider all of the available variables 
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and tends to underestimate PET (Vicente-Serrano et al., 2009a). This does not mean 

that wet years will no longer occur; but the balance between wet and dry months shifts 

towards greater frequency of severely dry months relative to the baseline.  
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Figure 3.2 - 12 month long-term SPEI trend in Outlook, SK 1961-2100 for each climate 
scenario: C47 (CGCM3 T47); C63 (CGCM3 T63); H (HadCM3). Trend line show linear trend 
in annual SPEI values. 

 



 

38 
 

3.3.1 Choosing Drought Events from SPEI Time-Series 

The North American Drought Monitor (NADM) uses the SPI values -1, -1.5, -2 as 

thresholds for severe, extreme, and exceptional droughts respectively (Hayes, 2001). 

Hayes also suggests that the 5, 10, 20 percent thresholds could also be used (2001). 

The latter method for drought thresholds allows for drought selection based on 

probabilities of occurrence and as such is used in this analysis. The threshold for a 

severe drought event in this case will be an SPEI of -1.28 as this is the value for the 

10% driest months in a time-series. Although this results in the same number of months 

being flagged as severe drought events in each scenario, the timing and duration of the 

events varies.  

The time-scales used for choosing droughts are also important as different 

length of drought have different effects. SPEI is generally calculated for 1-, 3-, 6-, 12-, 

and 24-month droughts. In this case, 3 – 6 month droughts and 12 – 24 month droughts 

are most important as the former affects agriculture while the latter affects ground and 

surface water supplies. 

For each GCM, scenario, and time period two events were chosen for analysis 

using the CROPWAT model. In order to ensure the most severe drought events are 

chosen for CROPWAT analysis, events are chosen visually based on the following 

criteria:  (1) the event must be consistently below the threshold for the growing season 

months (>5°C); (2) the event must last for at least the entire year; and (3) the event 

must be seen in both 6- and 24-month SPEI figures. If either of the first two criteria are 

not met for a particular model, scenario, or time period, the longest or most severe 

event is used. Figure 3.3 to Figure 3.5 show the time-series SPEIs for each GCM, 

scenario and time-period for the 6-month SPEI values with red points signifying months 

in which 24-month SPEI is below the threshold.  
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Figure 3.3 – CGCM3 T47 6-month SPEI with 24-month SPEI drought months below -1.28 
threshold in red. Line colour indicates which time-step: 2011-2040 (2020s), 2041-2070 
(2050s), and 2071-2100 (2080s). 
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Figure 3.4 – CGCM3 T63 6-month SPEI with 24-month SPEI drought months below -1.28 
threshold in red. Line colour indicates which time-step: 2011-2040 (2020s), 2041-2070 
(2050s), and 2071-2100 (2080s).  
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Figure 3.5 – HadCM3 6-month SPEI with 24-month SPEI drought months below -1.28 
threshold in red. Line colour indicates which time-step: 2011-2040 (2020s), 2041-2070 
(2050s), and 2071-2100 (2080s). 
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For CGCM3 T47, scenarios A1B and B1 there are two or more clearly defined 

multi-year drought events in each 30-year time period. However, the A2 scenario has 

dispersed severely dry months and as such only has no clear long-term event for the 

2020s. The A1B event also has the most clearly defined events in both the SPEI-6 and -

24 graphs.  

The CGCM3 T63 scenarios A1B and B1 also meet the criteria in each time 

period. However, the A2 scenario is again more spread out and does not meet the 2-

year length criteria for two events in both the 2050s and 2080s.  

Finally, the HadCM3 scenarios A2 and B1 both meet the criteria. Scenario A1B 

fails to meet the criteria and has only one event of sufficient length for the 2050s. It is 

important to note that there is an extremely long event relative to the other scenarios 

which is likely indicating two events which are broken only by a short wetter period. This 

process resulted in 54 events chosen of which 49 meet all criteria. Table 3.1 outlines 

which events were chosen for each scenario and time period. 
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Table 3.1 - Drought Events by Model and Scenario 

Model/Scenario 2020s Events 2050s Events 2080s Events 
CGCM3 T47 2020-21 2045-46 2076-77 

A1B 2032-33 2052-53 2094-95 
CGCM3 T47 2020-21* 2049-50 2075-76 

A2 2032-33* 2067-68 2092-93 
CGCM3 T47 2034-35 2046-47 2080-81 

B1 2025-26 2053-54 2087-88 
CGCM3 T63 2020-21 2068-69 2086-87 

A1B 2039-40 2052-53 2091-91 
CGCM3 T63 2018-19 2056-57 2073-74 

A2 2024-25 2067-68* 2093-94* 
CGCM3 T63 2018-19 2046-47 2083-84 

B1 2024-25 2061-62 2092-93 
HadCM3 2019-20 2053-54* 2083-84 

A1B 2034-35 2065-66 2087-88 
HadCM3 2018-19 2055-56 2079-80 

A2 2031-32 2061-62 2092-93 
HadCM3 2024-25 2049-50 2088-89 

B1 2030-31 2062-63 2098-99 
*indicates criteria not met and years in bold are the more severe (lower SPEI) 
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3.4 Climate Change and Future Drought Events 

 It is likely that future drought events in Saskatchewan will be more frequent and 

severe in both duration and intensity (Lapp et al., 2009; Schindler & Donahue, 2006). 

This return to longer more severe droughts is consistent with those in the past that have 

been reconstructed for some areas of the South Saskatchewan River Basin (SSRB) in 

both Alberta and Saskatchewan (Sauchyn, 2007; Sauchyn & Vanstone, 2013; Schindler 

& Donahue, 2006). However, there also may be an increased occurrence of the 

opposite extreme causing more flooding as well. The projections herein support the 

increased drought severity but the methods used to downscale eliminated the ability to 

project changes in drought frequency as the calibration period from 1953-2010 did not 

contain any long-term events. The following figures (3.6 and 3.7) show mean monthly 

changes of future drought events as well as the entirety of the 2020s, 2050s, and 2080s 

for both temperature and precipitation. For the drought events, each of the values is a 

monthly average of the four drought years that are analyzed in CROPWAT. 

Temperature changes are shown as absolute changes while precipitation values are 

percent changes. 

The changes from baseline to future projections for the GCMs are generally as 

expected from past studies (Barrow, 2009; Lapp et al., 2012). Each model shows 

increasing temperatures as well as increasing precipitation (Figure 3.6). However, the 

precipitation increases vary by a much greater degree which is to be expected as the 

variability of precipitation in Saskatchewan is high and the confidence of projecting 

future precipitation is low relative to temperature (Barrow, 2009; Lapp et al., 2009). The 

projected mean annual temperature changes by the 2050s range from low of 2.1°C for 

the CGCM3 T47 B1 scenario to a maximum of 3.6°C during the CGCM3 T63 A2 
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scenario (Table 3.2). The greatest temperature changes occur in the winter months with 

the exception of the HadCM3 scenarios which show the greatest change during late 

summer. Whether an earlier spring or later summer, both outcomes will lengthen the 

growing season and increase the annual ratio of rain to snow (Pomeroy et al., 2005; 

Sauchyn et al., 2010; Sauchyn & Kulshreshtha, 2008). Although precipitation shows 

increases in all cases, the increases are greater in the winter and spring in most 

scenarios. The increases are smaller in the late summer months when the soil moisture 

is lowest. The relative timing of moisture during late summer and crop stage is crucial: 

beneficial if crops are at a mature stage and moisture demand is lower, but devastating 

if moisture is unavailable prior to crop maturation. 
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Figure 3.6 – Relative changes in temperature and precipitation for future projections. 
Mean temperature and precipitation changes from 2011-2040 (2020s), 2041-2070 (2050s), 
and 2071-2100 (2080s) relative to 1961-90 baseline.  
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Table 3.2 shows the annual mean, maximum, and minimum temperature 

changes and percent precipitation change for each time period relative to the 1961-90 

baseline. For the CGCM3 scenarios, the minimum annual temperature increases more 

than the maximum while the opposite is true for HadCM3 scenarios. As the largest 

increases in temperature were experienced in winter months for CGCM3 scenarios and 

minimum temperatures are projected to increase more than maximum temperatures, it 

can be expected that winters for these scenarios will be milder than the past and storing 

moisture in the form of a snowpack for a shorter period. For the HadCM3 scenarios, 

hotter summers with higher daily maximum temperatures can be expected. This will 

result in faster drying of the soil and potentially more extreme and potentially damaging 

convective storms (Sauchyn et al., 2010). Precipitation changes have a less consistent 

pattern but the most notable characteristic is the tendency for the precipitation increases 

until the 2050s and begin decreasing through the end of the century for most scenarios. 

That is, the 2020s and 2050s usually have the highest increase in precipitation while the 

2080s usually decrease back towards the current precipitation values.  
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Table 3.2- Relative temperature and precipitation changes in future projections relative to 
baseline. Mean, minimum, and maximum temperature and percent precipitation changes 
from 2011-2040 (2020s), 2041-2070 (2050s), and 2071-2100 (2080s) projections relative to 
1961-1990 baseline. 

 
Mean Annual Relative Temperature Change (°C) from 1961-90 Baseline 

 
CGCM3 T47 CGCM3 T63 HadCM3 

 
A1B A2 B1 A1B A2 B1 A1B A2 B1 

2020s 1.3 1.4 1.3 1.5 1.8 2.3 1.6 0.9 1.0 
2050s 2.7 2.9 2.1 3.5 3.6 2.8 3.0 2.8 2.4 
2080s 3.4 4.3 2.5 4.0 5.2 3.4 4.8 5.0 3.5 

          
 

Maximum Annual Relative Temperature Change (°C) from 1961-90 Baseline 

 
CGCM3 T47 CGCM3 T63 HadCM3 

 
A1B A2 B1 A1B A2 B1 A1B A2 B1 

2020s 1.2 1.2 1.0 1.4 1.6 2.1 1.7 0.5 1.2 
2050s 2.3 2.5 1.9 3.3 3.3 2.6 3.1 3.8 2.8 
2080s 3.1 3.7 2.2 3.5 4.7 3.3 5.9 5.6 4.6 

          
 

Minimum Annual Relative Temperature Change (°C) from 1961-90 Baseline 

 
CGCM3 T47 CGCM3 T63 HadCM3 

 
A1B A2 B1 A1B A2 B1 A1B A2 B1 

2020s 1.4 1.6 1.5 1.7 2.0 2.4 1.4 1.4 0.8 
2050s 3.1 3.3 2.3 3.6 4.0 3.0 2.8 1.7 1.9 
2080s 3.6 4.8 2.8 4.5 5.8 3.5 3.6 4.3 2.5 

          
 

Annual Relative Precipitation Change (%) from 1961-90 Baseline 

 
CGCM3 T47 CGCM3 T63 HadCM3 

 
A1B A2 B1 A1B A2 B1 A1B A2 B1 

2020s 8.7 7.8 5.5 1.4 8.0 5.5 4.3 1.5 10.5 
2050s 7.2 8.1 3.4 4.1 9.9 7.3 3.5 2.2 7.7 
2080s 4.9 8.0 1.5 4.7 5.5 10.6 1.8 3.4 8.0 
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 As would be expected for a drought event, the precipitation changes for drought 

events only (  
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Table 3.3) show decreases in precipitation instead of increases shown for the future 

scenarios as a whole. Although there is an overall increase in precipitation, the average 

decreases in precipitation shown in the future drought events can be up to 50% less 

than the baseline resulting in severe drawdown on reservoirs over each drought year. 

On the other hand, some months still show large precipitation increases as well. Months 

with elevated precipitation during a drought event could be due to increase in the 

severity of extreme precipitation events in the midst of drought conditions, but which are 

insufficient to end the drought. Although the temperature change pattern follows close to 

the same temporal distribution, the magnitude of increasing temperature is 

unexpectedly slightly less than shown in the overall changes. This indicates that 

temperature increases might be subordinate to precipitation deficit in determining the 

severity of future drought events. 
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Figure 3.7 - Relative temperature and precipitation changes for projected future drought 
events. Mean temperature and precipitation changes from 2011-2040 (2020s), 2041-2070 
(2050s), and 2071-2100 (2080s) projected drought events relative to 1961-90 baseline.   
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 Future precipitation values show the most notable shifts in   
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Table 3.3. Since a lack of precipitation is one of the main characteristics of a drought it 

could be expected that all annual events would show a decrease in precipitation. 

However, many scenarios show increased precipitation for some months. This is likely 

due to increased precipitation during winter months as Figure 3.7 indicates that most of 

the months showing precipitation increases are during the winter. These precipitation 

events could be somewhat negated due to the soil moisture not being absorbed well 

into frozen soil or stored as snow and is lost as surface runoff. The temperature 

changes follow a similar pattern compared to the whole baseline period but show 

slightly smaller shifts.  
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Table 3.3 - Relative changes in temperature and precipitation for projected future drought 
events. Mean, minimum, and maximum temperature and percent precipitation changes 
from 2011-2040 (2020s), 2041-2070 (2050s), and 2071-2100 (2080s) for projected future 
drought events relative to 1961-1990 baseline. 

Mean Annual Relative Temperature Change (°C) for Drought Events 
CGCM3 T47 CGCM3 T63 HadCM3 

 A1B A2 B1 A1B A2 B1 A1B A2 B1 
2020s 1.2 1.3 1.4 1.4 1.7 1.8 1.7 0.9 1.2 
2050s 2.5 2.5 2.2 3.0 3.1 2.5 2.6 2.6 2.4 
2080s 3.4 3.7 2.1 3.8 4.6 3.4 4.4 4.7 3.1 
          Maximum Annual Relative Temperature Change (°C) for Drought Events 

CGCM3 T47 CGCM3 T63 HadCM3 
 A1B A2 B1 A1B A2 B1 A1B A2 B1 

2020s 1.3 1.6 1.5 1.5 1.8 2.0 1.8 0.9 1.3 
2050s 2.5 2.4 2.3 3.0 3.1 2.5 2.8 2.9 2.6 
2080s 3.3 3.5 2.1 3.6 4.5 3.7 4.7 4.9 3.4 
          Minimum Annual Relative Temperature Change (°C) for Drought Events 

CGCM3 T47 CGCM3 T63 HadCM3 
 A1B A2 B1 A1B A2 B1 A1B A2 B1 

2020s 1.1 1.1 1.4 1.3 1.5 1.6 1.5 0.8 1.0 
2050s 2.5 2.6 2.1 2.9 3.2 2.4 2.4 2.4 2.1 
2080s 3.4 3.9 2.2 4.0 4.7 3.2 4.2 4.5 2.9 
          Annual Relative Precipitation Change (%) for Drought Events 

 CGCM3 T47 CGCM3 T63 HadCM3 
 A1B A2 B1 A1B A2 B1 A1B A2 B1 

2020s 22.2 -36.2 -75.0 -24.8 51.5 -32.4 79.5 -36.8 16.5 
2050s -5.1 -7.9 -22.5 -19.7 13.3 1.9 -35.2 -52.1 62.1 
2080s -25.8 -27.0 -3.8 0.4 18.8 -48.0 -5.7 17.0 -19.0 
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3.5 Conclusion 

 A method for delineating drought events in future climate data using drought 

indices was defined and applied using the SPEI (Vicente-Serrano et al., 2009a). The 

results indicate that the method for delineating future drought events from GCM outputs 

is effective for extracting the driest months from a time-series. Overlaying both 6- and 

24-month SPEI time-series allowed for easy visual identification of short and long term 

drought events. Furthermore, the threshold being set at 10% or -1.28 (SPEI) achieved 

the goal of identifying 2-year extreme drought events.  

The main limitations for this process are that in using visual identification there is 

some subjectivity in which events are more severe as deciding whether a longer 

duration or more intense drought may conflict in some cases. Also, the use of short-term 

SPEI results in instantaneous climate changes at the breaks between each time period. 

This instant change forces a recalibration of the SPEI which results in data gaps at the 

beginning of each time period. The size of the gap is the duration of the SPEI time 

period minus one month. For example, the 24-month SPEI will leave 23 month gaps at 

the start of each period. This process was developed with the intent to use the chosen 

months as an input into an agroclimate model and as such the main drawbacks of this 

process are somewhat negated through inclusion of several missing variables (humidity, 

wind) omitted from SPEI calculations. Therefore, using SPEI to delineate future drought 

events is an effective method for the purposes required in this research. 

Finally, the changes seen in both the general future projections as well as the 

drought-only projections indicate a warmer, wetter future for southern Saskatchewan. 

Temperature increases throughout the year will result in higher evaporative losses. 

Warming in winter and fall may shift the duration of the growing season to become both 
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earlier and longer. Although the scenarios show increased overall precipitation, much of 

the benefits may be lost due to a shorter winter and less precipitation arriving in the form 

of snow. As a result of the shorter winter season, decreased snowpack will result in 

decreased available soil moisture in the spring and much of the increased precipitation 

in winter months could be lost due to melt events during winter months which rarely 

occurred during the 1961-90 baseline period. The resulting change in available soil 

moisture will play an important role in Chapter 4 when calculating changes in irrigation 

water requirements.
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Chapter 4 - Irrigation Water Requirements under Future 

Drought Conditions 

4.1 Introduction 

Irrigation expansion is widely considered a required adaptation for successful 

agriculture under future conditions. However, careful analysis of the future water supply 

and demands must be completed to prevent over-allocation and mitigate some conflicts 

among users. The objectives for this chapter are: (1) define the current water supply 

and range of annual variability for prairie rivers and what changes can be expected; (2) 

to calculate the changes in the water requirements for irrigated agriculture expected as 

a result of a changing climate; (3) determine how effective an adaptation irrigation 

expansion is likely to be under future drought conditions. 

Modeling the impacts of future extreme drought events is an important step in 

determining the vulnerability of Saskatchewan’s water resources and the viability of 

irrigation as an adaptation to drought for Saskatchewan’s agriculture sector. Modeling 

the change in crop water requirements (CWR) and irrigation water requirements (IWR) 

of crops currently grown in rotation under irrigation will give insight into how much 

irrigation can be expanded given the current capacity of Lake Diefenbaker and inflow 

from the Alberta portion of the South Saskatchewan River. 

4.2 CROPWAT Model 

The CROPWAT Model was created by the United Nations Food and Agriculture 

Organization (FAO) to allow agricultural producers to plan for water requirements in 

both dryland and irrigated agriculture. In this study, CROPWAT is used to calculate 

changes in reference evapotranspiration (ETo) in CWR and IWR under the future 
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scenarios from global climate models (GCMs) and the Long Ashton Research Station 

Weather Generator (LARS-WG) (Semenov & Barrow, 2002). ETo is a measure of the 

evapotranspiration (ET) that a standard crop of grass at a standard height (0.12m) 

would experience under given climatic conditions. ETo only considers climatic inputs and 

not any crop, soil or management practices. CROPWAT requires several climatic and 

production input variables including temperature, humidity, wind speed, radiation, soil 

characteristics, and crop variables when calculating IWR. To estimate ET, CROPWAT 

uses the Penman-Monteith FAO equation (Equation 2.9). This equation uses the 

climate, crop and soil variables to estimate the daily, decadal, or monthly CWR and IWR 

for a given crop and event (Allen, et al., 1998). Each ‘event’ is two consecutive drought 

years which are run in CROPWAT separately. Events are limited to two years as the 

calibration period for the weather generator downscaling did not contain any long-term 

drought events. Once crop characteristics are considered, ETo becomes crop 

evapotranspiration (ETc) and is modified by correction factors to account for the effects 

of soil and crop types on the rate of ET. CROPWAT was chosen for this study as it 

strikes a balance between complexity of the model and requirements of input data. 

CROPWAT is designed for ease of use and is spatially flexible but also provides similar 

results compared to field measurement (Chatterjee, et al., 2012). 

4.3 Inputs to CROPWAT Model 

4.3.1 Air Temperature 

 Air temperature provides much of the energy required to cause ET to take place 

and together with relative humidity (RH) dictates how much moisture a parcel of air can 

hold. Temperature shows a direct relationship with ETo (Gong et al., 2006; Irmak et al., 

2007). Therefore, increases in temperature results in both increased potential for ET, as 
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well as an increased rate of ET. Daily minimum and maximum temperature data was 

generated using LARS-WG based on the relative monthly changes from the 1961-90 

baseline shown in each GCM for each 30-year period (2020s, 2050s, and 2080s). For 

the HadCM3 scenarios only mean temperature was available but daily values from 

LARS-WG were considered acceptable as daily variation from the baseline period is 

applied to the input data. The daily temperature values are used by CROPWAT as one 

of the inputs for estimation of reference evapotranspiration (ETo). 

4.3.2 Relative Humidity 

 Relative Humidity (RH) was measured at OutlookPFRA (OPFRA) weather 

station but the dataset is limited to only 13 years. RH exhibits a strong negative 

correlation with ETo relative to the other three climate inputs and serves as the strongest 

limiter of ETo at high values during the growing season (Gong et al., 2006). Due to the 

short reference period, RH was calculated using minimum and maximum daily air 

temperature instead of converting to GCM specific humidity values. Humidity was 

chosen to not be held constant as ETo is very sensitive to RH in semi-arid regions and 

also is expected to decrease in the future for the study area (Fasullo & Trenberth, 

2012). Equation 4.1 closely reproduces the RH of the observed period (1997-2010) with 

6% error on monthly and yearly scales while daily scales could vary by up to 35% in a 

small number of cases. This was considered acceptable as the majority of errors were 

seen outside of the growing season. The calculation of RH follows the method for 

missing RH data provided in the Irrigation and Drainage Paper 56 of the Food and 

Agriculture Organization (FAO) of the United Nations with one modification (Allen et al., 

1998). The modification applies the long-term mean monthly RH to adjust extreme 

values. This was done as the equation was found to underestimate the daily RH in the 



 

62 
 

baseline period which would result in overestimates of IWR in the CROPWAT model. 

The equation used is as follows: 

(4.1) 𝑅𝐻 = �𝑒𝑎2
𝑒𝑠2

+𝑅𝐻𝑎𝑣𝑔�/2. 

Where 𝑒𝑎2 is actual vapour pressure and 𝑒𝑠2 is the saturation vapour pressure. Values of 

𝑒𝑠2 are estimated assuming the temperature near sunrise (Tmin) is the dew point 

temperature (Tdew) and that RH is at or near 100% at this temperature. Under this 

assumption ea is calculated using equation 4.2: 

(4.2) 𝑒𝑎2 =  0.611[17.27𝑇𝑚𝑖𝑛/(𝑇𝑚𝑖𝑛+237.3)]. 

This method also carries the assumption that the surface is well watered made earlier 

by the CROPWAT calculation of ETc. 

4.3.3 Wind Speed 

 Wind serves as the mechanism for removal of moisture from a parcel of air after 

it is evaporated or transpired from the surface of the soil and plants. However, wind 

speed data at OPFRA were incomplete so values from Saskatoon (80 km northeast of 

Outlook) were used instead. Also, wind speed values are aggregated to the daily 

timescale resulting in moderated wind speeds relative to the daily maximum as 

generally low wind speeds at night offset any daytime extremes. Wind speed was held 

constant for each scenario as the sensitivity of ETo at moderate wind speeds is low 

(Gong et al., 2006). The sensitivity of errors in wind speed was also found to be less 

during the growing season and more sensitive during the winter months (Est & Gavil, 

2009). This indicates that wind speed may play a more important role when temperature 

and solar radiation have less evaporative power. Also, CROPWAT sets any extremely 

high values to 800 km day-1 (9.26 m s-1). It is assumed that the increase in ETo is 
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negligible above 800 km per day as vapour is removed at a higher rate than it can be 

evaporated or transpired (Porter et al., 2012). A more important consideration for wind 

speed for determining IWR is the decrease in water use efficiency under higher wind 

speeds due to the water applied being blown off the field before reaching the canopy or 

soil surface. 

4.3.4 Sun Hours (Shortwave Radiation) 

 Shortwave Radiation (SR) was not altered from the baseline as it is not 

measured at OPFRA or nearby stations. The calculation of SR uses baseline mean 

daily sun hours. Shortwave radiation was not measured near OPFRA thus limiting 

options for projecting changes to SR and correcting values from GCM projections. SR 

exhibits a strong direct relationship with ETo (Est & Gavil, 2009; Gong et al., 2006). In 

this thesis, SR is assumed to change relatively little in future scenarios as mainly sunny 

conditions are considered for the purposes of this study in both baseline and projected 

futures. The altitude and latitude of a location are important as both have an influence 

on the amount of solar radiation received. 

4.3.5 Further Assumptions 

 Several assumptions are made when using the CROPWAT model and PM-FAO 

method for ET calculations. First, ETc assumes standard management practices 

meaning the crop well watered and is not stressed or limited by any management 

choices and experiences ideal growth for given meteorological conditions (Allen et al., 

1998). Furthermore, all irrigation applications on the crops are assumed to achieve 

exactly 85% application efficiency. Second, the beginning of each successive year in an 

event assumes snowmelt occurs in March and planting occurs on May 14th (2nd decade 

of May). This is to keep the growing period for each particular event constant even if 
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conditions would allow for one to plant crops earlier in the season thus avoiding the 

worst of the dry conditions in August and September.  

4.3.6 Units 

1 𝑚𝑚 ℎ𝑎−1 = 10 𝑚3;  where m is metres, ha is hectares, mm is millimetres. 

1 𝑑𝑎𝑚3 = 1000000 𝑚3; where dam3 is cubic decametres, m3 is cubic metres. 

1 ℎ𝑎 = 2.471 𝑎𝑐;  where ha is hectares, ac is acres. 

4.4 CROPWAT Outputs 

 The resulting IWR values for each time period, scenario, and GCM are 

presented graphically as grids to highlight the trends and variations exhibited in each 

model. The CROPWAT model outputs using observed data for SPEI-Neutral and the 

2001-02 drought are also presented to allow for comparisons between past observed 

and future projected conditions. Each grid (Figures 4.2, 4.3, and 4.4) contains all events, 

scenarios, and years for one GCM and contains values for effective rainfall (ER), ETc, 

and IWR. Larger and darker markers indicate higher potential for high IWR. Large 

markers indicate low effective rainfall while darker markers indicate high ETc. Two 

crops, canola and dry bean, were chosen for analysis in CROPWAT as they are part of 

the rotation most used in Saskatchewan (Shaw, 2009). The results for dry beans are 

presented in Appendix A (Figures A.1, A.2, and A.3).  

4.4.1 SPEI-Neutral and 2001-02 Drought Event Outputs 

 The 2001-02 drought event is among the most widespread and severe of the last 

century. The future drought projections are compared to this event as an increase in 

IWR over the 2001-02 event illustrates the increased severity of future events. The 

future drought events are also compared relative to past SPEI-Neutral years to show an 
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estimate of the changes relative to as near ‘normal’ conditions for southern 

Saskatchewan.  
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Figure 4.1 - SPEI neutral and 2001-02 drought events CROPWAT outputs for a canola 
crop. Irrigation Water Requirements (IWR), crop evapotranspiration, and effective rainfall 
for each event, and the average cumulative total annual IWR (line) for all drought years at 
10-day time steps. 
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4.4.2 Projected Drought Event Outputs 

Figure 4.2 shows the results from the CGCM4 T47 GCM. Unexpectedly, the 

more balanced A1B scenario shows a higher increase in IWR than the growth and fossil 

fuel intensive A2 scenario. However, as expected B1 exhibits the least severe future 

droughts and even shows improvements in both 2050s and 2080s relative to 2020s. 

This is likely due to smaller increases in temperature while still experiencing some 

increased precipitation resulting in more favourable growing conditions. Both the A1B 

and A2 scenarios show both higher peak and longer peak duration of ETc values. ER 

values highlight the impact timely rainfall can have in reducing the impact of drought 

events on IWR. The resulting overall change in the IWR is most severe in the A1B 

scenario with a 36% to 44% change relative to the SPEI-Neutral years and a 3% to 

8.5% change relative to 2001-02 event. The B1 scenario is the least severe of all 

scenarios showing a 10% reduction in IWR by the 2080s relative to the 2001-02 

drought. 
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Figure 4.2 - CGCM3 T47 CROPWAT results for a canola crop. Irrigation Water 
Requirements (IWR), crop evapotranspiration, and effective rainfall for each event, and 
the average cumulative total annual IWR (line) for all drought years at 10-day time steps. 
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 The CGCM3 T63 events (Figure 4.3) show an interesting mixture of changes for 

each scenario. First, the A1B scenario experiences a drastic change from 2020s to 

2050s with a nearly 10% increase in IWR. However, this diminishes to a 5% increase by 

the 2080s. The diminishing increases through the 2080s is likely due to increases in 

effective precipitation as increased precipitation of 5% is shown in   
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Table 3.3 between the 2050s and 2080s. The A2 scenario is the most severe with 

highest overall IWR as is to be expected but the increase from 2020s to 2080s is 

negligible at around 1%. So although consistently high IWR, changes under this 

scenario should not require any drastic changes during the 2020s to 2100s. Finally, the 

B1 scenario again shows improvement over the 2020s to 2080s as in the CGCM3 T47 

scenarios. The 2080s exhibit many more periods in which the ER is reasonably high 

relative to the other scenarios while the ETc is also somewhat moderated. Overall the 

CGCM3 T63 model shows the smallest range of increases overall. The IWR changes 

relative to SPEI neutral range from a 28% to 45% increase and a -3% decrease to a 

10% increase relative to the 2001-02 drought. 
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Figure 4.3 - CGCM3 T63 CROPWAT results for a canola crop. Irrigation Water 
Requirements (IWR), crop evapotranspiration, and effective rainfall for each event, and 
the average cumulative total annual IWR (line) for all drought years at 10-day time steps. 
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The HadCM3 drought events show the most predictable trends in the change in 

IWR over each time period. With each scenario showing an overall increase with the 

largest increase in IWR shown by the A2 scenario. The scenarios show the highest 

increase in total IWR with the scenarios A1B, A2, and B1 increasing by 45.7%, 56.9%, 

and 45.5% respectively relative to the SPEI neutral (Table 4.1). The most surprising 

aspect of the HadCM3 events is the severity and constant increase in IWR shown by 

the B1 scenario. HadCM3 B1 is an interesting scenario as both of the CGCM3 models 

had improvements in growing conditions under the B1 scenario while the HadCM3 B1 

scenario shows as much increase as the HadCM3 A1B scenario. This is due to the 

HadCM3 projecting the highest temperature increases and more consistent decreases 

in precipitation during the growing season whereas the CGCM3 scenarios do not project 

as much temperature increase resulting in more ER for CGCM3 events. That is, the 

HadCM3’s temperature increases and precipitation timing counters the benefits of 

increased rainfall in projected events. 
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Figure 4.4 - Hadley CM3 CROPWAT results for a canola crop. Irrigation water 
requirements (IWR), crop evapotranspiration, and effective rainfall for each event, and the 
average cumulative total annual IWR (line) for all drought years at 10-day time steps. 
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 The trends in annual IWR for each model and scenario relative to the SPEI-

Neutral years are similar. The A1B and A2 scenarios show increases at each time 

period in most cases with the exception of the A2 2050s scenarios for both CGCM3 

models. The B1 scenarios also show a consistent pattern for the CGCM3 scenarios but 

in this case each time period shows improvements in growing conditions or a decrease 

in IWR. However, the HadCM3 scenarios continue to show increasing IWR even under 

the B1 scenarios. This is again likely due to poor precipitation timing as well as the 

highest increases in temperature. 

Table 4.1 - Percent change in IWR for future drought events relative to SPEI-neutral years 

 
CGCM3 T47 CGCM3 T63 HadCM3 

 
A1B A2 B1 A1B A2 B1 A1B A2 B1 

2020s 36.34 36.71 31.09 32.23 37.67 41.08 39.94 25.29 31.42 
2050s 36.86 32.23 31.46 45.34 36.82 34.43 30.58 43.06 42.95 
2080s 43.94 41.85 18.58 37.22 38.40 28.56 45.70 56.90 45.52 

 

The changes seen between future drought events and the 2001-02 events show 

the same pattern as those seen in Table 4.1 but the changes are much smaller as the 

2001-02 drought events are already harsh conditions and as such have much higher 

IWR than the SPEI-Neutral. The pattern of A1B and A2 scenarios showing increased 

IWR with the B1 scenarios showing decreased IWR, with the exception of the HadCM3 

B1 scenario, is still maintained. 

Table 4.2 - Percent changes in IWR for future drought events relative to 2001-02 drought 
event 

     CGCM3 T47  CGCM3 T63   HadCM3 

 
A1B A2 B1 A1B A2 B1 A1B A2 B1 

2020s 2.80 3.07 -1.16 -0.30 3.79 6.37 5.51 -5.54 -0.91 
2050s 3.18 -0.30 -0.89 9.58 3.16 1.36 -1.55 7.86 7.78 
2080s 8.52 6.95 -10.60 3.46 4.35 -3.07 9.85 18.30 9.71 
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One potential change that may occur along with the changes to climate and a 

longer growing season could be a shift in what crops are actually planted. For example, 

a longer growing season may make maize viable for southern Saskatchewan. Under the 

2050s drought conditions, the IWR for a maize crop can reach nearly 450 mm for a year 

or around 12% more than Canola (Figure 4.5). Maize follows a similar pattern to the 

other cultivars examined with the exception that the growing season extends further into 

the driest part of the year when planted at the same starting point. There may also be 

other relatively water intensive options such as various vegetable crops that could be 

chosen as irrigation is expensive and high-value crops will be favoured to offset those 

costs. Therefore, high-value but low water requirement crops would be the ideal choice 

if such crops exist and could be grown in Saskatchewan. However, many crops such as 

canola and dry bean already are relatively low water requirement crops and as such 

new cultivars would need to be explored. 
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Figure 4.5 – Total cumulative irrigation water requirements (IWR) for grain maize under 
2050s drought conditions under 9 climate scenarios. IWR, crop evapotranspiration, and 
effective rainfall for each event, and the average cumulative total annual IWR (line) for all 
drought years at 10-day time steps. 
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 Aggregation of all scenarios also provides useful information on what future 

conditions can be expected. Figures 4.6 and 4.7 show aggregate values for both 

effective rainfall and irrigation water requirements respectively. The plots in these 

figures show the maximum, minimum, median, and upper and lower quartiles of all the 

scenarios and events together for each 10-day period. The results for aggregate 

effective rainfall scenarios show decreases in maximum effective precipitation over time 

from the 2020s through the 2080s. There are also decreases in the August effective 

rainfall median values over the same time period while the earlier periods do not 

experience a large change. Furthermore, the IWR increases into the 2050s but the 

increases taper off into the 2080s. This is a result of the aggregation including the 

scenarios which show great improvements in low carbon technologies along with low 

population and economic growth. This is also shown by the increasing lower quartile 

values and slightly higher median values into the 2080s indicating fewer low IWR 

scenarios. Thus, it can be expected that IWR will most likely increase into the future 

even when considering all scenarios together. 
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Figure 4.6 - Aggregate of all scenarios for effective precipitation for 2020s, 2050s, and 
2080s at each 10-day period. 
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Figure 4.7 - Aggregate of all scenarios for irrigation water requirements for 2020s, 2050s, 
and 2080s at each 10-day period. 
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4.4.3 Effects on the Water Supply 

 Southern Saskatchewan possesses limited water resources with nearly all water 

originating outside the province. This leaves the province particularly vulnerable to 

changes in that water supply. The Master Agreement on Apportionment requires 

Saskatchewan to pass to Manitoba one-half of the water received from Alberta plus 

one-half of natural flow arising within Saskatchewan. However, an important caveat is 

that Alberta, where most of the water originates, is allowed to keep the greater of 2.59 

million dam3 or 50% of the total volume so long as the discharge remains above 42.47 

m3 s-1 (Prairie Provinces Water Board, 2009). This is important as the minimum flow 

experienced during instrumental record is 85 m3 s-1 with a volume of 4.6 million dam3 

(Saskatchewan Water Security Agency, 2012). Currently, the mean annual flow of 213 

m3 s-1 in the South Saskatchewan River (SSR) is more than sufficient for 

Saskatchewan’s needs (Saskatchewan Water Security Agency, 2012). However, 

research is being conducted which points to possible lower stream flows for consecutive 

drought years in the past (Sauchyn & Vanstone, 2013; Schindler & Donahue, 2006). 

Lower streamflows may result in Alberta holding back more than 50% of the water and 

reducing Saskatchewan’s ability to irrigate possibly leading to interprovincial conflict. 

The increased IWR shown in the CROPWAT outputs will result in changes in the 

available water in Lake Diefenbaker and the South Saskatchewan River (SSR). Since a 

1 mm IWR is equivalent to 10 m3 per hectare of irrigated cropland, IWR approaching 

and in some scenarios surpassing 400 mm for canola represent a large proportion of 

the annual water budget for Lake Diefenbaker and the SSR. For example, if all of the 

14000 ha of irrigation currently installed in the South Saskatchewan River Irrigation 

District (SSRID) irrigated canola at a 400 mm deficit the total volume of water would be 

56 000 dam3 or about 2% of the safe usable storage capacity (Saskatchewan Water 
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Security Agency, 2012). Keeping in mind the potential to expand irrigation in the 

province to 200 000 ha, expansion could result in total IWR for the province to reach 

800 000 dam3, nearly 30% supply capacity, for an average IWR of 400 mm. These 

changes will result in withdrawals from Lake Diefenbaker which cannot be replaced by 

the SSR and lake drawdown will occur.  

Drawdown during the 2001-02 drought event resulted in the lake rapidly 

approaching the minimum safe storage volume (Figure 4.8). This drawdown could be 

compounded over successive drought years, increasing competition by various users 

including potash mines, municipalities, recreational users, habitat, and irrigators. This 

will eventually cause severe financial and social stress in the entirety of southern 

Saskatchewan unless measures are taken proactively to mitigate and adapt to the 

changes. Lake Diefenbaker’s low flow water budget also illustrates how much 

competition for water resources exists for those years (Figure 4.9). 
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Figure 4.8 - Lake Diefenbaker mean monthly levels 1999-2003. Source: Environment 
Canada HYDAT Station 05HF003 

 

 

Figure 4.9 - Lake Diefenbaker low flow annual water balance. 2 672 000 dam3, 85 m3s-1 
(Saskatchewan Water Security Agency, 2012) 
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4.5 Conclusion 

 Climate change will bring about drastic changes in irrigated agriculture on the 

Canadian Prairies. As irrigation expands to meet the water requirements lost due to a 

drier climate, more water will be withdrawn from both the SSR and Lake Diefenbaker 

stressing already limited supplies. During drought events southern Saskatchewan can 

expect much higher temperatures and very low precipitation values resulting in IWR 

increases of up to 56% relative to SPEI-Neutral years or nearly 20% higher than the 

most recent severe drought event in 2001-02. With these changes in climate will arise a 

need for adaptations other than irrigation for prolonged drought events as any event 

beyond 2 years will result in competition among users and large decreases in economic 

output in affected sectors. Competition will not be limited to within provincial borders but 

will occur among all of the Prairie Provinces as well as potentially with the United States 

for shared water resources.  

As irrigation is by far the largest consumer of water resources and is expected to 

increase in the future, it is likely during extended drought events that irrigation needs will 

not be met and thus yields will be reduced. This means that irrigation alone cannot be 

the sole adaptation choice for agriculture in Saskatchewan as when it is required most, 

it may not be able to function due to insufficient water supply. Irrigation expansion needs 

to be coupled with other adaptations and management plans including new cultivars, 

priority of use for limited water supplies, exploration of different water sharing and 

pricing plans, and possibly expanding capacity for capturing the increased precipitation 

to enhance supply for irrigation purposes. Proactive adaptations which will enhance 

resilience to drought events need to be explored and developed before events occur to 

avoid the worst effects of any future drought events. An excellent first step may be for 
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the province as a whole to eliminate the perception that the water supply is secure and 

abundant. 
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Chapter 5 - Conclusions 

 Conclusions are summarized below organized by research objectives. 

 Research Objective #1: Use GCM outputs to develop future drought projections 

for the South Saskatchewan River Irrigation District (SSRID). More precisely: Provide a 

range of futures in the SSRID representing conservative and extreme estimates of 

future conditions using the UK’s HadCM3, Canada’s CGCM T47 and CGCM T63 

climate models driven by the A1B, A2, and B1 emissions scenarios; and use the 

standardized precipitation-evapotranspiration index (SPEI) to define a future ‘drought 

event’.  

A range of projected future drought events was successfully extracted using the 

SPEI with a threshold of -1.28 resulting in extraction of the 10% driest months. If the 

extracted months occurred in succession for two years the months were extracted and 

downscaled using the Long Ashton Research Centre-Weather Generator (LARS-WG) 

which resulted in daily values of temperature and precipitation for those particular 

drought months. These events were then able to be used to calculate irrigation water 

requirements (IWR) under those conditions. This process was completed for 9 different 

scenarios and three different time steps resulting in 27 individual scenarios with a wide 

range of temperature and precipitation changes. Of the 27 scenarios, only CGCM3 T47 

A2 during the 2020s failed to meet both requirements of length and severity for drought 

events for both event years.  CGCM3 T63 2050s, CGCM3 T63 2080s, and HadCM3 

2050s, also failed to meet the requirements for a single drought event. This leaves 26 

scenarios in which at least 1 event satisfied all requirements and 23 scenarios in which 

all events are extreme droughts. This was considered a sufficient range of projections to 
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satisfy the need for a wide range of futures to address the issue of uncertainty inherent 

in future climate projections. 

Research Objective #2: Compare projected future IWR during drought events to 

those of SPEI-Neutral years as well as the 2001-02 drought event in order to illustrate 

magnitude of change in water requirements for irrigated agriculture in the SSRID by 

using the CROPWAT model to calculate crop water requirements (CWR) and irrigation 

water requirements (IWR) for multiple crops; and comparing the outputs of CROPWAT 

to past streamflow and Lake Diefenbaker supply levels to show proportion of total water 

supply used for irrigation. 

The CROPWAT IWR results for the future drought scenarios showed increases 

in IWR for most scenarios. Changes in IWR relative to the 2001-02 event showed a 

range of a reduction in IWR of 10% for the CGCM3 T47 B1 scenario to an increase of 

20% for the HadCM3 A2 scenario. As achieving the B1 scenario is extremely unlikely, it 

can be assumed that the future IWR for the province will increase under drought 

conditions.  

At full supply capacity of Lake Diefenbaker, the IWR seen in the future scenarios 

for canola under full irrigation capacity in the province could require as much as 28% of 

the 2 860 000 dam3 supply for irrigation alone annually. Further modeling is required to 

understand the supply scenarios at a sub-annual time scale. Under low flow scenarios, 

this would result in drawdown of the lake level annually which would affect the 

reservoir’s ability to achieve all of its functions including energy production, recreation, 

habitat, drinking water, and irrigation.  
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5.1 Future Research 

 This thesis provides a basis for several future research possibilities. First, the 

development of higher-resolution GCMs and regional climate models (RCMs) will allow 

for more accurate construction of future climate and as a result improve upon future 

drought projections. RCMs and other improved models and emissions scenarios will 

continue to improve in the future and will allow for more detailed and confident 

projections. Projections may also be improved for less confident variables such as 

relative humidity and wind speed which could greatly improve the accuracy of ET 

calculations and help assist in drought projections. Agroclimate models will also improve 

in accuracy and complexity as well which will further improve this type of analysis. This 

project provides a reasonable method for delineating future drought events and 

analyzing them to illustrate their affect on a particular sector of the economy.  

A similar study using the improved climate and agroclimate models, as well as 

modelling of prolonged droughts, could be conducted and would likely be highly 

successful if done with an interdisciplinary approach as the scope of such a project is 

beyond any one person’s expertise. Similar studies could and likely should be 

conducted in water scarce regions when considering any major developments which will 

require large or consistent quantities of water to function in order to avoid developing a 

project that may not be able to function during certain conditions. Increased 

understanding of how the streamflow in the SSR and source water areas of the Rocky 

Mountains will change will also be required to improve planning any irrigation 

expansions and ensuring they will be able to help mitigate the effects of future droughts. 
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Appendix A - Dry Bean CROPWAT Results 

 

Figure A.5.1 - Dry bean CROPWAT outputs for CGCM3 T47. Total cumulative irrigation 
water requirements (line), crop evapotranspiration, and effective rainfall during the 2020s, 
2050s, and 2080s for each drought event at 10-day time steps. 
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Figure A.5.2 - Dry bean CROPWAT outputs for CGCM3 T63. Total cumulative irrigation 
water requirements (line), crop evapotranspiration, and effective rainfall during the 2020s, 
2050s, and 2080s for each drought event at 10-day time steps. 
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Figure A.5.3 - Dry bean CROPWAT outputs for HadCM3. Total cumulative irrigation water 
requirements (line), crop evapotranspiration, and effective rainfall during the 2020s, 
2050s, and 2080s for each drought event at 10-day time steps.
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Appendix B – MATLAB scripts 

Extracting data from several Environment Canada .csv files. 

1 DirectoryPath = 'C:\PATHNAME\'; 
2 FileList = dir('*.csv'); 
3 NumFile = size(FileList,1); 
4 for k = 1971:2010; 
5     File = [DirectoryPath, 'year_', num2str(k), '.csv']; 
6     disp(File); 
7 fid1 = fopen(File, 'r'); 
8 Date = textscan(fid1, '%q %*s %*[^\n]', 'Delimiter', ',', 
'HeaderLines', 25); 
9 fclose(fid1); 
10 Date = datenum(Date{1, 1}, 'yyyy-mm-dd'); 
11 fid1 = fopen(File, 'r'); 
12 Data = textscan(fid1, '%*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s 
%*s %*s %*s %*s %*s %f %*s %*s %*s %*s %*s %f %*s %*s %*s %*s %*s %*s 
%*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s 
%*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %*s %f %*[^\n]', 'Delimiter', 
'","', 'HeaderLines', 25,'treatAsEmpty', {'M', '*', 'E', 'T', 'A', 'C', 
'L', 'N', 'Y', 'S', 'F'}); 
13 fclose(fid1); 
14 Maxtemp = Data{1,1}; 
15 Mintemp = Data{1,2}; 
16 Tppt = Data{1,3}; 
17 NumDaysInYear = size(Data{1,1},1); 
18 Final(1:NumDaysInYear, :, :, :) = [Date, Mintemp, Maxtemp, Tppt]; 
19 Final(1:NumDaysInYear, :) = [Date, MWS]; 
20 headers = {'Datenum', 'Min Temp (C)', 'Max Temp (C)', 'Total 
Precipitation (mm)'}; 
21 dlmwrite('MWS.csv', Final, 'precision', 6, '-append'); 
22 end 

 

To convert GCM precipitation (mm/day) to monthly precipitation (mm). 

1 %to make PPT values from GCMs to Monthly (not mm/day) 
2 %X = #days in each month 
3 X = [31,28,31,30,31,30,31,31,30,31,30,31] 
4 Output = bsxfun(@times, X, Variable); %change last value to whatever 
the GCM output you need is. 
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To extract values from downscaled scenarios to create mean monthly temperature and total 
precipitation for prepare for SPEI calculation. 

1  %extract variables for monthly transform 
2 
3  data = Filename(:,[4,5,6]); 
4  T = (data(:,1)+data(:,2))/2; 
5  P = data(:,3); 
6 
7  T = reshape(T,365,50); 
8  P = reshape(P,365,50); 
9 
10  load('Months.mat'); 
11 
12  FilenameP = horzcat(Months,P); 
13  FilenameT = horzcat(Months,T); 

 

To format extracted values from previous script in order reshape the scenario for SPEI 
calculation. 2 columns of precipitation; temperature values. 

1 %Temperature SPEI Format 
2 datat = FilenameT; 
3 montht = zeros(12, size(datat, 2)); 
4 for k = 1:12 
5     montht(k, :) = mean(datat(datat(:, 1) == k, :)); 
6 end 
7 montht = montht(:,2:51); %Change from 31 to 51 for Baseline or OBS61 
8 %Precipitation SPEI Format 
9 datap = FilenameP; 
10 monthp = zeros(12, size(datap, 2)); 
11 for k = 1:12 
12     monthp(k, :) = sum(datap(datap(:, 1) == k, :)); 
13 end 
14 monthp = monthp(:,2:51); %Change from 31 to 51 for Baseline or OBS61 
15 %Rejoin into P;T for SPEI Calculation 
16 Filename = horzcat(reshape(monthp, 600,1), reshape(montht, 600, 1));  
17 %Change above line from 360 to 600 for Baseline or OBS61 
18 dlmwrite('FilenameSPEI.txt', variable, 'delimiter', ';'); 
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For change factor correction of GCM data. 

1 %Correction Factor for Temperature 
2 %Ofut = MeanTraw + VarTraw/VarTref(Oref - MeanTref) 
3 MeanTraw = mean(RawFilename(51:80,:)); %51:80 = 2020s; 81-110 = 2050s; 
111:140 = 2080s 
4 MeanTref = mean(RawFilename (1:30,:)); %1961-90 
5 StdTraw = std(RawFilename (51:80,:)); %51:80 = 2020s; 81-110 = 2050s; 
111:140 = 2080s 
6 StdTref = std(RawFilename (1:30,:)); %1961-90 
7 Oref = ObservedFilename; 
8 Ofut = bsxfun(@minus, Oref, MeanTref); 
9 Ofut = bsxfun(@times, StdTraw./StdTref, Ofut); 
10 CorrectedFilename = bsxfun(@plus, MeanTraw, Ofut); 

 

1 %Correction Factor for Precipitation 
2 %Ofut = MeanTraw * VarTraw/VarTref(Oref / MeanTref) 
3 MeanPraw = mean(RawFilename(51:80,:)); %51:80 = 2020s; 81-110 = 2050s; 
111:140 = 2080s 
4 MeanPref = mean(RawFilename (1:30,:)); %1961-90 
5 StdPraw = std(RawFilename (51:80,:)); %51:80 = 2020s; 81-110 = 2050s; 
111:140 = 2080s 
6 StdPref = std(RawFilename (1:30,:)); %1961-90 
7 Oref = ObservedFilename; 
8 Ofut = bsxfun(@rdivide, Oref, MeanPref); 
9 Ofut = bsxfun(@times, StdPraw./StdPref, Ofut); 
10 CorrectedFilename = bsxfun(@times, MeanPraw, Ofut); 
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Relative humidity calculation. 

1 %Relative Humidity Estimation from Min/Max Temp 
2 %ONLY FOR PROJECTED SCENARIOS  
3 filename = 'Filename.xlsx'; 
4 open('Date.mat'); 
5 data = xlsread(filename); 
6 data = data(:,3:7); 
7 Tmax = data(:,2); 
8 Tmin = data(:,1); 
9 %Calculate Mean Satuaration Vapour Pressure 
10 esmin = 0.6108*(exp((17.27*(Tmin))./((Tmin)+237.3))); 
11 esmax = 0.6108*(exp((17.27*(Tmax))./((Tmax)+237.3))); 
12 es = (esmin+esmax)/2; 
13 %Calculate Relative Humidity Assuming Tmin approx. Dew Pt. 
14 RH = 100*(esmin./es); 
15 %Add in Long-Term Mean Monthly RH into RH Estimation to correct for 
16 %Over/Underestimations 
17 RHjan1 = (RH(1:31)+73)./2; 
18 RHfeb1 = (RH(32:59)+74.5)./2; 
19 RHmar1 = (RH(60:90)+75)./2; 
20 RHapr1 = (RH(91:120)+64)./2; 
21 RHmay1 = (RH(121:151)+57.5)./2; 
22 RHjun1 = (RH(152:181)+60)./2; 
23 RHjul1 = (RH(182:212)+62.5)./2; 
24 RHaug1 = (RH(213:243)+62)./2; 
25 RHsep1 = (RH(244:273)+64.5)./2; 
26 RHoct1 = (RH(274:304)+64.5)./2; 
27 RHnov1 = (RH(305:334)+75)./2; 
28 RHdec1 = (RH(335:365)+75)./2; 
29 RHjan2 = (RH(366:396)+73)./2; 
30 RHfeb2 = (RH(397:424)+74.5)./2; 
31 RHmar2 = (RH(425:455)+75)./2; 
32 RHapr2 = (RH(456:485)+64)./2; 
33 RHmay2 = (RH(486:516)+57.5)./2; 
34 RHjun2 = (RH(517:546)+60)./2; 
35 RHjul2 = (RH(547:577)+62.5)./2; 
36 RHaug2 = (RH(578:608)+62)./2; 
37 RHsep2 = (RH(609:638)+64.5)./2; 
38 RHoct2 = (RH(639:669)+64.5)./2; 
39 RHnov2 = (RH(670:699)+75)./2; 
40 RHdec2 = (RH(700:730)+75)./2; 
41 RH = vertcat(RHjan1, RHfeb1, RHmar1, RHapr1, RHmay1, RHjun1, RHjul1, 
RHaug1, RHsep1, RHoct1, RHnov1, RHdec1, RHjan2, RHfeb2, RHmar2, RHapr2, 
RHmay2, RHjun2, RHjul2, RHaug2, RHsep2, RHoct2, RHnov2, RHdec2); 
42 %Save estimated RH into CropWat ready Input files 
43 newdata = horzcat(Date, data(:,1), data(:,2), RH, data(:,4), 
data(:,5)); 
44 xlswrite(filename, newdata); 
45 filename 
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Format CROPWAT output files for use in graphs. 

1 %Import Temperature for Climate Info 
2 %read in files 
3 filename1 = 'Filename1.TXT'; 
4 fid = fopen(filename1); 
5 data1 = textscan(fid,'%s %f %f %*[^\n]', 'delimiter', ',', 
'HeaderLines',11); 
6 fid = fclose(fid); 
7 filename2 = 'Filename2.txt'; 
8 fid = fopen(filename2); 
9 data2 = textscan(fid, '%s %f %f %*[^\n]', 'delimiter', ',', 
'HeaderLines',11); 
10 fid = fclose(fid); 
11 filename3 = ‘Filename3.TXT'; 
12 fid = fopen(filename3); 
13 data3 = textscan(fid, '%s %f %f %*[^\n]', 'delimiter', ',', 
'HeaderLines',11); 
14 fid = fclose(fid); 
15 filename4 = 'Filename4.TXT'; 
16 fid = fopen(filename4); 
17 data4 = textscan(fid, '%s %f %f %*[^\n]', 'delimiter', ',', 
'HeaderLines',11); 
18 fid = fclose(fid); 
19 data1 = cell2mat(data1(:,2:3)); 
20 data1 = data1(1:12,:)'; 
21 data2 = cell2mat(data2(:,2:3)); 
22 data2 = data2(1:12,:)'; 
23 data3 = cell2mat(data3(:,2:3)); 
24 data3 = data3(1:12,:)'; 
25 data4 = cell2mat(data4(:,2:3)); 
26 data4 = data4(1:12,:)'; 
27 min1 = data1(1,:)'; 
28 min2 = data2(1,:)'; 
29 min3 = data3(1,:)'; 
30 min4 = data4(1,:)'; 
31 max1 = data1(2,:)'; 
32 max2 = data2(2,:)'; 
33 max3 = data3(2,:)'; 
34 max4 = data4(2,:)'; 
35 %Put each of the 4 min and max together and take mean. 
36 min = horzcat(min1, min2, min3, min4)'; 
37 max = horzcat(max1, max2, max3, max4)'; 
38 min = mean(min)'; 
39 max = mean(max)'; 
40 %Designate to new name and repeat for each scenario. 
41 TimePeriodMin = min; 
42 TimePeriodMax = max; 
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