
 
 
 
 

 
 

 
 
 
 

 
 
 
 

 

HISTORIC AND FUTURE WEATHER EXTREMES IN THE SOUTH 
SASKATCHEWAN RIVER WATERSHED, ALBERTA 

ROYA SADAT MOUSAVI 
 

DOCTOR OF PHILOSOPHY, BU-ALI SINA UNIVERSITY, 2017 

A thesis submitted  
in partial fulfilment of the requirements for the degree of 

 
 

DOCTOR OF PHILOSOPHY 
 

in 
 

EARTH, SPACE, AND PHYSICAL SCIENCE 

Department of Geography and Environment 
University of Lethbridge 

LETHBRIDGE, ALBERTA, CANADA 
 
 
 
 

© Roya Sadat Mousavi, 2023 



 
 
 
 

HISTORIC AND FUTURE WEATHER EXTREMES IN THE SOUTH 
SASKATCHEWAN RIVER WATERSHED, ALBERTA 

 
ROYA SADAT MOUSAVI 

 
 
Date of Defense: September 15, 2023 
 
 
 
 
 
Dr. J. M. Byrne 

Dr. D. L. Johnson 

Thesis Co-Supervisors 

 

Professor Emeritus, 

Professor 

Ph.D. 

Ph.D. 

Dr. R. Kroebel 

Thesis Examination Committee Member 

 

 

Adjunct Professor 

 

Ph.D. 

Dr. Aaron Berg 

External Examiner 

University of Guelph, Ontario 

 

 

Professor 

 

Ph.D. 

Dr. Craig Coburn 

Chair, Thesis Examination Committee 

 

Associate Professor 

 

Ph.D. 



iii  

DEDICATION 
 

To Mojtaba and Hana for their companion, patience, help, and love that supported 

and encouraged me tremendously in my journey. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



iv  

ABSTRACT 
 

Extreme weather events can cause catastrophic and long-lasting impacts on water 

availability, environment, agriculture, economies, and societies. This study investigates 

the historical and future conditions of drought- and temperature-related extreme events in 

the South Saskatchewan River Watershed (Alberta, Canada), which is dominated by 

activities related to agriculture and environment. We studied interdecadal drought 

variation as well as future projections of drought condition based on CMIP6 ensemble of 

26 GCMs and 3 SSP scenarios. Our results showed increased occurrence rates of drought, 

with more intensified droughts occurring after year 2000 in the historical period. Future 

projections reveal that more occurrence of droughts and at higher severity levels are 

plausible under climate change scenarios. Similarly, the extreme temperature events 

showed increased numbers of hot summer days, fewer frost days and icing days, longer 

growing seasons, and increased occurrence of extreme temperatures are expected under 

climate change scenarios.  
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CHAPTER 1: INTRODUCTION 

The current trends of weather indicators show anomalies and intensification of 

climate extremes (Tabari, 2020). These variations can be seen on extreme events, such as 

occurrence of extreme temperature, precipitation, heat waves, and drought condition, and 

can have disastrous consequences for different sectors. Based on the most recent 

projections in AR6 the risk of severe extreme events such as heatwaves, droughts, and 

floods are evaluated to be high with 1.5 to 2°C warming, a shift from AR5 projections in 

which the extreme outcomes and events were expected to happen by temperature 

increases of 1.6 to 2.6°C (IPCC, 2018). Also, the current warming due to accumulation of 

greenhouse gasses in the atmosphere caused more temperature rise in Canada compared 

to other regions because of its location in higher latitudes and being adjacent to north 

pole. Reduction of ice cover, decreased Albedo, and subsequently more heat absorption 

are amongst the main reasons for more warming in Canada (especially closer to polar 

regions), compared to other regions. 

Drought and heat waves will become more prevalent under global climate change. 

These phenomena have resulted in severe consequences in many regions, such as Western 

Europe-2003 (Luterbacher et al., 2004); Central Europe and Russia-2010 (Grumm, 2011); 

and California-2014 (Aghakouchak et al., 2014; Swain, 2014). 

Due to global warming, coincidence of heat waves and droughts have been more 

frequent in recent years (IPCC., 2012; Aghakouckak et al., 2014; Xu et al., 2020). Many 

studies suggest an increase in drought intensity for the 21st century (Cook et al., 2014; 

Sheffield and Wood, 2008; Huang et al., 2016; Guo, 2012). Similar results are reported 

for extreme temperature and heatwaves (French et al., 2019; Parente et al., 2018; 
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Bandyopadhyay et al., 2016) 

These extreme events need to be analyzed as they could happen simultaneously 

and superimpose effects (Parente et al., 2018). Moreover, heat waves could limit the 

suitable condition for convective precipitation, leading to less moisture and continuation 

of drought (Mazdiyasni and Aghakouchak, 2015). 

Based on the definition, drought is a prolonged period with relatively low 

precipitation and reduced amount of available water. This broad definition could be 

interpreted differently from meteorological, hydrological, agricultural, and socioeconomic 

points of view, leading to different indices pertaining to each of these concepts 

(Danandeh Mehr and Vaheddoost, 2019; Tran et al., 2019). Among different types of 

droughts, the meteorological drought is normally considered as the cause to other types of 

droughts (Zhang and Jia, 2013). Meteorological drought is the result of dominancy of dry 

weather and can change rapidly. Other types of droughts are evident when the impacts of 

meteorological drought develop over time and can be apparent through available water 

and crop yields, and can result in socioeconomic changes. There are several indices 

proposed for drought analysis (Zargar et al., 2011, Eslamian et al., 2017) among which 

the SPI (Standardized Precipitation Index) and SPEI (Standardized Precipitation-

Evapotranspiration Index) are frequently used because of their acceptable performance 

and simplicity. The SPI is proposed by the World Meteorological Organization (WMO) 

as a standard tool for countries to monitor drought (Svoboda and Fuchs, 2016). The SPI 

which is developed by McKee et al. (1993) is a simple method based on precipitation 

only. But as it does not account for temperature role in drought, SPEI index was later 

proposed by Vicente-Serrano et al. (2010) that uses a simple water balance equation by 
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replacing the precipitation parameter with the difference of precipitation and 

evapotranspiration. Both indices could be calculated for different timescales from one 

month to multiple months and can represent different characteristics of short-term and 

long-term droughts. 

A heat wave is another extreme event that refers to higher rates of temperature 

that persist for several days, and usually is measured based on magnitude and duration. 

Heat wave impacts are multifold and can directly affect the environment and living 

organisms (including human, plants, and marine life), overburden the medical and power 

supply sectors, and damage the infrastructures (Perkins, 2013). Heat waves occur under 

high pressure of the upper atmosphere while a mass of air remains stationary for a 

number of days or weeks and acts as a blanket, and as a result of accumulation of heat 

and preventing convective currents, the temperature rises abnormally 

(www.worldatlas.com). Heat waves do not necessarily lead to droughts, but if they occur 

during a dry period, the impacts of the drought could be intensified. 

Also, as a result of global warming, the amount of vapor in the atmosphere is 

altered due to greater vapor-holding capacity that can translate into more extreme 

precipitations and can cause floods and associated damage (Tabari, 2020). In addition, 

changes in dry and wet spells are reported in different regions (Alexander et al., 2006). As 

the impacts are not uniform in all the regions, they need to be studied locally to unveil the 

new routines under changing climatic conditions.  

Extreme events are projected to occur more frequently and severely in Canada 

under climate change (Bush and Lemmen, 2019). Some of the impacts that are expected 
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to be intensified in Canada due to global warming include more droughts, floods, extreme 

heat, longer growing seasons, glacier melting and thawing permafrost (Bush and 

Lemmen, 2019). In Prairies, however, the extreme events are not rare, and the region has 

a history of long and severe drought and significant variation of temperature and 

precipitation (Wheater and Gober, 2013). The region known as the Palliser Triangle that 

covers a vast area in southern parts of Alberta and Saskatchewan and parts of Manitoba 

provinces was seemed a not suitable region for agricultural development, however, thanks 

to modern farming and irrigation technologies and weather and soil conditions of the 

region, today most of Canada’s irrigated farms are located in the two western provinces 

(Wheater and Gober, 2013). 

This study is focused on the South Saskatchewan River Watershed (SSRW) in 

Alberta which is the most populated area in the Alberta province and is dominated with 

agricultural land, ranches and related industries. The SSRW is home to rural 

communities, a number of First Nation’s reserves and communities, and four large cities. 

This region has a heterogenous climate but most of it is defined by semi-arid climate, 

with dry and cold winters. It is in the leeward side of the Rocky Mountains and receives 

less amount of precipitation than other parts of the province and Canada (Chipanshi et al., 

2006). Summer days could be hot and dry, especially recently. The summer of 2023 has 

experienced multiple days of record-breaking high temperatures. Recently, due to global 

warming, the region experiences longer growing seasons than the past. The communities 

and economy of the region are heavily relied on surface water resources in the four sub-

basins of the SSRW (Red Deer River, Bow River, Oldman River, and South 

Saskatchewan River) with an overall discharge close to 9 BCM (Grinder and Peterson, 
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2010). The discharge of the rivers in the SSRW is mostly from snow melt water that 

originates in the Rocky Mountains in the western border of the Alberta and flows to the 

east through southern Alberta and Saskatchewan, where South Saskatchewan and North 

Saskatchewan Rivers join and make the Saskatchewan River that flows to the north end 

of Lake Winnipeg Lake, and finally into the Hudson’s Bay (Wheater and Gober, 2013). 

In this study, we investigate the recent and future changes that have occurred or 

are expected to occur in SSRW, with regards to extreme events such as drought, 

temperature extremes and heat wave. To this aim, we use a number of suitable indices 

and measures introduced and recommended by peer-reviewed scientific papers and 

organizations, depending on the data availability and their robustness for this type of 

analysis. 

1.2 THESIS STRUCTURE 

This thesis contains 5 chapters. This introduction provides highlights of the 

importance of this research and summarizes previous works and background of this study. 

The next three chapters are dedicated to the findings related to the thesis objectives 

explained below. The findings of this research are summarized in chapter 5, and 

recommendations are presented. 

1.3 THESIS OBJECTIVES 

This study has four main objectives that provide detailed insights regarding the 

long-term patterns of droughts and temperature related extremes and their changes in 

recent decades and in future time horizons in the South Saskatchewan River Watershed. 

1- Studying the historical changes of drought in the South Saskatchewan River 
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Watershed using two drought indices and comparing the rate of drought occurrence 

rate in the past four decades (1980-2018) and the areas that showed significant trends 

of drought. 

2- Investigating the impact of climate change on drought conditions in the study area 

using three SSP climate change scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) and 

comparing the results with the base period (1951-1990). 

3- Identifying the areas most vulnerable to drought within the study area. 

4- Investigating the impact of climate change temperature-related extreme events in the 

study area using three SSP climate change scenarios (SSP1-2.6, SSP2-4.5, and SSP5-

8.5) and comparing the results with the base period (1951-1990). 

This information is important to consider for adapting to climatic change and 

variability, increasing the resiliency of local communities, decreasing the vulnerability 

against damaging or unpleasant consequences of climatic change, and increasing 

preparedness of the healthcare sector, urban development plans, power supply, and 

infrastructure design in order to prevent/reduce the disastrous damages and losses. 
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CHAPTER 2: ANALYSIS OF HISTORICAL DROUGHT CONDITIONS BASED 

ON SPI AND SPEI AT VARIOUS TIMESCALES IN THE SOUTH 

SASKATCHEWAN RIVER WATERSHED, ALBERTA 

2.1 INTRODUCTION 

Drought is one of the most disastrous extreme events, and can have long-lasting 

impacts on water resources, agriculture, and environment (Sheffield, 2012) at a large spatial 

scale (Bonsal et al., 2011a). There are concerns regarding future potential of more severe 

and frequent droughts with global warming (Sheffield, 2012; Dai, 2004). The Sixth 

Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) 

indicates that continued global warming and increased atmospheric evaporative demand 

will cause more severe and frequent droughts and Western North America will experience 

increased agricultural, ecological, and hydrological droughts (IPCC, 2021b). More severe 

and longer droughts are also projected to occur by the end of the 21st century in the 

Canadian Prairies (Bonsal et al., 2020). Drought is a temporary but prolonged period with 

lack of moisture and may occur in all climates (Mishra and Singh, 2010). This concept 

could be interpreted differently based on different physical impacts on precipitation, soil 

moisture, and surface water resources (Zargar et al., 2011). Drought and the impacts of 

drought can be assessed from meteorological, hydrological, agricultural, and 

socioeconomic points of view, leading to different indices pertaining to each of these 

concepts (Tran et al., 2019). Among different types of droughts, meteorological drought is 

normally considered a fundamental cause of other types of droughts (Zhang and Jia, 2013). 

Meteorological drought is the result of a substantial period of dry weather, which can 

change rapidly. Other types of droughts, for example with impacts on available water and 
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crops and resulting in environmental and socioeconomic consequences, are evident when 

the impacts of meteorological drought extend over time (Zargar et al., 2011; Eslamian et al., 

2017). Numerous drought indices have been proposed and employed that deal with 

different types and characteristics of droughts (for lists of different indices, their definitions 

and characteristics, refer to Zargar et al., 2011; Svoboda and Fuchs, 2016; Eslamian et al., 

2017; Kchouk et al., 2021). Many studies have employed SPI (Standardized Precipitation 

Index) and SPEI (Standardized Precipitation-Evapotranspiration Index), which are 

considered useful because of their relative simplicity, robustness, and applicability in 

analyzing distinct aspects and consequences of drought, in part because they can be 

computed at different timescales. SPI with multi-scalar features was introduced by McKee 

et al. (1993). It does not have the shortcomings of previous methods such as PDSI (Palmer 

Drought Severity Index) in addressing the temporal variability of the drought (Li et al., 

2015), and especially with regard to analyzing short-term droughts. Also, PDSI requires 

more variables, and is preferable and more accurate for analyses of arid and semi-arid 

regions (Yang et al., 2016). The calculation of SPI is simple (based only on precipitation) 

and recommended by the World Meteorological Organization (WMO) for monitoring 

meteorological drought by all countries (Svoboda and Fuchs, 2016). However, SPI does not 

account for the impact of temperature on drought and water demand. Therefore, Vincente-

Serrano et al. (2010) adjusted the SPI by adding potential evapotranspiration (PET) to the 

calculations and substituting the P (precipitation) with the term D (defined as moisture 

deficit), resulting in the SPEI. This improved method estimates the cumulative difference 

between precipitation and potential evapotranspiration, and therefore it accounts for surface 

water balance and the role of temperature variability during drought condition (Zhang et al., 

2015). 
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Both SPI and SPEI could be applied on multiple timescales, representing variation 

in drought conditions and characteristics (Pei et al., 2020). This feature has led to 

widespread application of these indices in many recent studies (Hong et al., 2015; Spinoni, 

2014; Pei et al., 2020; Kchouk et al., 2021). The multi-scalar feature makes these indices 

useful tools for drought assessments related to water resources, and for different 

applications. The time lag until the consequences of meteorological drought emerge on 

available water resources (such as available moisture, small river, snowpack and snow melt 

water and groundwater recharge) and usage, causes the timescales of hydrological, 

environmental, agricultural, and socio-economic drought effect to vary significantly. In 

order to address these differences, different timescales of these indices can be applied as 

representative of different types of droughts; with 1-month being better reflective of 

meteorological drought, 3-months and 6-months better for evaluating hydrological drought, 

and longer timescales being more suitable for assessing the agricultural and socioeconomic 

droughts (Pei et al., 2020; Wang et al., 2021a). Gurrapu et al. (2014) showed that SPEI 

could accurately represent the variability of streamflow in Western Canada. 

The Canadian Prairies are prone to long periods of droughts impacting large areas 

(Shabbar and Skinner, 2004; Chipanshi et al., 2006; Sun et al., 2012; Stewart et al., 2012; 

Bonsal et al., 2013, Masud et al., 2015). Some studies on drought in Canada were 

conducted (see the review by Bonsal et al., 2011b) that have shown that drought in the 

prairies is mainly due to high spatial and temporal precipitation variability that combined 

with temperature anomalies impact the drought frequency and severity (Bonsal et al., 

2011b). Past drought events imposed significant costs on agriculture and economy of 

Western Canada. For example, the estimated loss from the 2001-2002 drought is estimated 
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to be 3.6 billion dollars in agricultural production in the Prairies (Sun et al., 2012), around 4 

billion dollars in Canada’s grain revenue (Khandekar 2004), and 6.14 billion dollars in the 

economy of the western Canada (Shabbar and Skinner 2004). In addition, ancillary factors 

resulting from drought such as insect outbreaks, additional transportation costs in reducing 

herds, soil damage, environmental damage, and costs of carrying hay and water, likely add 

to these figures considerably. Global scale drought study by Spinoni et al. (2014) showed 

that western Canada suffered from more frequent but less severe droughts between 1971-

1990. They also found that more frequent droughts have been occurring between 1991-

2010 in Canada, with 2001-2002 being a remarkable drought, as described by Weathon et 

al. (2008) and Sun et al. (2012). Spinoni et al. (2019) showed that Western North America 

experienced dramatic increases in extreme drought events during 1981-2016 compared to 

1951-1980 period. Another global study by Dai et al. (2004) based on PDSI showed 

increasing drought trends in two periods of 1900-1949 and 1950-2002 in most parts of 

Canada, with hot spots in the Canadian Prairies. Similar increasing trends were identified 

by Sheffield et al. (2012) for western North America between 1950-2008 by using different 

evaporation models in PDSI. 

The South Saskatchewan River Watershed (SSRW) is located in Southern Alberta 

(province) and in the rain shadow zone of the Rocky Mountains (Chipanshi et al., 2006), 

and far from other moisture sources (Bonsal et al., 2013). These conditions, as for other 

parts of the Prairies, cause generally low soil moisture and water supply (Sun et al. 2012). 

This region is highly dependent on water supply from Rocky Mountain streams, which are 

susceptible to snow droughts (Dierauer et al., 2019). With increased water consumption for 

agricultural use, this region faces future water insecurity (Wheater and Gober, 2013) that 
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could be exacerbated under drought conditions. Therefore, including more recent data is 

necessary to enhance our understanding of drought definition and history. In this study, we 

investigated interdecadal variability of drought condition as well as its long-term monotonic 

trends in the past four decades in the SSRW. High-resolution Daymet data (Thornton et al., 

2017) is used to provide spatio-temporal series of monthly SPI and SPEI drought indices. 

The fine resolution of these data provides detailed drought surface maps that are required 

for historical analysis, forecasting, and development plans in Southern Alberta. This study 

differentiates the shorter timescale and longer time scale droughts that can have different 

impacts indicating different types of droughts, considering that longer periods of drought 

with accumulated moisture deficit can impact more resistant systems such as crops and 

groundwater recharge (O’Brien and Stroich, 2005). Also, this study aims at identifying the 

areas most vulnerable to drought by studying the rate of drought occurrence and drought 

trends. This information is important to adapt with gradual climatic shifts and variability, 

increase the resiliency of local communities, and decrease the vulnerability to detrimental 

consequences of drought, in order to prevent or reduce impacts and losses to agriculture, 

environment, and urban systems. 

2.2 STUDY AREA 

The South Saskatchewan River Watershed, located in Southern Alberta, Canada, 

consists of four sub-basins (Table 2.1) which drain an area of 112,800 km2 (Figure 2.1). 

The region lies between latitudes of 52º 58′ 6′′and 48º 59′ 50′′ and longitudes of 110º 0′ 3′′ 

and 116º 35′ 55′′, and includes parts of the Rocky Mountains in the West, foothills, and 

grassland, extending east to the border of Alberta and Saskatchewan. There are currently 

12 major irrigation districts in this area that have a significant share in crop and livestock 
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production of Canada. The average annual discharge from this watershed is 8.842 Bm3, 

which originates from the Rocky Mountains, flows eastward, joining the Oldman River, 

Bow River, Red Deer River, and ultimately forms the South Saskatchewan River, which 

flows through Saskatchewan into the Northwest Territories, and drains into Hudson Bay.

Fig. 2.1 Location of the South Saskatchewan River Watershed in Southern Alberta and its 
four sub-basins (Created by Alberta DEM adopted from Government of Alberta website: 
https://open.alberta.ca/licence)

Table 2.1 Characteristics of the sub-basins in the SSRW in Alberta (Grinder and 
Peterson, 2010)

Sub-basins
Drainage Area 

(km2)

Annual Precipitation 

(mm)

Annual discharge 

(Mm3)

Red Deer River Basin 46800 393 1666

Bow River Basin 25300 538 3829

Oldman River Basin 27500 488 3434

South Saskatchewan River Basin 13200 278 4

Total SSRW 112800 435 8842
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2.3 DATASET 

In this study, the Daymet high-resolution daily historical weather database, which 

provides gridded dataset of daily maximum and minimum temperatures and precipitation 

(Thornton et al., 2017), is used to calculate the drought indices. This dataset is used in 

many studies and is validated against recorded data by different scholars (Mourtzinis et 

al., 2017; Mehdipour et al., 2018; Walton and Hall, 2018). 

Daymet uses daily maximum temperature, minimum temperature, and 

precipitation station data with algorithms to estimate weather data on individual 2°×2° 

tiles. The interpolation to estimate data at each point is based on the iterative estimation 

of station density using the spatial convolution of a truncated Gaussian filter which is 

described by Thornton et al. (1997). It uses various search radii for stations depending on 

the density of stations. In the Daymet software, spatially and temporally explicit empirical 

relationship of temperature and precipitation with the elevation change are analyzed and 

used. Daymet daily data is available from 1980 at the spatial resolution of 1 km×1 km for 

Canada, Mexico, the United States of America, and Puerto Rico. 

The analysis period in this study is 1980-2018 which is used to compare inter-

decadal variations and the long-term monotonic trends in the SSRW. Our analysis of the 

quality of the Daymet data with daily observed data showed a good fit between the 

Daymet data (daily precipitation, minimum temperature, and maximum temperature) and 

recorded data from weather. 
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2.4 METHODOLOGY 

2.4.1 DROUGHT INDICES 

2.4.1.1 SPI  

The SPI index proposed by McKee et al. (1993) is one of the drought indices 

recognized by the WMO for worldwide application (Li et al., 2021). The SPI is based on 

precipitation only and is a multi-scalar index. Since this method is simple and accounts 

for different timescales, it received considerable acceptance and is widely used to study 

drought, for application in different sectors. 

Equations 1 to 6 represent the procedure of calculating the SPI based on the 

Gamma distribution. For the precipitation value of x over a given period, the distribution 

of probability density function of Г is as follows: 

  (1) 

where β and γ are scale and shape parameters of the distribution function (Г), 

respectively. 

The probability of all precipitation events (x) that are smaller than the x0 for a 

given year is: 

  (2) 

and 

  (3) 
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where m is the number of days with no precipitation (x=0) and n is the total 

number of days. 

The normal standardizing of the Г probability function is done through 

substitution of the result of probability value in the standardized normal distribution 

function: 

  (4) 

By solving the above equation, the SPI would be as follows: 

  (5) 

where 

  (6) 

 

 

c0, c1, c2, d1, d2 and d3 are constant parameters of SPI. The sign of the SPI index 

is identified by coefficient S that is based on the value of F. For F>0.5, S equals 1 and for 

F≤0.5, S equals -1. 

2.4.1.2 SPEI 

Vicente-Serrano et al. (2010) proposed the SPEI based on the SPI method with a 

simple climatic water balance by adding the PET as an input. SPEI has both the 
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multiscale characteristic of the SPI and sensitivity to atmospheric water demand of the 

PDSI. These advantages combined with its relative simplicity makes it more 

advantageous compared to other methods (Tan et al., 2015). The computation procedure 

of SPEI is presented by Vicente-Serrano et al. (2010) (Eqs. (7) to (14)). 

There are different methods that could be used to estimate the PET (such as 

Thornthwaite method, Penman-Monteith method, and Hargreaves method). After 

computing the PET by any of the available methods, the moisture deficit of the month i 

would be as follows: 

  (7) 

The standardization is followed by selection of the probability density function of 

a three-parameter log-logistic distributed variable as follows: 

  (8) 

in which, α, β and γ are scale, shape, and origin parameters, respectively; with D 

values in the range γ > D < ∞. These parameters are obtained through Eqs. (9) to (11): 

  (9) 

  (10) 

  (11) 

where Г(β) is the gamma function of β. 
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The probability density function of D based on the given distribution of three-

parameter log-logistic is as follows: 

  (12) 

Then, the SPEI is calculated as the standardized values of F(x) as follows: 

  (13) 

Given P is the probability of exceeding a given D value (P=1-F(x)), for P≤0.5, the 

W is: 

  (14) 

And, if P>0.5, then P is replaced by 1-P and the sign of the resultant SPEI is 

reversed. 

Six constant parameters of the SPEI equation are as follow: 

 

 

2.4.2 DROUGHT CATEGORIES BASED ON SPI AND SPEI 

In this study, we used different drought classes as presented in Table 2.2 to 

determine the drought severity based on the categories adapted from McKee et al. (1993). 

When the index value drops below 0, it indicates the start of the drought; and the drought 

ends when the sign become positive once more. The more negative the value of the index, 
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the more severe the drought condition (McKee et al., 1993). Other classifications are used 

by other researchers for different regions. For example, Spinoni et al. (2018) used a 

combined measure based on three indices, including SPI and SPEI and RDI to study the 

drought in the past and future in Europe and used “normal/dry” category instead of “mild 

dry” for when their combined index values were between -1 and 0; Bonsal et al. (2011a) 

described SPI between -0.5 and 0.5 as near normal and Bonsal et al. (2017) identified -1 

to +1 as near normal. Use of different classes to describe the drought condition depends 

on study design and the climate regime of the study area. In more humid areas values 

above -1 might describe minor dryness that could be considered as normal with minimal 

impact, but it is necessary to reassess such categories in areas with arid and semi-arid 

climates, such as the Canadian Prairies, which are vulnerable to even mild but long-

lasting droughts. 

Table 2.2 Drought classification based on the SPI and SPEI values 
Drought category Index values 

No drought 0<Index 

Mild drought -1< Index≤0 

Moderate drought -1.5< Index≤-1 

Severe drought -2<Index≤-1.5 

Extreme drought Index≤-2 

2.4.3 ESTIMATION OF PET   

There are different methods to estimate the maximum evaporative potential of the 

atmosphere, which vary in their simplicity, data requirement, and timestep, such as 

Penman (1948), Thornthwaite (1948), Hargreaves (1994), Penman-Monteith (Allen et al. 

1998), and Modified Hargreaves (Droogers and Allen, 2002). In this study, the 
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Hargreaves method is used for calculating the PET (Hargreaves and Samani, 1985). This 

method is simple and is based on maximum and minimum temperature. It is widely used 

and recommended for estimating PET (Hargreaves, 1994). Satisfactory performance of 

the Hargreaves method is apparent in multiple studies especially when data are scarce or 

uncertainty is high (Hargreaves and Allen, 2003; Beguería et al., 2014). There are 

recommendations for using more sophisticated models that account for surface energy 

balance, like Penman-Monteith, however its application is limited by extensive data 

requirement (Beguería et al., 2014). Also, to achieve acceptable accuracy some local 

calibrations of wind and solar radiation equation might be required, especially in arid 

areas (Allen et al. 1998; Sabziparvar et al., 2013; Mousavi et al., 2015).  

2.4.4 TREND ANALYSIS OF THE DROUGHT TIMESERIES 

For detecting trends in the computed drought indices, the Mann-Kendall trend 

method at 95% significance level is employed at each cell to produce the trend maps. The 

power of this method is in detection of the trends in nonparametric datasets and, as most 

of the hydro-climatic datasets are not normal, it is therefore recommended and widely 

used for hydrologic and climatologic studies (Mousavi et al., 2019). 

2.4.5 DATA ANALYSIS 

Data processing and analysis is done by employing ArcGIS Pro and RStudio (R 

Core Team 2020). R packages used to compute indices (SPEI package, version 1.7) and 

trend analysis (modifiedmk package, version 1.6). 
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2.5 RESULTS AND DISCUSSION 

2.5.1 DECADAL AVERAGE OF DROUGHT CONDITION 

To assess the long-term trends of drought in the SSRW, the spatial time-series of 

SPI and SPEI at 1-, 3-, 6-, 9-, and 12-months timescales were prepared. Figure 2.2 

summarizes the percentage of areas within the SSRW that experienced drought in the past 

four decades. Drought has impacted nearly half of the watershed during the study period. 

The decadal average shows that the drought was more extensive during 2001-2010. Also, 

Yang et al. (2020) found that southern parts of Canada experienced more severe droughts 

between 1999-2005, compared to other 5-years periods within the 1950-2016 period. 

Further, the percentage of the area characterized as severely or extremely dry is shown to 

be significantly higher in 2001-2010 than in other decades and it is more pronounced for 

both the SPI and SPEI at longer timescales (i.e., 6-, 9-, and 12-months). This increase in 

the severity of drought with increasing timescale could be interpreted in relation to the 

different types of droughts that each index timescale is representing. Thus, based on the 

results, mild or moderate meteorological droughts (1-month timescale) caused severe or 

extreme conditions in the region that can lead to a significant drought impact on the 

available water and agricultural sector, shown by the increase in areas with higher 

severity of drought when longer timescales of the indices were applied.  
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Fig. 2.2 Percentage of areas within the SSRW that experienced different degrees of 
drought based on SPI and SPEI at 1-, 3-, 6-, 9-, and 12-months timescales (1980-1990; 
1991-2000; 2001-2010; and 2011-2018) 
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2.5.2 DROUGHT TRENDS 

Figures 2.3 and 2.4 illustrate the significant trends observed in drought, based on 

SPI and SPEI. We use terms of increasing and decreasing trends for drought, implying 

increased and decreased drying, respectively, regardless of the sign of the index. Both 

indices show similar patterns regarding decreasing or increasing trends in both upstream 

and downstream areas. Significant decreasing drought trends are visible in the headwaters 

of the Bow River in the Rocky Mountains, which at longer timescales are more extensive. 

Decreasing drought trends are visible on some spots located on the eastern boundary of 

the SSRW. Increasing drought trends are more indicated in the northern parts at 1-month 

and 3-months for both indices. 

At longer timescales, the area of increasing drought trends expands towards 

central and southern parts of the watershed and encompasses a significantly larger area. 

This indicates propagation of the effects of meteorological droughts, extended at longer 

timescales, to the extent that drought could affect the available moister of a larger region. 

Therefore, even a low-range drought at shorter timescales (meteorological drought) can 

function as an indicator of extended droughts affecting soil water content and water 

resources condition of the wider region. In the same way, the areas with decreasing 

drought trends can enlarge as the timescale increases, which shows expansion of the 

moisture availability and suitability of agricultural and economic conditions followed by 

decreasing trends of drought. 

Table 2.3 represents the percentages of the area of SSRW that have increasing, 

decreasing, or no drought trends based on the SPI and SPEI at different timescales. The 
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significantly greater size of the areas with increasing or decreasing trends at longer 

timescale implies that the trends are more pronounced at longer timescales. In addition, 

the values presented in Table 2.3 clearly show that, based on SPEI, a larger portion of the 

SSRW is subject to increasing drought trends and much less area to decreasing drought 

trends.  

Table 2.3 Percentage of the area in the SSRW with increasing, decreasing, or not 
significant drought trends, based on SPI and SPEI at 1-, 3-, 6-, 9-, and 12-months 

Timescale 
Increasing trend Decreasing trend No trend 

SPI SPEI SPI SPEI SPI SPEI 

1-month 7.95 7.11 2.87 3.16 89.18 89.72 

3-months 23.20 30.39 8.35 5.73 68.45 63.87 

6-months 37.98 49.72 8.67 6.61 53.35 43.67 

9-months 40.08 51.96 12.27 9.48 47.65 38.56 

12-months 43.53 56.96 14.89 10.68 41.58 32.36 

Yang et al. (2020), using 1950-2016 data, showed Southern Alberta experienced 

drying trends in the winter season. They also reported decreased frequency and duration 

of droughts for most southern parts of Canada. However, their results were generalized 

over a large region and do not represent localized long-term variations. 
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Fig. 2.3 Trends of SPI drought index at 1-, 3-, 6-, 9-, and 12-months timescales in the 
SSRW with the Mann-Kendall trend test (1980-2018) at 95% significance level

Fig. 2.4 Trends of SPEI drought index at 1-, 3-, 6-, 9-, and 12-months timescales in the 
SSRW with the Mann-Kendall trend test (1980-2018) at 95% significance level
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2.5.3 DROUGHT OCCURRENCE 

To identify the areas within the watershed that are more prone to drought, the 

drought occurrence rate is illustrated by the proportion of dry months to the total count of 

months during the study period. The ratios are presented as percentages in Figures 2.5 and 

2.6 for SPI and SPEI, respectively. Based on these results, all parts of the watershed have 

experienced some sort of drought during the past four decades and the percentage of 

drought occurrence at each point ranges between 36 and 55% of time in the SSRW. These 

results are comparable to findings of global and regional studies, such as Bonsal et al. 

(2013), Spinini et al. (2014) and Masud et al. (2015), showing hot spots of droughts in 

this part of Prairies in Western Canada. 

The frequency of dry months is slightly different between SPI and SPEI. Based on 

the SPI, lower drought frequencies are evident in the northern part of the region, 

especially at timescales of 6-months and longer. Based on SPEI, higher occurrence rates 

of drought (darker spots) are spread out in almost all parts of the region and do not form a 

distinguishable, consolidated pattern. Overall, it can be seen in Figures 2.5 and 2.6 that 

the SPEI showed higher rates of drought, than the SPI. 
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Fig. 2.5 Drought occurrence rate as percentage of dry months to the whole study period 
based on SPI at 1-, 3-, 6-, 9-, and 12-months timescale in the SSRW (1980-2018)

Fig. 2.6 Drought occurrence rate as percentage of dry months to the whole study period 
based on SPEI at 1-, 3-, 6-, 9-, and 12-months timescale in the SSRW (1980-2018)
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Masud et al. (2015) using 1961-2003 data, identified the southern parts of the 

Saskatchewan River Basin and areas closer to Alberta and Saskatchewan border as areas 

with higher risk of drought. Our results confirm both the high rate of occurrence of 

drought and also the increasing drought trends (especially at higher timescales) in most 

parts of the Red Deer, Oldman River, and Albertan part of the South Saskatchewan River 

Basins, as well as the downstream of the Bow River basin, which suggests increased risk 

and vulnerability of this part of the Saskatchewan River Basin to drought.  

2.5.4 CONSISTENCY OF SPI AND SPEI  

Results of the trend test (applied to both indices) and maps of the occurrence rate 

of drought (calculated as the percentage of dry months to the whole of the study period) 

were compared for the two indices. 

Comparing trend maps of SPI and SPEI at different timescales shows that the 

detected trends are significantly different between the two indices. At timescales of 1-, 3-, 

6-, 9-, and 12-months 2.95%, 50.60%, 46.63%, 44.64%, and 11.86% of overlayed cells 

show inconsistent trend results, respectively. 

Dry months occurrence rates (as percentage) were also compared based on the 

applied index. Table 2.4 shows the percentage of the area with different drought 

occurrence rates for SPI and SPEI at various difference levels. The values suggest that the 

two indices were showing slight differences (less than 5%) in 54.74%, 24.93%, 68.62%, 

63.53, and 53.28% of the area at 1-, 3-, 6-, 9-, and 12-months, respectively. The 

percentages of the areas with different occurrence rates for SPI and SPEI are significant at 

5-10% difference level as well (ranging from 26.79% to 54.07%). But, for difference 
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levels above 10% the percentages of the areas with inconsistent SPI and SPEI results drop 

down to 2.93%, 21.00%, 4.59%, 6.36, and 14.33%, at 1-, 3-, 6-, 9-, and 12-months, 

respectively.  

Table 2.4 Percentage of area showing different values of drought occurrence rates for SPI 
and SPEI 

Difference Level (DL) 1-month 3-months 6-months 9-months 12-months 

<5% 54.74 24.93 68.62 63.53 53.28 

5≤DL<10% 42.33 54.07 26.79 30.12 32.39 

10≤DL<15% 2.91 19.27 4.50 5.85 11.14 

15≤DL<20% 0.01 1.70 0.09 0.46 2.62 

20≤DL<25% 0.00 0.02 0.00 0.05 0.52 

25≤DL<30% 0.00 0.00 0.00 0.00 0.05 

Masud et al. (2015) reported small differences between SPI and SPEI in the 

Saskatchewan River Basin. Conversely, Spinoni et al. (2019) reported that by examining 

the role of temperature in drought assessment using SPEI, many areas including Canada, 

showed a drying pattern, which were representing a wetting trend based on SPI. They 

concluded that this difference is related to greater impact of increased PET that offsets the 

impact of increasing precipitation trend. Our results also show a significant difference 

between SPI and SPEI at a significant percentage of the study area. The difference 

between the results of different studies might come from different resolution of the 

applied gridded data, the time period of the study or different parametrization and model 

set up for calculation of the indices. 

Histograms of the number of dry months as a percentage of all months during the 

study period are shown in Figure 2.7. On average, around 47 to 50% of the area of the 

watershed experienced drought at different severity levels. When the SPEI is employed, 
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the number of detected dry months is slightly higher than when the SPI is used. The 

standard deviations are higher for SPI than for SPEI. 

Tefera et al. (2019) reported that there is a high degree of agreement between the 

two indices in Northern Ethiopia. Comparison of the results obtained by the SPI and SPEI 

in this study suggests that the differences between the two drought indices in identifying 

dry months is less than 15% at most of the study area. Although differences of occurrence 

rates are small in the SSRW, the performances of two indices are not consistent when 

they are used for trend analysis. This result is in line with the reports of some other 

studies that reported notable differences of the two indices and better performance of the 

SPEI (Pei et al., 2020). 

This could be explained based on the weather indicators that are used in the 

calculation of each index. Including evapotranspiration in calculation of the drought index 

can change the outputs significantly and can be more realistic, which denotes the 

determining role of evapotranspiration in the assessment of drought condition.  
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Fig. 2.7 Comparison of the distribution of the number of dry months as a percentage of 
the total months during the study period, obtained by SPI and SPEI at 1-, 3-, 6-, 9-, and 
12-months in the SSRW
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2.6 CONCLUDING REMARKS 

In this study, the historical drought conditions and evolution were investigated in 

the South Saskatchewan River Watershed at a fine spatial resolution using a Daymet-

gridded dataset in the past 4 decades, based on the indices of SPI and SPEI. The temporal 

and spatial outputs of SPI and SPEI were compared in order to analyze their performance 

and degree of agreement. 

Based on the results, the region has experienced drought at various severity levels 

at approximately 50% of the analysis period. On average during the 2001-2010 decade, 

the geographical area that experienced drought was higher than the other decades. Both 

indices show that there is a significant increase in the area that is characterized as severe 

drought and extreme drought in the last two decades of the study period. 

The Mann-Kendall trend test was applied on spatiotemporal time series of SPI and 

SPEI. Both increasing and decreasing trends of drought were detected in various parts of 

the SSRW. Drought trend maps are similar to the patterns of drought presented by 

Spinoni et al. (2014), who studied global patterns of drought for 1950-2010 and showed 

increasing drought severity trends for Alberta. However, the areas identified as having 

increasing trends are even larger at the longer timescales in the present study. Increasing 

area with a significant drought trend with the timescale of the drought indices implies that 

areas in the vicinity of spots with meteorological increasing or decreasing drought trends, 

at longer timescales, show significant trends of higher order droughts, i.e., hydrological, 

and agricultural drought. Sun et al. (2012) used a combined drought index to assess 

agricultural drought in the Canadian Prairies, taking the 2001 drought as an example to 
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compare drought in different months during the growing season. They showed transition 

of drought from mild to severe and advancement from smaller areas with severe drought 

to farther regions, over 6 months (Apr-Sep), from southeastern Alberta to southwestern 

and southern Saskatchewan, which depicts a basin-wide pattern that apparently follows 

the South Saskatchewan River. This example shows how the impacts of drought could 

accumulate over time and extend to adjacent regions and could explain the reason of 

expansion of areas with increasing or decreasing drought trends in this study at longer 

timescales. 

Both SPI and SPEI at 1-month timescale revealed increasing droughts in the 

northern parts of the SSRW and decreasing patterns mainly visible in the west and 

upstream areas in the Rocky Mountain. At longer timescales, the significant increasing 

drought trends were mostly observed in the downstream plains of the SSRW that 

encompasses large areas in the northwest, north, middle, and southwest to southeast of the 

SSRW, where the main agricultural practices are taking place. 

Based on the results, SPI and SPEI show similar geographical patterns in both 

trend detection and analysis of occurrence of drought. However, notable differences were 

found between the two indices in identifying the drought trends of each cell, as well as 

the drought occurrence rates of each cell. Overall, including evapotranspiration in the 

drought analysis resulted in detection of drought in more areas. Also, more areas with 

increasing drought trends were found within the study region by the SPEI, than the SPI. 

Including evapotranspiration and using the SPEI in drought analysis made a significant 

difference in outputs in the study area. Because SPEI is based on the water deficit, it 

seems to reveal more realistic and reliable outputs.  
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CHAPTER 3: PROJECTION OF 21ST CENTURY DROUGHT IN THE SOUTH 

SASKATCHEWAN RIVER WATERSHED 

3.1 INTRODUCTION 

Drought is a state of the atmosphere with prolonged lack of moisture (Mishra and 

Singh, 2010) that can detrimentally affect multiple sectors, such as environment, 

agriculture, and water resources (Bonsal et al., 2011a; Sheffield, 2012; Wang et al., 

2021a), through the resulting reduced rainfall and increased drying. This extreme event 

originates from atmospheric conditions leading to meteorological drought (Zhang and Jia, 

2013); but it also involves hydrological, biogeographical, biogeochemical, and human 

interaction processes (Wang et al., 2021a). Based on IPCC (2012) and IPCC (2021a), 

more frequent and intense drought events are predicted to happen by the end of 21st 

century and many studies confirm that on both global and regional scales (Cook et al., 

2014; Sheffield and Wood, 2008; Huang et al., 2016; Guo, 2012). Global warming can 

also impact the water holding capacity of the atmosphere and cause more frequent and 

severe droughts (Dai et al. 2004; Wang et al. 2021b). Temperature increase is perceived 

to cause an acceleration of the hydrological cycle that translates into precipitation 

anomalies (Liu et al. 2018). Although drought is a temporary and recurring event, its 

increased occurrence and intensification causes irreversible impacts of economies, 

societies, and ecosystems (Wang et al., 2021a). Based on the most recent projections in 

the IPCC’s Sixth Assessment Report (AR6), the risk of severe droughts is evaluated to be 

high with 1.5 to 2.0°C warming, which based on AR5 was projected to be more likely to 

happen at that level of severity by 1.6 to 2.6°C temperature increases (IPCC, 2018). 
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Drought can deteriorate the soil (Al-Kaisi et al., 2013), accelerate soil erosion 

(Masroor et al., 2022), set the stage for wildfires (Littell et al., 2016; Chen, 2022), and 

give rise to outbreaks of insect pests adapted to drought conditions (in Alberta: Grace and 

Johnson, 1985, Johnson and Worobec, 1989, Johnson, 1989). Severe droughts also can 

reduce the crops carbon uptake and contribute to more warming (Peters et al., 2018).  

Based on the AR6, Western North America (WNA) is prone to more droughts 

under global climate change than in the past (IPCC, 2021a). Within that region, the 

Canadian Prairies are particularly susceptible to more intense and longer droughts 

(Bonsal et al., 2020), driven by high variability and anomaly of precipitation and 

temperature (Bonsal et al., 2011b). This region, including Alberta, has experienced long 

and extensive droughts in the past (Grace and Johnson, 1985, Shabbar and Skinner, 2004, 

Chipanshi et al., 2006, Sun et al., 2012, Stewart et al., 2012, Bonsal et al., 2013, Masud et 

al., 2015). Spinoni et al. (2014) reported that frequent moderate drought events occurred 

in this region between 1971-1990 and increased between 1991-2010. There is evidence of 

increasing trends of droughts in WNA (Sheffield, 2012, Spinoni et al., 2019) and more 

specifically in parts of the Prairies (Dai et al., 2004, Mousavi et al., 2023). Both the 

economy and agricultural production of Western Canada and the Prairies have suffered 

significantly from the impacts of drought in past decades, with imposed billions of dollars 

in loss (Khandekar, 2004, Shabbar and Skinner, 2004, Sun et al., 2012). 

There are several useful indices for drought characterization (Zargar et al., 2011; 

Svoboda and Fuchs, 2016; Eslamian et al., 2017; Kchouk et al., 2021) among which SPI 

(introduced by McKee et al., 1993) and SPEI (introduced by Vicente-Serrano et al., 2010) 

became frequently used in drought studies due to their simplicity, robustness, and multi-
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scalar feature that is very useful for studying short-term and long-term droughts. SPI is 

based on precipitation only and because of acceptable results and relative simplicity it is 

recommended by the World Meteorological Organization (WMO) for meteorological 

drought monitoring (Svoboda and Fuchs, 2016). However, SPI does not include responses 

to temperature or temperature variation, strongly determining factors in the impact of 

drought on landscapes and living things. Therefore, an adjustment was made by Vincente-

Serrano et al. (2010), replacing the precipitation term with moisture deficit that is defined 

as precipitation minus potential evapotranspiration (PET), thus introducing SPEI. Both 

indices could be used at different timescales and represent the short-term or longer-term 

droughts that could be attributed to different characteristics of drought, or the time that 

the various impacts of drought could be seen in surface water resources, plants, 

groundwater, pests, erosion, and agricultural production and economy. For example, 

shorter timescales (1-3 months) are associated with meteorological drought and medium 

ranges (of 6-12 months) could be representative of a drought that can alter hydrological 

regime and even agricultural conditions. Longer timescales of the aforementioned 

drought indices (i.e., 12-24 months) could also be applied to analyze the socio-economic 

impacts of drought (Pei et al., 2020; Wang et al., 2021a). Mousavi et al. (2023) employed 

SPI and SPEI to study the drought in the SSRW at different timescales (1-, 3-, 6-, 9-, and 

12-months) and showed the longer timescales reveal clearer patterns of increased or 

decreased drought trends. They found that the SPEI better captures droughts. Also, 

Gurrapu et al. (2014) showed that SPEI could accurately represent the variability of 

streamflow in Western Canada.  

This study uses the SPEI drought index at different short-term and long-term 



36  

timescales to investigate the impact of climate change on drought condition in the South 

Saskatchewan River Watershed (SSRW). The watershed is a part of the Canadian Prairies 

that has limited water supply (Sun et al. 2012). The study area is located in the leeward 

side of the Rocky Mountains and receives low moisture (Bonsal et al., 2013, Chipanshi et 

al., 2006). Agriculture and related industries are the dominant economic activity in the 

region with 12 medium to large-sized irrigation districts, which have a large share of 

regional agricultural production. The Saskatchewan River Basin (SRB) faces with many 

water security challenges and water consumption for agriculture has increased in the 

region (Wheater and Gober, 2013). Most of the irrigated lands of Canada are in the 

Prairies (around 75% of all irrigated lands in Alberta and Saskatchewan) and most of 

them are located in the south of the SRB where more than 80% of water consumption is 

for agriculture (Wheater and Gober, 2013). Expansion of irrigation area has not always 

resulted in an increase in water demand, due to increased efficiencies in water application 

and management (Bennett et al. 2015). However, there is a limit to efficiencies in water 

conveyance and storage, and water demand for other purposes in the region will increase 

with increases in population growth and development (Bennett et al. 2017). Also, current 

water savings through increased water conveyance efficiency are usually achieved 

alongside expansions of irrigation in the region. This reliance of the region to water 

availability, in the condition of increased droughts such as snow drought (Dierauer et al., 

2019), or meteorological and hydrological droughts (Mousavi et al., 2023) could lead to 

more vulnerability and water insecurity (Wheater and Gober, 2013). The previous 

historical analysis of drought (Chapter 2) showed that the SSRW has experienced 

increasing drought trends and intensified droughts in recent decades (Mousavi et al., 

2023). Due to high dependence of the local communities on agricultural production, 
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susceptibility of the region to drought, and overall significant vulnerability to impacts on 

agriculture, environment, and urban systems, it is crucial to understand the future drought 

conditions under global climate change.  

The main objective of this study is to assess the changes in the rates of occurrence 

of both short-term and long-term droughts under global climate change using a multi-

model ensemble of 26 GCMs and three climate change scenarios in the SSRW and 

identifying the areas that are projected to experience more occurrence or intensification of 

droughts, compared to base period. These results could improve our understanding of 

future plausible changes in regional scale and accordingly the preparedness for required 

adaptation plans. 

3.2 STUDY AREA 

The South Saskatchewan River Watershed located in Southern Alberta 

encompasses an area between Canadian Rockies and border of Alberta and Saskatchewan 

which consists of four sub-basins of Red Deer River, Bow River, Oldman River and 

South Saskatchewan River (Figure 3.1) with close to 9 Bm3 total annual flow. The region 

is one of the most highly populated areas of the province and is home to rural 

communities, First Nations reserves and communities (Stoney Nakoda, Tsuu T’ina, 

Siksika, Piikani, and Blood/Blackfoot) and four major cities, Calgary, Red Deer, 

Lethbridge, and Medicine Hat. The dominant economic activity in the SSRW is 

agricultural and livestock productions and related industries, which are thus dependent on 

the environment and the water it provides.  



38

Fig. 3.1 South Saskatchewan River Watershed in Southern Alberta and major sub-basins 
(Map created by Alberta DEM from Government of Alberta website: 
https://open.alberta.ca/licence)

3.3 DATASET

In this study, the gridded CMIP6 (Coupled Model Intercomparison Project Phase 

6) statistically downscaled maximum and minimum temperature and precipitation dataset 

is used. We employed a multi-model ensemble of 26 GCMs (CanDCS-U6) at the 

resolution of 1/12° (~10 km). This dataset covers the temporal range of 1951-2100 with 

the base period of 1951-2014 based on historical emissions, and future projections based 

on Shared Socioeconomic Pathways (SSPs) for 2015-2100. The downscaling is based on 

Bias Correction/Constructed Analogues with Quantile delta mapping algorithm 

(BCCAQv2) (Cannon et al. 2015; Werner and Cannon, 2016). Table 3.1 represents the 

list of 26 employed GCMs and their realizations. Projections of temperature and 

precipitation based on three scenarios of SSP1-2.6, SSP2-4.5, and SSP5-8.5 is used to 
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compute the drought index and study the changes in rate, intensification and extent of 

drought affected areas in three 21st century periods (near current: 2015-2030; near future: 

2041-2060; and far future: 2071-2100) compared to the base period (1951-1990) in the 

SSRW.  

Table 3.1 Identification of the CMIP6 multi-GCM ensemble of global climate models 
from CanDCS-U6 (https://climate-scenarios.canada.ca/?page=CanDCS6-data) 
Institution Model Name Realization 

CSIRO-ARCCSS (Australia) ACCESS-CM2 r1i1p1f1 

CSIRO (Australia) ACCESS-ESM1-5 r1i1p1f1 

Beijing Climate Center (China) BCC-CSM2-MR r1i1p1f1 

Canadian Centre for Climate Modelling and Analysis 

(Canada) 
CanESM5 r1i1p2f1 

Euro-Mediterranean Centre for Climate Change (Italy) CMCC-ESM2 r1i1p1f1 

CNRM-CERFACS (France) CNRM-CM6-1 r1i1p1f2 

CNRM-CERFACS (France) CNRM-ESM2-1 r1i1p1f2 

EC-Earth-Consortium (Europe) EC-Earth3 r4i1p1f1 

EC-Earth-Consortium (Europe) EC-Earth3-Veg r1i1p1f1 

Institute of Atmospheric Physics (China) FGOALS-g3 r1i1p1f1 

NOAA-Geophys. Fluid Dyn. Lab (USA) GFDL-ESM4 r1i1p1f1 

Met Office Hadley Centre and NERC (UK) HadGEM3-GC31-LL r1i1p1f3 

Institute for Numerical Mathematics (Rus.) INM-CM4-8 r1i1p1f1 

Institute for Numerical Mathematics (Rus.) INM-CM5-0 r1i1p1f1 

Institut Pierre-Simon Laplace (France) IPSL-CM6A-LR r1i1p1f1 

National Institute of Meteo. Sciences and Korea 

Meteo. Administration (Korea) 
KACE-1-0-G r2i1p1f1 

Korea Institute of Ocean Science and Technology 

(Korea) 
KIOST-ESM r1i1p1f1 

University of Tokyo JAMSTEC, NIES, and AORI 

(Japan) 
MIROC6 r1i1p1f1 

University of Tokyo JAMSTEC, NIES, and AORI MIROC-ES2L r1i1p1f2 
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(Japan) 

Max Planck Institute for Meteo. (Germany) MPI-ESM1-2-HR r1i1p1f1 

Max Planck Institute for Meteo. (Germany) MPI-ESM1-2-LR r1i1p1f1 

Meteorological Research Institute (Japan) MRI-ESM2-0 r1i1p1f1 

Norwegian Climate Center (Norway) NorESM2-LM r1i1p1f1 

Norwegian Climate Center (Norway) NorESM2-MM r1i1p1f1 

Research Center for Env. Changes (Taiwan) TaiESM1 r1i1p1f1 

Met Office Hadley Centre and NERC (UK) UKESM1-0-LL r1i1p1f2 

3.4 METHODOLOGY 

3.4.1 SPEI DROUGHT INDEX 

In this part of our study we used the SPEI index, which is deveoped by Vicente-

Serrano et al. (2010) and is based the SPI method (proposed by McKee et al., 1993). It 

was shown in the previous chapter that the SPEI performed better than the SPI in 

detecting the droughts in the SSRW (Mousavi et al., 2023), as well as other sites (Tan et 

al., 2015). The calculation procedure of the SPEI and PET are presented Mousavi et al. 

(2023). 

3.4.2 DATA ANALYSIS 

Box plots were used to summarize and illustrate future changes under climate 

change scenarios, compared to the base period (1951-1990). To create these plots we 

combined the modeled values (for 1951-1990) and the projections (for future periods) of 

the ensemble of 26 GCMs. We computed the rate of occurrence of drought (as percentage 

of the whole length of each period) and compared the future rates of occurrence of 

drought to the base period (1951-1990). The results and differences were mapped in 
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ArcGIS, to represent the areas with increased or decreased occurrence rates under climate 

change scenarios in each period compared to the base period (1951-1990). Finally, base 

period and future projections were compared based on the percentage of the time that 

drought at different severity levels occured in the SSRW. 

3.5 RESULTS AND DISCUSSION 

3.5.1 COMPARISON OF DROUGHT IN THE BASE PERIOD AND FUTURE 

PERIODS UNDER CLIMATE CHANGE 

Fig. 3.2 shows the box plots of the drought indices based on three SSP scenarios 

and four periods. All future periods, based on all three SSP scenarios, show a tendency 

towards more negative values which based on the SPEI categories, meaning more 

drought. At the same time, for the base period (1951-1990) the median is just slightly 

greater than zero, denoting more tendency towards no drought or mild droughts. The box 

plots and their medians illustrate the shift to more negative values farther in the future 

(2071-2100). It is clear that there is a relationship between the timescale of the SPEI 

drought index and severity of droughts, with longer timescales having smaller (more 

negative) values of the index.  

Figures 3.3 to 3.7 represent the average percentage of the time in the SSRW that 

drought at different severity levels has occurred or is projected to occur for each period 

and scenario and different timescales of the SPEI index (1-, 3-, 6-, 12-, and 24-months). 

The results are averaged out from the percentages of drought occurrence obtained by 26 

GCMs. For easier comparison, the values of the percentage of time that drought at 

different severity levels occurred or is projected to occur are also presented in Tables 3.2 
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to 3.6 for the SPEI at 1-, 3-, 6-, 12-, and 24-months timescales respectively. 

Based on Fig. 3.3, in the base period (1951-1990) at 1-month time scale, 54.7% of 

the times there were no droughts in the SSRW, and the percentage of the times with 

drought is 33.1% with mild drought, 8.6% with moderate drought, 3.1% with severe 

drought, and only 0.5% with extreme drought. Under climate change scenarios the 

percentage of the time that drought (at different severity level) occurs increases to up to 

57.1% (SSP1-2.6; 2071-2100). While the percentage of the times with mild drought is 

almost constant for all scenarios and time periods, the percentages of the time with 

moderate, severe, and extreme droughts is gradually increasing to up to 13.9% (SSP1-

2.6), 8.9% (SSP1-2.6), and 3.3% (SSP1-2.6), respectively, by the end of the century. This 

could be due to the change in evapotranspiration increase by temperature rise, during the 

dry periods, when precipitation change cannot offset the increased atmospheric water 

demand. 

Table 3.2 Percentage of the time associated with drought at different severity levels based 
on SPEI-1month in the base period (1951-1990) and projections for the near current 
(2015-2030), near future (2041-2060), and far future (2071-2100) periods based on three 
scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) 

Period Scenario Drought severity 
Extreme Severe Moderate Mild No drought 

1951-1990 - 0.5 3.1 8.6 33.1 54.7 

2015-2030 
SSP1-2.6 0.7 4.2 10.2 34.9 50.0 
SSP2-4.5 0.8 4.4 10.9 34.0 49.9 
SSP5-8.5 0.9 4.7 11.2 34.0 49.3 

2041-2060 
SSP1-2.6 1.3 5.5 12.4 34.5 46.3 
SSP2-4.5 1.4 5.9 11.9 33.5 47.2 
SSP5-8.5 1.6 6.3 12.1 33.0 47.1 

2071-2100 
SSP1-2.6 3.3 8.9 13.9 31.0 42.9 
SSP2-4.5 2.4 7.6 13.0 32.3 44.7 
SSP5-8.5 2.5 7.5 12.9 32.6 44.5 
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Fig. 3.2 Box plots of the Values of the SPEI index at different timescales for different 
periods (base period: 1951-1990; near current: 2015-2030; near future: 2041-2060; and 
far future: 2071-2100) and three climate change scenarios (SSP1-2.6; SSP2-4.5; SSP5-
8.5). (a) SPEI-1month; (b) SPEI-3months; (c) SPEI-6months; (d) SPEI-12months; (e) 
SPEI-24months

(a) (c)(b)

(d) (e)
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Fig. 3.4 shows the percentage of occurrence of drought in the SSRW based on 

SPEI-3months, with 42.8% of the time the watershed experienced some sort of drought in 

the base period (1951-1990), 31.3% mild drought, 7.9% moderate drought, 3% severe 

drought, and 0.6% of the time extreme drought. Based on the results for SPEI-3months, 

under all climate change scenarios, drought will increase gradually by the end of century, 

up to 59.8% (based on SSP1-2.6). The increased percentages of the times with mild, 

moderate, severe, and extreme droughts at 3-months time scale is up to 35.7% (SSP1-2.6; 

2015-2030), 14.3% (SSP1-2.6; 2071-2100), 9.4% (SSP1-2.6; 2071-2100), and 3.7% 

(SSP1-2.6; 2071-2100), respectively. 

Table 3.3 Percentage of the time associated with drought at different severity levels based 
on SPEI-3month in the base period (1951-1990) and projections for the near current 
(2015-2030), near future (2041-2060), and far future (2071-2100) periods based on three 
scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) 

Period Scenario Drought severity 
Extreme Severe Moderate Mild No drought 

1951-1990 - 0.6 3.0 7.9 31.3 57.2 

2015-2030 
SSP1-2.6 0.8 3.8 9.7 35.7 50.0 
SSP2-4.5 0.9 4.2 10.4 34.1 50.3 
SSP5-8.5 0.9 4.7 10.8 34.3 49.3 

2041-2060 
SSP1-2.6 1.5 5.8 12.5 35.0 45.3 
SSP2-4.5 1.6 6.1 11.9 33.9 46.5 
SSP5-8.5 1.9 6.3 12.1 33.5 46.2 

2071-2100 
SSP1-2.6 3.8 9.4 14.3 32.3 40.2 
SSP2-4.5 2.8 8.0 13.4 32.9 42.9 
SSP5-8.5 2.7 8.0 13.6 32.7 42.9 

Similar results obtained by SPEI-6months (Fig. 3.5) indicate that the percentages 

of mild, moderate, severe, and extreme droughts under climate change scenarios are 

increasing from 29.4%, 6.9%, 2.5%, and 0.5% in the base period, to up to 35.9% (SSP1-

2.6; 2015-2030), 14.5% (SSP2-4.5; 2071-2100), 9% (SSP2-4.5; 2071-2100), and 4.2% 

(SSP1-2.6; 2071-2100), respectively. Overall, under climate change scenarios, an increase 
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in the times attributed with drought occurence is projected, from 39.3% in the base period 

(1951-1990), to 50.5% (SSP5-8.5) in near current (2015-2030), 56.5% (SSP1-2.6) in near 

future (2041-2060), and 63.9% (SSP1-2.6) in far future (2071-2100) periods. 

Table 3.4 Percentage of the time associated with drought at different severity levels based 
on SPEI-6month in the base period (1951-1990) and projections for the near current 
(2015-2030), near future (2041-2060), and far future (2071-2100) periods based on three 
scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) 

Period Scenario Drought severity 
Extreme Severe Moderate Mild No drought 

1951-1990 - 0.5 2.5 6.9 29.4 60.7 

2015-2030 
SSP1-2.6 0.6 3.4 9.2 35.9 50.9 
SSP2-4.5 0.9 4.2 10.3 33.7 51.0 
SSP5-8.5 0.9 4.3 11.0 34.2 49.5 

2041-2060 
SSP1-2.6 1.5 5.9 13.3 35.7 43.5 
SSP2-4.5 1.8 6.4 12.0 34.8 45.1 
SSP5-8.5 1.8 6.5 13.0 34.6 44.1 

2071-2100 
SSP1-2.6 4.2 10.5 16.3 32.9 36.1 
SSP2-4.5 2.9 9.0 14.5 33.6 40.0 
SSP5-8.5 3.2 8.7 14.0 33.8 40.4 

Results of percentage of the times with drought at 12-months timescale (Fig. 3.6) 

indicate 34.1% of the time drought occurred in the base period (1951-1990) with 26.3% 

mild drought, 5.6% moderate drought, 1.9% severe drought, and 0.3% extreme drought; 

under climate change scenarios (ensemble) this would increase up to 37.8% (SSP1-2.6; 

2041-2060), 19% (SSP1-2.6; 2071-2100), 12.1% (SSP1-2.6; 2071-2100), and 4.7% 

(SSP1-2.6; 2071-2100) for mild, moderate, severe, and extreme droughts, repectively. 

The maximum percentage of the times with drought are increasing from 29.9% in the 

base period (1951-1990) to 50% (SSP5-8.5) in near current (2015-2030), 62.7% (SSP1-

2.6) in near future (2041-2060), and 75% (SSP1-2.6) in the far future (2071-2100). 
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Table 3.5 Percentage of the time associated with drought at different severity levels based 
on SPEI-12month in the base period (1951-1990) and projections for the near current 
(2015-2030), near future (2041-2060), and far future (2071-2100) periods based on three 
scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) 

Period Scenario Drought severity 
Extreme Severe Moderate Mild No drought 

1951-1990 - 0.3 1.9 5.6 26.3 65.9 

2015-2030 
SSP1-2.6 0.3 2.7 8.3 36.8 51.9 
SSP2-4.5 0.8 4.1 9.6 34.7 50.8 
SSP5-8.5 0.9 4.4 10.2 34.8 49.7 

2041-2060 
SSP1-2.6 1.5 6.5 14.3 37.8 39.9 
SSP2-4.5 1.9 6.2 12.0 36.2 43.7 
SSP5-8.5 1.8 7.0 14.2 36.2 40.8 

2071-2100 
SSP1-2.6 4.7 12.1 19.1 34.1 30.0 
SSP2-4.5 3.3 10.2 16.2 34.5 35.7 
SSP5-8.5 3.4 9.9 15.4 35.0 36.3 

Percentages of time with drought obtained by SPEI-24months are presented in 

Fig. 3.7, with SSRW experiencing drought at 24-months time scale at 29.9% of the time 

in the base period (1951-1990); with 24.3% mild drought, 4.2% moderate drought, 1.3% 

severe drought, and 0.2% extreme drought. Those percentages under climate change are 

projected to increase up to 75% (SSP1-2.6; 2071-2100), with each individual category of 

drought increase up to 40.1% (SSP1-2.6; 2041-2060) for mild drought, 21.9% (SSP1-2.6; 

2071-2100) for moderate drought, 14.9% (SSP1-2.6; 2071-2100) for severe drought, and 

4% (SSP1-2.6; 2071-2100) for extreme drought. 
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Table 3.6 Percentage of the time associated with drought at different severity levels based 
on SPEI-24month in the base period (1951-1990) and projections for the near current 
(2015-2030), near future (2041-2060), and far future (2071-2100) periods based on three 
scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) 

Period Scenario Drought severity 
Extreme Severe Moderate Mild No drought 

1951-1990 - 0.2 1.3 4.2 24.3 70.1 

2015-2030 
SSP1-2.6 0.3 2.2 6.6 38.7 52.3 
SSP2-4.5 0.6 3.9 9.2 34.2 52.1 
SSP5-8.5 0.9 3.9 9.9 35.3 50.0 

2041-2060 
SSP1-2.6 1.6 5.8 15.2 40.1 37.3 
SSP2-4.5 1.6 6.4 13.1 37.3 41.7 
SSP5-8.5 2.0 7.5 14.9 37.5 38.2 

2071-2100 
SSP1-2.6 4.0 14.9 21.9 34.2 25.0 
SSP2-4.5 3.4 11.9 17.7 34.2 32.7 
SSP5-8.5 3.3 11.5 16.1 37.2 31.9 
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Fig. 3.3 Results of SPEI-1month: Comparison of the percentage of the time that drought 
(at different severity levels) occurred in the base period (1951-1990) with projections for 
three periods of near current (2015-2030), near future (2041-2060), and far future (2071-
2100) based on three scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5)
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Fig. 3.4 Results of SPEI-3month: Comparison of the percentage of the time that drought 
(at different severity levels) occurred in the base period (1951-1990) with projections for 
three periods of near current (2015-2030), near future (2041-2060), and far future (2071-
2100) based on three scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5)
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Fig. 3.5 Results of SPEI-6month: Comparison of the percentage of the time that drought 
(at different severity levels) occurred in the base period (1951-1990) with projections for 
three periods of near current (2015-2030), near future (2041-2060), and far future (2071-
2100) based on three scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5)
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Fig. 3.6 Results of SPEI-12month: Comparison of the percentage of the time that drought 
(at different severity levels) occurred in the base period (1951-1990) with projections for 
three periods of near current (2015-2030), near future (2041-2060), and far future (2071-
2100) based on three scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5)
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Fig. 3.7 Results of SPEI-24month: Comparison of the percentage of the time that drought 
(at different severity levels) occurred in the base period (1951-1990) with projections for 
three periods of near current (2015-2030), near future (2041-2060), and far future (2071-
2100) based on three scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5)

3.5.2 FUTURE CHANGES IN OCCURRENCE RATES OF DROUGHT UNDER 

CLIMATE CHANGE

Figures 3.8 to 3.12 show and compare the rates of occurrence of drought based on 
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the SPEI drought index at different time scales (1-, 3-, 6-, 9-, 12-, and 24-months) in the 

basin, based on different scenarios and different periods of time, or simply the percentage 

of the time where the SPEI index value is below zero. 

 
1951-1990  2015-2030  2041-2060  2071-2100 

 

 

 
 
Fig. 3.8 Drought occurrence rates: percentage (%) of the total selected time period for 
which (based on the SPEI-1month index) drought (at different severity levels) has 
happened in the base period (1951-1990) or is projected to happen in future periods (near 
current: 2015-2030; near future: 2041-2060; and far future: 2071-2100) 

For SPEI-1month in the base period (1951-1990) (Fig. 3.8), the rate of drought 

occurrence in the basin varies between 40.4% and 48.9% which is higher in the Rocky 

Mountains and the western portion of the SSRW, and lower in the eastern parts, which 

includes downstream of Red Deer Basin and Bow River Basin. The projected rates of 

drought occurrence for all scenarios in the near current period (2015-2030) is between 

48.6% and 51.9%; in the near future (2041-2060) it is between 49.9% and 55.9%; and in 
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the far future (2071-2100) it is between 48.6% (SSP1-2.6; 2015-2030) and 60.6% (SSP1-

2.6; 2071-2100). The rate of occurrence of drought is projected to increase closer to the 

end of the century (2071-2100), as well as the range of variability of occurrence rates 

within the basin. Based on the projections it is obvious that by moving from west to the 

east in the SSRW, the rates of drought occurrence increases, with lowest rates in the 

Rockies and north of the watershed and higher rates in the South Saskatchewan River 

Basin (the southeastern part of SSRW) and downstream of Red Deer and Bow River 

Basins. 

 
1951-1990  2015-2030  2041-2060  2071-2100 

 

 

 
 

Fig. 3.9 Drought occurrence rates: percentage (%) of the total selected time period for 
which (based on the SPEI-3month index) drought (at different severity levels) has 
happened in the base period (1951-1990) or is projected to happen in future periods (near 
current: 2015-2030; near future: 2041-2060; and far future: 2071-2100) 

As shown in Fig. 3.9, the rate of drought occurrence based on SPEI-3months in 
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the base period (1951-1990) ranges from 35.6% to 47.7%, which is lower in the Rocky 

Mountains and parts of the Oldman River Basin, and increases eastward, as most parts of 

the basin especially in the downstream of the Red Deer and Bow River basins and South 

Saskatchewan River Basin experienced higher rates of drought at 3-months timescale. 

Projections show a range between 48.4% (SSP1-2.6; 2015-2030) and 64.7% (SSP1-2.6; 

2071-2100) of drought occurrence rates at 3-months timescale that reaches the highest 

rate at 2071-2100 based on the SSP1-2.6. The range of projected values is larger at later 

time periods. Unlike for the base period, regions closer to the Rocky Mountains and 

headwaters of Red Deer River, Bow River, and Oldman River Basins are experiencing 

less frequency of drought, while the eastern parts, mainly the downstream of Red Deer 

and Bow River Basins and most parts of the South Saskatchewan River Basin have higher 

projected drought rates. 

At the SPEI-6months time scale (Fig. 3.10), the rate of drought occurrence of the 

base period (1951-1990) is between 33.9% and 49.2%, higher in the upstream areas of the 

basins and mountainous parts, and lower in other parts of the SSRW, especially in the 

east side and areas in the downstream of Red Deer and Bow River Basins and most parts 

of the South Saskatchewan River Basin. The climate change ensemble models and 

scenario projections suggest rates of drought occurrence between 47.4% (SSP1-2.6; 2015-

2030) and 69.7% (SSP1-2.6; 2071-2100), which is lower in the west and north and 

increases eastward and in lower parts of the river basins in the SSRW. The far future 

period (2071-2100) is projected to have higher rates of drought occurrence with higher 

variability. 

Fig. 3.11 shows the range of drought occurrence based on the SPEI-12months 
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which is between 24.2% and 43.9% in the base period (1951-1990). 

 
1951-1990  2015-2030  2041-2060  2071-2100 

 

 

 
 

Fig. 3.10 Drought occurrence rates: percentage (%) of the total selected time period for 
which (based on the SPEI-6month index) drought (at different severity levels) has 
happened in the base period (1951-1990) or is projected to happen in future periods (near 
current: 2015-2030; near future: 2041-2060; and far future: 2071-2100) 

 
Projections based on SPEI-12months show a range of 47.2% (SSP2-4.5; 2015-

2030) to 75.6% (SSP1-2.6; 2071-2100) for drought occurrence rates in the SSRW. The 

rates are obviously higher in most parts of the basin based on projections of SSP1-2.6 at 

2071-2100 period. It is clear that at 2071-2100 the rates of drought occurrence are 

significantly higher than lower time scales of the SPEI index. Drought is projected to 

happen very frequently during 2071-2100 in the downstream areas of the Red Deer and 

Bow River Basins and parts of the South Saskatchewan River Basin. The highest 12-month 

drought occurrence rates are projected by SSP1-2.6 in the far future period (2071-2100). 
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1951-1990  2015-2030  2041-2060  2071-2100 

 

 

 
 
Fig. 3.11 Drought occurrence rates: percentage (%) of the total selected time period for 
which (based on the SPEI-12month index) drought (at different severity levels) has 
happened in the base period (1951-1990) or is projected to happen in future periods (near 
current: 2015-2030; near future: 2041-2060; and far future: 2071-2100) 

The rates of drought occurrence based on SPEI at 24-month timescale are 

presented in Fig. 3.12. For the base period (1951-1990), the rates range from 17.5% to 

42.7% in the SSRW, which is less than 20% in eastern parts of the watershed and 

increases towards the west to even more than 40%. In the near current period (2015-

2030), the rates are lower in central and southern parts of the watershed with lowest rate 

of projected drought occurrence (44.4%) for SSP1-2.6. The rate of drought occurrence is 

significantly higher in the 2071-2100, peaking at 80.8% for SSP1-2.6. Highest rates of 

projected drought occurrence are evident at 2071-2100 in the downstream of the river 

basins in the SSRW and most parts of the South Saskatchewan River basin. The rates of 
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projected drought occurrence are lower in the west and mountainous parts of the SSRW. 

 
1951-1990  2015-2030  2041-2060  2071-2100 

 
Fig. 3.12 Drought occurrence rates: percentage (%) of the total selected time period for 
which (based on the SPEI-24month index) drought (at different severity levels) has 
happened in the base period (1951-1990) or is projected to happen in future periods (near 
current: 2015-2030; near future: 2041-2060; and far future: 2071-2100) 

Table 3.7 summarizes the range of drought occurrence rates, based on SPEI (at 

different time scales), in the base period (1951-1990) and also based on projections under 

different climate change scenarios (SSP1-2.6; SSP2-4.5; and SSP5-8.5) in future time 

horizons. It is evident that the range of the values and (in most cases) the percentage of 

drought occurrence increases with time scale and at later time horizons. 
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Table 3.7 Range of the rate of drought occurrence based on SPEI at different time scales 
in the base period (1951-1990) or as is projected to happen in future periods (near current: 
2015-2030; near future: 2041-2060; and far future: 2071-2100)  

Period Scenario 
Timescale 

1-month 3-months 6-months 12-months 24-months 
Min Max Min Max Min Max Min Max Min Max 

1951-1990 - 40 49 36 48 34 49 24 44 17 43 

2015-2030 
SSP1-2.6 47 52 48 53 47 52 46 53 44 55 
SSP2-4.5 49 51 49 51 48 51 47 51 46 50 
SSP5-8.5 50 52 49 52 49 52 49 52 46 55 

2041-2060 
SSP1-2.6 51 56 52 57 52 60 54 64 54 67 
SSP2-4.5 50 55 49 56 50 59 48 61 47 65 
SSP5-8.5 50 54 50 56 50 59 51 63 50 67 

2071-2100 
SSP1-2.6 51 61 50 65 51 70 52 76 54 81 
SSP2-4.5 51 58 50 61 51 65 52 70 52 74 
SSP5-8.5 50 59 49 61 49 65 49 71 50 76 

 

3.6 CONCLUDING REMARKS 

Our findings based on the multi-model ensemble of 26 CMIP6 GCMs and three 

climate change scenarios (SSP1-2.6; SSP2-4.5; SSP5-8.5) and calculated SPEI indices at 

different timescales (1-, 3-, 6-, 12-, and 24-months) showed that under climate change, 

drought conditions in the selected time periods (near current: 2015-2030; near future: 

2041-2060; and far future: 2071-2100) will change significantly from the base period. 

This change is shifting the average SPEI index values from more positive values towards 

more negative values, denoting more drought conditions from reduced rain and increased 

evaporation in connection to the increasing temperatures. 

It was found that not only will the drought occurrence increase under climate 

change scenarios, but also the severity of the droughts will increase somewhat for all time 

scales of the SPEI (i.e., 1-,3-, 6-, 12-, and 24-months). This increase is greater for the 

longer time scales of the SPEI drought index. This could be explained by accumulation of 
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the impacts of drought that are occurring at longer timescales. As was shown in Chapter 

2, the areas in the vicinity of places with increased drought also showed the same pattern 

at longer timescales, resulting in detection of increasing trends of drought in larger areas. 

Based on the projections, occurrence of more severe and extreme drought events 

will become more prevalent under all three SSP climate change scenarios and for all 

future time horizons, with the most severe drought events occurring at the end of the 

century (2071-2100). Based on these results, the severe and extreme droughts, which 

were rarely occurring in the region in the base period of 1951-1990, will increase 

significantly in the 2041-2060 period with occurrence rates of severe drought increasing, 

and in 2071-2100 when both severe and extreme droughts will increase, and consequently 

areas with “no drought” condition will decrease. The rates of mild and moderate drought 

occurrences will increase significantly at SPEI time scales of 3-months and higher. These 

increases in the rates of drought occurrence at different severity levels result in an overall 

dramatic increase in drought occurrence rates in the SSRW in the near and distant future. 

Based on these results, the severity of drought is increasing with the timescale of 

the SPEI drought index. Also, the range of variability of projected drought occurrence 

increases at higher time scales of the SPEI drought index and at later periods. 

Mapping the rate of occurrence of drought showed that the spatial pattern of 

projected drought frequency is distinguishable from and opposite to that of the base 

period (1951-1990). As in the base period, more droughts were occurring in the western 

parts of the watershed, within or close to mountainous areas of the basin, while based on 

future projections, the occurrence rates of drought are higher in the downstream of the 
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river basins or the SSRW and more towards the eastern parts of the watershed. 

Among studied climate change scenarios, SSP1-2.6 showed more drought 

occurrence rates based on SPEI at different timescales, followed by the SSP5-8.5 and 

SSP2-4.5. This result could be further investigated by changes in the precipitation and its 

impact of the SPEI drought condition, as this index is sensitive to both temperature and 

precipitation change. 
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CHAPTER 4: ANALYSIS OF THE TEMPERATURE-RELATED EXTREME 

EVENTS IN THE SOUTH SASKATCHEWAN RIVER WATERSHED UNDER 

CLIMATE CHANGE 

4.1 INTRODUCTION 

The impacts of human activities on intensification of climate extremes in different 

parts of the globe are irrefutable (Batibeniz et al., 2023). Extreme weather events can be 

deadly, costly, and a driver of demographic changes. In the current condition of climate 

change, we are witnessing some extreme events more frequently or more intensively that 

were rare previously. Already, seven of the highest global average temperatures ever 

recorded are in July 2023, with numerous regional upper temperature records broken, and 

then broken a short time later. These complicated and combined-effects marginal events, 

known as extreme events, are costly and can endanger humans, wildlife, and the 

environment, as well as result in extensive economic losses and setbacks to sustainability. 

Combinations of these events could result in disastrous situation like coincidence of 

drought and heatwaves (Batibeniz et al., 2023) that can increase the risk of wildfire, 

erosion, and pest outbreaks, with greater exposure to human populations (Batibeniz et al., 

2023). The other concern comes from observing more back-to-back extreme events of 

one type or of different types, which may vary, such as floods, droughts, and heatwaves. 

These could significantly impact different sectors, such as healthcare, agriculture, 

forestry, parkland, wildlife, and infrastructure, and as a result impose heavy costs on 

people and governments (Bell et al., 2018). An example of such concurrent events is the 

wildfire of Fort McMurray in Alberta in 2016 that a preceding drought before a heatwave 

event caused a devastating wildfire that led to the fire to advance much further and faster 
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and evacuation of large population from the area (French et al. 2019). Also, concurrent 

and frequent heatwaves and dry conditions not only prohibits the crop development but 

also imposes stresses on livestock and workers (Raymond et al., 2020). The result could 

be significant shortage of food productions and higher prices (Raymond et al., 2020). This 

combination of processes and connectivity of extreme events that can lead to more severe 

consequences is known as compound events (Raymond et al., 2020; Zscheischler et al., 

2018).  

Increase in the magnitude and frequency of occurrence of extreme daily 

temperatures, recorded Tmax and Tmin values, are expected under climate change and 

the results can impact the hydrologic cycle acceleration and intensification, crops growth 

and development (Liu et al., 2018). The increase in Tmin is projected to be more 

pronounced (Liu et al., 2018). 

Almazroui et al. (2021), using an ensemble of 31 CMIP6 GCMs, studied changes 

in precipitation and temperature over United States, Central America, and Caribbean in 

three future time zones and compared it with a selected base period of 1995-2014. Their 

results showed that temperature can rise by up to 6° C, and precipitation will increase by 

10-30% in US and decrease by 10-40% in Central America and Caribbean, with the 

greatest increase in higher latitudes. These changes can have considerable impacts in the 

environment, cities, economies, and societies. 

These facts have led to introducing new methods and indices which enable us to 

analyze these phenomena and assess their social, economic, and environmental impacts 

and also to monitor them in order to be prepared. Due to the importance of studying 
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extreme events and need for unified definitions and methods of analysis, the World 

Meteorological Organization Commission on Climatology and the Climate Variability 

and Prediction (WMO CCI/CLIVAR) Expert Team on Climate Change Detection, 

Monitoring and Indices introduced 27 extreme climate indicators known as ETCCDI 

(Expert Team on Climate Change Detection, Monitoring and Indices ) indices (Peterson, 

2001; Alexander et al. 2006; Brown et al. 2010; Perkins, 2015). ETCCDI indices have 

been employed by researchers, managers, governments, and organizations. We compared 

the temperature-related extreme events in the past and future by utilizing ETCCDI indices 

to study the extreme events in the SSRW. 

The main objectives of this chapter are to explore the projected impact of climate 

change in SSRW on (1) the annual count of the days with extreme cold or hot 

temperatures and duration of cold or warm spells; (2) the monthly pattern of daily 

temperature range (DTR); (3) the monthly pattern of extremely high or low temperatures; 

and (4) annual count of days with temperatures suitable for vegetation growth and 

development, known as growing season length (GSL). 

4.2 STUDY AREA 

The South Saskatchewan River Watershed in Southern Alberta consists of four 

sub-basins which drain an area of 112,800 km2 (Figure 4.1). This watershed is located 

between latitudes of 52º 58′ 6′′and 48º 59′ 50′′ and longitudes of 110º 0′ 3′′ and 116º 35′ 

55′′ and includes parts of the Canadian Rocky Mountains in the west and parts of the 

Canadian Prairies further east in Southern Alberta. The main land uses are agricultural, 

mainly annual crop production, pastures, and ranching. There are 12 major irrigation 
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districts, four major cities (Calgary, Red Deer, Lethbridge, and Medicine Hat), and many 

rural communities in the area. As described in Chapter 3, it also contains Kainai Sahkoi -

the largest First Nation Reserve of Canada (Blood 148), and other indigenous

communities and territories, First Nations reserves and communities (Stoney Nakoda, 

Tsuu T’ina, Siksika, and Piikani, are located in this region. The main rivers of the four 

sub-basins of this watershed are Red Deer, Bow River, Oldman River, and South 

Saskatchewan River, with total annual discharge of 8.8 Bm3. 

Fig. 4.1 Map of the study area and location of the SSRW sub-basins in Alberta (Mapped 
by Arc GIS Pro software and Alberta DEM from Government of Alberta website: 
https://open.alberta.ca/licence)

4.3 DATASET

In this study the CMIP6 statistically downscaled climate indices (CanDCS-U6) 

was used. This dataset provides the downscaled indices at 1/12° (~10 km) grid resolution 
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from 1950-2100 with base period of 1951-1990 and future projections based on three 

Shared Socioeconomic Pathways (SSPs) for 2015-2100 period. The downscaling is based 

on Bias Correction/Constructed Analogues with Quantile delta mapping algorithm 

(BCCAQv2) (Cannon et al. 2015; Werner and Cannon, 2016). The multi-GCM ensemble 

of 26 GCMs (Table 4.1) and three scenarios of SSP1-2.6, SSP2-4.5, and SSP5-8.5 is 

employed to investigate variations of extreme temperature related indices in SSRW in 

near current period of 2015-2030, and two future periods of 2041-2060 and 2071-2100 

compared to the base period of 1951-1990.  

Table 4.1 Identification of the CMIP6 multi-GCM ensemble of global climate models 
adopted form CanDCS-U6 (https://climate-scenarios.canada.ca/?page=CanDCS6-indices) 
Institution Model Name Realization 

CSIRO-ARCCSS (Australia) ACCESS-CM2 r1i1p1f1 

CSIRO (Australia) ACCESS-ESM1-5 r1i1p1f1 

Beijing Climate Center (China) BCC-CSM2-MR r1i1p1f1 

Canadian Centre for Climate Modelling and 

Analysis (Canada) 
CanESM5 r1i1p2f1 

Euro-Mediterranean Centre for Climate Change 

(Italy) 
CMCC-ESM2 r1i1p1f1 

CNRM-CERFACS (France) CNRM-CM6-1 r1i1p1f2 

CNRM-CERFACS (France) CNRM-ESM2-1 r1i1p1f2 

EC-Earth-Consortium (Europe) EC-Earth3 r4i1p1f1 

EC-Earth-Consortium (Europe) EC-Earth3-Veg r1i1p1f1 

Institute of Atmospheric Physics (China) FGOALS-g3 r1i1p1f1 

NOAA-Geophys. Fluid Dyn. Lab (USA) GFDL-ESM4 r1i1p1f1 

Met Office Hadley Centre and NERC (UK) HadGEM3-GC31-LL r1i1p1f3 

Institute for Numerical Mathematics (Rus.) INM-CM4-8 r1i1p1f1 

Institute for Numerical Mathematics (Rus.) INM-CM5-0 r1i1p1f1 

Institut Pierre-Simon Laplace (France) IPSL-CM6A-LR r1i1p1f1 
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National Institute of Meteo. Sciences and Korea 

Meteo. Administration (Korea) 
KACE-1-0-G r2i1p1f1 

Korea Institute of Ocean Science and Technology 

(Korea) 
KIOST-ESM r1i1p1f1 

University of Tokyo JAMSTEC, NIES, and 

AORI (Japan) 
MIROC6 r1i1p1f1 

University of Tokyo JAMSTEC, NIES, and 

AORI (Japan) 
MIROC-ES2L r1i1p1f2 

Max Planck Institute for Meteo. (Germany) MPI-ESM1-2-HR r1i1p1f1 

Max Planck Institute for Meteo. (Germany) MPI-ESM1-2-LR r1i1p1f1 

Meteorological Research Institute (Japan) MRI-ESM2-0 r1i1p1f1 

Norwegian Climate Center (Norway) NorESM2-LM r1i1p1f1 

Norwegian Climate Center (Norway) NorESM2-MM r1i1p1f1 

Research Center for Env. Changes (Taiwan) TaiESM1 r1i1p1f1 

Met Office Hadley Centre and NERC (UK) UKESM1-0-LL r1i1p1f2 

4.4 METHODOLOGY 

4.4.1 EXTREME CLIMATE INDICES 

There are 16 temperature-related indices proposed by the ETCCDI that could be a 

good representative of extreme temperatures and heat. These indices are based on daily 

maximum and minimum temperatures (Alexander et al., 2006). These indices were 

introduced and applied on a global scale by Alexander et al. (2006) and also been applied 

in the Fourth Assessment Report of the Intergovernmental Panel on Climate Change 

(AR4 IPCC) (http://www.clivar.org/workshops-extremes-indices). The complete list of 

the ETCCDI indices and their definitions are available at 

(http://etccdi.pacificclimate.org/list_27_indices.shtml). Our analysis of recent changes in 

extreme climate in the SSRW, is based on the ETCCDI temperature-related indices listed 
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in Table 4.2. Some of these indices are appropriate tools for application in agriculture 

such as frost days, icing days, and growing season length (Brown et al. 2010). Here we 

also used an additional threshold-based index (SU30) to study very hot summer days. 

Table 4.2 List of ETCCDI temperature-related indices used in this study 
Index Description Unit 

DTR Daily temperature range °C 

GSL Growing season length days/year 

FD Number of frost days days/year 

ID Number of icing days days/year 

SU Number of summer days (> 25°C) days/year 

SU30 Number of summer days (> 30°C) days/year 

TR Number of tropical nights days/year 

CSDI Cold spell duration index days/year 

WSDI Warm spell duration index days/year 

TXx Monthly maximum value of daily maximum 

temperature (TX) 

°C 

TNx Monthly maximum value of daily minimum 

temperature (TN) 

°C 

TXn Monthly minimum value of TX °C 

TNn Monthly minimum value of TN °C 

TN10p Percentage of days when TN < 10th percentile % of days in month 

TX10p Percentage of days when TX < 10th percentile % of days in month 

TN90p Percentage of days when TN > 90th percentile % of days in month 

TX90p Percentage of days when TX > 90th percentile % of days in month 

4.4.2 DATA ANALYSIS 

In this chapter we use box plots and maps to present and compare differences 

between the base period (1951-1990) and future projections under climate change 

scenarios. The plots and maps present output of combined data obtained from 26 GCMs 



69  

for each scenario in each period. The maps are based on the differences between future 

values of the index compared to the base period (1951-1990) and presented in the form of 

percentages and values. For monthly indices only the box plot and monthly patterns of 

change is provided for the base and future periods. 

4.5 RESULTS AND DISCUSSION 

4.5.1 COMPARISON OF THE ANNUAL EXTREME TEMPERATURE INDICIES 

IN THE BASE PERIOD AND FUTURE PERIODS UNDER CLIMATE CHANGE 

Average values of extreme annual indices in the base period (1951-1990) and 

projections for the near current (2015-2030) and two future periods (2041-2060 and 2071-

2100) under SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios are presented in Table 4.3. Figures 

4.2 and 4.3 depict numbers of extreme warm or cold days. It is evident that because of 

warming, the number of summer days (SU) on an annual basis increases from 36 days (in 

1951-1990) to up to 58 days (based on SSP5-8.5) in near current period (2015-2030), and 

is projected to increase further up to 76 days (based on SSP5-8.5) in the mid-century 

(2041-2060), and up to 104 days (based on SSP5-8.5) in the far future (2071-2100). The 

same increasing pattern is shown for the number of hot days (SU30) in a year that on 

average based on the higher emission scenario (SSP5-8.5) increases from 8 days in the 

base period (1951-1990) to 20, 64 and 62 days in near current (2015-2030), mid-century 

(2041-2060) and far future (2071-2100) periods, respectively. The number of tropical 

nights (TR) is projected to increase based on SSP5-8.5 in the far future period (2071-

2100), as the TRSSP5-8.5 is projected to reach up to 13 nights during a year (on average) 

that compared to the base (1951-1990) and near current (2015-2030) periods, with zero 
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tropical nights, shows a substantial increase.  

Table 4.3 Average values of extreme annual indices in the base period (1951-1990) and 
projections for the near current (2015-2030) and two future periods (2041-2060 and 2071-
2100) under SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios 

Index 

19
51

-1
99

0 
SSP1-2.6  SSP2-4.5  SSP5-8.5 

20
15

-2
03

0 

20
41

-2
06

0 

20
71

-2
10

0 

20
15

-2
03

0 

20
41

-2
06

0 

20
71

-2
10

0 

20
15

-2
03

0 

20
41

-2
06

0 

20
71

-2
10

0 

ID 80 71 65 63  72 65 58  71 61 47 

FD 204 186 177 175  187 174 162  186 168 138 

CSDI 8 4 3 3  4 2 1  4 2 0 

SU 36 56 66 68  57 69 80  58 76 104 

SU30 8 18 25 26  19 27 37  20 34 62 

TR 0 0 0 0  0 0 0  0 0 4 

WSDI 7 20 33 38  21 36 57  22 47 102 

GSL 174 191 200 202  190 202 212  190 207 235 

Number of icing days (ID) which on average were 80 days in a year, are projected 

to decrease remarkably in the near current period (2015-2030) to 71 days (SSP1-2.6 and 

SSP5-8.5) and to be as low as 58 and 47 days (both based on SSP5-8.5) in the mid-

century (2041-2060) and far future (2071-2100) periods, respectively. The number of 

frost days (FD) also is projected to decrease from 204 days a year (on average) to the 

lowest projected values of 175, 162 and 138 (all based on SSP5-8.5) in the near current 

(2015-2030), mid-century (2041-2060) and far future (2071-2100) periods, respectively. 

The number of icing days and frost days during the winter season is important for 

agriculture as it can limit some weeds and pests in the fields. Also, this reduction of 

number of cold days (ID and FD) under climate change means, depending on the timing 

of frost days, there might be possibility to have longer growing season permitting 

cultivation of certain winter crops that can tolerate light frosts. 
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Fig. 4.2 Box plot of the SU, SU30 and TR in the base period (1951-1990) and projections 
for the near current (2015-2030) and two future periods (2041-2060 and 2071-2100) 
under SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios 
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Fig. 4.3 Box plot of the ID and FD in the base period (1951-1990) and projections for the 
near current (2015-2030) and two future periods (2041-2060 and 2071-2100) under 
SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios 

On average, GSL in the base period (1951-1990) is 174 days. The results (Figure 

4.4) show considerable increases in growing season length by around 17 days (for all 

scenarios) in the near current period (2015-2030) compared to the base period (1951-

1990). The growing season length (GSL) is expected to increase further to a significantly 

longer period under all three climate change scenarios in the near future (2041-2060) 

[GSLSSP1-2.6= 200; GSLSSP2-4.5= 202; GSLSSP5-8.5= 207] and the far future (2071-2100) 

[GSLSSP1-2.6= 202; GSLSSP2-4.5= 212; GSLSSP5-8.5= 235]. On the one hand, it might seem 

favorable for agricultural productions as a longer growing season length will permit 

growing cultivars with higher yield potential, as well as the possibility to cultivate a 

larger variety of crops. But on the other hand, longer growing seasons will increase crop 

water demand and thus contribute to the occurrence of more severe droughts and will 
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likely also result in more and earlier agricultural pests, as they are ectothermic, with 

greater growth, development, survival, and feeding in slightly warmer conditions. Other 

negative impacts due to increasing growing season lengths are already addressed by 

agricultural services, for instance increased fall season droughts that cause soil erosion 

and cold season fires, for example in Lethbridge County. 

 

Fig. 4.4 Box plot of the GSL in the base period (1951-1990) and projections for the near 
current (2015-2030) and two future periods (2041-2060 and 2071-2100) under SSP1-2.6, 
SSP2-4.5, SSP5-8.5 scenarios 

Figure 4.5 shows the dramatic increases of WSDI from 7 days (on average) in the 

base period (1951-1990) to more than 20 days (all scenarios) in the near current period 

(2015-2030). The WSDI is almost tripled in the near current period (2015-2030) 

compared to the base period (1951-1990) and is projected to increase much further by the 

mid-century (2041-2060) to [WSDISSP1-2.6= 33; WSDISSP2-4.5= 36; WSDISSP5-8.5= 47] and 

at the end of the century (2071-2100) to [WSDISSP1-2.6= 38; WSDISSP2-4.5= 57; WSDISSP5-
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8.5= 110]. By contrast, the CSDI which was 8 days (on average) in the base period (1951-

1990) is almost halved in the near current period (2015-2030) to 4 days (for all scenarios) 

and is projected to decrease to less than 3 days (on average) for both the near future 

(2041-2060) and the far future (2071-2100). 

 

Fig. 4.5 Box plot of the CSDI and WSDI in the base period (1951-1990) and projections 
for the near current (2015-2030) and two future periods (2041-2060 and 2071-2100) 
under SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios 

4.5.2 COMPARISON OF THE MONTHLY EXTREME TEMPERATURE 

INDICIES IN THE BASE PERIOD AND FUTURE PERIODS UNDER CLIMATE 

CHANGE 

In this section we discuss the variations of the projected values based on the 

medians of the monthly extreme indices compared to the base period (1951-1990). 

Figures 4.6 to 4.14 show the range and variability of the index values as represented by 
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box plots for each scenario and time horizon. Each group of data represented by a box is 

constructed by the values of the indices from the ensemble of 26 GCMs. 

Based on Figure 4.6, the warming pattern of TNn (monthly minimum 

temperature) is evident for all the scenarios in all months. Based on SSP1-2.6, TNn of 

colder months (i.e., NDJFM) increases by 4-5°C in 2041-2060 and 2071-2100, compared 

to the base period (1951-1990). The increase of TNn in warmer months is around 2-4°C. 

The SSP2-4.5 also shows the same pattern as SSP1-2.6, however, the TNn values are 

slightly higher. Based on SSP5-8.5, TNn shows a warming of ~3°C in 2015-2030, 6°C in 

2041-2060, and 9-10°C in 2071-2100. Warming of TNn in warmer months (JJAS) occur 

at a lower rate of around 1°C in 2015-2030, 3°C in 2041-2060, and ~7-8°C in 2071-2100. 

Figure 4.7 shows the box plot of TNx. Based on SSP1-2.6, the TNx values in cold 

months (DJF) are between -2.5 to -2.0°C, and up to around 0°C values in 2071-2100. The 

warmer months (JJA) experience approximately 1°C of warming of TNx per period, 

approximately increasing the TNx by 3°C by 2071-2100, based on SSP1-2.6. 

TNx as projected by SSP5-8.5 in colder months (DJF) tends to be above 0°C 

closer to the end of the century, at the period of 2071-2100. Also, in warmer months an 

increase of 6-8°C in TNx is projected by SSP5-8.5. 
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   1951-1990           2015-2030          2041-2060       2071-2100 

 

 

 
Fig. 4.6 Box plot of TNn in the base period (1951-1990) and projections for the 

near current (2015-2030) and two future periods (2041-2060 and 2071-2100) under 
SSP1-2.6, SSP2-4.5, SSP5-8.5 scenarios 
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   1951-1990             2015-2030          2041-2060       2071-2100 

    

    

    

Fig. 4.7 Box plot of TNx in the base period (1951-1990) and projections for the near 
current (2015-2030) and two future periods (2041-2060 and 2071-2100) under SSP1-2.6, 
SSP2-4.5, SSP5-8.5 scenarios 
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Figure 4.8 shows that values of TN10p (percentage of days when the minimum 

temperature for the day is less than the lower tenth percentile) in the base period (1951-

1990) for colder months (October to April) is between 6-7%; while in warmers months it 

is around 10%. Projected TN10p values (percentage of days when the minimum 

temperature for the day is below the tenth percentile) are 0% for all scenarios in 2041-

2060 and 2071-2100 periods. Based on SSP5-8.5, not only the median in the 2071-2100 

is 0 but also the whole range is 0, meaning no temperature values are in the lowest 10th 

percentile of TN. For the near current period (2015-2030) the values of the TN10p hover 

around 3% in most of the months (except warmer months). 

Based on Figure 4.9, TN90p in the base period (1951-1990) is around 6% 

(ranging from 3 to 17%) and it clearly increases in all periods based on all applied 

scenarios. TN90p values increase in later time periods. They are smaller for SSP1-2.6 and 

greater for SSP5-8.5. TN90p increase is greater in warmer months of the year as for the 

SSP1-2.6 it reaches up to 26%, 40%, and 46% in near current (2015-2030), near future 

(2041-2060) and far future (2071-2100), respectively; the values are 27%, 44%, and 68% 

for SSP2-4.5, and 25%, 60%, and 97% for SSP5-8.5. The variabilities of the projected 

values of TN90p also increase dramatically with time. 
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   1951-1990             2015-2030          2041-2060       2071-2100 

    

    

    

Fig. 4.8 Box plot of TN10p in the base period (1951-1990) and projections for the near 
current (2015-2030) and two future periods (2041-2060 and 2071-2100) under SSP1-2.6, 
SSP2-4.5, SSP5-8.5 scenarios 
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   1951-1990             2015-2030          2041-2060       2071-2100 

    

    

    

Fig. 4.9 Box plot of TN90p in the base period (1951-1990) and projections for the near 
current (2015-2030) and two future periods (2041-2060 and 2071-2100) under SSP1-2.6, 
SSP2-4.5, SSP5-8.5 scenarios 
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Figure 4.10 shows the TXn in base period (1951-1990) and its projections. Based 

on SSP1-2.6, approximately 4-5°C of warming in colder months (DJF) and ~4°C of 

warming in warmer months (JJA) is projected for the far future period. Also, a 1.0-1.5°C 

of warming of TXn is projected to occur per period. SSP2-4.5 shows a very similar 

pattern to SSP1-2.6, with around 1°C higher TXn values for the SSP2-4.5 compared to 

SSP1-2.6. Based on SSP5-8.5, TXn increases more dramatically than the two other 

scenarios, as in warmer months at the end of the century the TXn is projected to be 9-

10°C higher than the base period (1951-1990); and in colder months the warming is about 

7-9°C. In the near current period (2015-2030), the temperature increase of the colder 

months is between 1-3°C and is ~4°C in near future (2041-2060). Warmer months of the 

year are projected to experience an increase of 2°C and 4°C in near current (2015-2030) 

and near future (2041-2060), respectively. 

Figure 4.11 compares the TXx as projected by three scenarios compared to the 

base period (1951-1990). Projections show that TXx increased slightly in the near current 

(2015-2030) compared to the base period (1951-1990) for all the scenarios and the 

maximum increase is projected by SSP5-8.5 in the 2015-2030 period which is about 2°C 

warming in warm months of July and August. The increase of TXx for colder months in 

the near (2041-2060) and far future (2071-2100) compared to the base period (1951-

1990) is below 2°C for SSP1-2.6 and SSP2-4.5. But based on SSP1-2.6, the warming is 

around 3°C and 4°C higher in warm months of the near future (2041-2060) and far future 

(2071-2100), respectively.  
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   1951-1990             2015-2030          2041-2060       2071-2100 

    

    

    

Fig. 4.10 Box plot of TXn in the base period (1951-1990) and projections for the near 
current (2015-2030) and two future periods (2041-2060 and 2071-2100) under SSP1-2.6, 
SSP2-4.5, SSP5-8.5 scenarios 
 

SS
P1

-2
.6

 
SS

P2
-4

.5
 

SS
P5

-8
.5

 



83  

   1951-1990             2015-2030          2041-2060       2071-2100 

    

    

    

Fig. 4.11 Box plot of TXx in the base period (1951-1990) and projections for the near 
current (2015-2030) and two future periods (2041-2060 and 2071-2100) under SSP1-2.6, 
SSP2-4.5, SSP5-8.5 scenarios 
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The increases of TXx in warm months in the near (2041-2060) and far future 

(2071-2100), projected by SSP2-4.5, are 3°C and ~5°C, respectively, are shown. 

Warming of TXx projected by SSP5-8.5 is more dramatic in the near (2041-2060) and far 

future (2071-2100), which in these two periods is around 5°C and ~9°C higher than in the 

base period (1951-1990) in warm months, and around 2°C and 4°C higher than the base 

period (1951-1990) in cold months. 

As presented in Figure 4.12, the TX10p ranges around 10% in warmer months 

(JJAS) and 7% in other months. TX10p tends to be 0% at 2041-2060 and 2071-2100, 

with a few exceptions (being around 3%) observed between the months of January to 

May. For the near current period (2015-2030), however, TX10p values are between 3-6% 

in all cases (except one 0% value for the month of July based on SSP5-8.5). The range 

and variability of TX10p is decreasing as we move towards the end of the century. 

Unlike TX10p, the range of variabilities of TX90p increases by time (Figure 

4.13). The TX90p values are almost constant and around 6% in the base period (1951-

1990) and increase over time. The increased TX90p in projected periods shows a seasonal 

pattern, which is greater closer to the end of the century, and for SSP5-8.5. In the near 

current period (2015-2030), almost all months show an increase in TX90p, but it stays 

below 20% (except in one case). The increase in TX90p is greater for warmer months as 

for near future (2041-2060) and far future (2071-2100) periods, it hits 30% and ~33% 

based on SSP1-2.6, 33%, and 45% based on SSP2-4.5, and 49% and 74% based on SSP5-

8.5. 
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   1951-1990             2015-2030          2041-2060       2071-2100 

    

    

    

Fig. 4.12 Box plot of TX10p in the base period (1951-1990) and projections for the near 
current (2015-2030) and two future periods (2041-2060 and 2071-2100) under SSP1-2.6, 
SSP2-4.5, SSP5-8.5 scenarios 
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   1951-1990             2015-2030          2041-2060       2071-2100 

    

    

    

Fig. 4.13 Box plot of TX90p in the base period (1951-1990) and projections for the near 
current (2015-2030) and two future periods (2041-2060 and 2071-2100) under SSP1-2.6, 
SSP2-4.5, SSP5-8.5 scenarios 
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Based on Figure 4.14, and all three scenarios, the DTR decreases slightly as we 

move towards the end of the century as in the cold months (DJF) based on projections of 

SSP1-2.6 for far future period (2071-2100) it decreases by around 1-2°C, compared to the 

base period (1951-1990). DTR of cold months (DJF) at the end of century, projected by 

SSP5-8.5, is up to 3°C smaller than the DTR of the base period (1951-1990). As shown in 

Figure 4.14, DTR of warmer months based on SSP1-2.6 and SSP2-4.5 is slightly higher 

than the base period (1951-1990). The difference of the future projected DTR and DTR of 

the base period (1951-1990) in warm months at far future period (2071-2100) for SSP5-

8.5 is greater than two other scenarios and is between 1-1.5°C. 
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    1951-1990             2015-2030          2041-2060       2071-2100 

    

    

    

Fig. 4.14 Box plot of DTR in the base period (1951-1990) and projections for the near 
current (2015-2030) and two future periods (2041-2060 and 2071-2100) under SSP1-2.6, 
SSP2-4.5, SSP5-8.5 scenarios 
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4.6 CONCLUDING REMARKS 

In this chapter future projections of temperature extreme events were studied and 

analyzed. Applied indices clearly show the considerable impacts of global warming in the 

near current period (2015-2030) compared to the base period (1951-1990). Also, under all 

climate change scenarios, the results indicate intensification of such extreme events by 

the end of the century. The impacts of these changes in the temperature extreme events 

could be explored within different systems such as urban systems and environmental and 

agricultural systems. 

Urban systems: Increased temperature and related extreme events could have 

some implications for the urban water and power supply sectors as the demands for both 

resources will increase. Increased numbers of hot and very hot days based on SU and 

SU30 combined with overall increased minimum and maximum temperatures in warmer 

months of the year can cause challenges for health care services as those with background 

health issues or elderly people could be exposed to excess heat (Bell et al. 2018) that 

cannot be dissipated without air conditioning. The minimum temperature, which usually 

occurs at nights, and maximum temperature during the day will rise and during warmer 

summer days can put people with chronic issues at higher risk as overall higher rates of 

mortality is expected under climate change (Gasparrini, 2017). 

Agricultural and environmental systems: Increase in the number of extreme 

warm days can cause water stress of crops and other vegetation, prohibit their full 

development, and greatly reduce yields. Certain crops and at different stages of 

development could have different responses to the heat and water deficit. Rainfed 
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agriculture is also more vulnerable against higher temperatures and water stress. High 

sensitivity to heat in the root zone of wheat (Wang et al., 2007) and low tolerance of the 

potato to water deficit (Van Loon, 1981) are examples of crops that are extensively 

cultivated in Southern Alberta and can have reduced yield under environmental stressors. 

Seasonal patterns of the maximum and minimum temperature and the percentage 

of days that fall within the thresholds of above the 90th percentile and below the 10th 

percentile of both TX and TN, show increased temperatures, smaller number of cold days, 

and a greater number of warmer days. In addition to higher minimum and maximum 

temperatures, the daily temperature range (DTR) is projected to decrease in colder 

months of the year and slightly increase in warmer months, under climate change 

scenarios.  

Dierauer et al. (2019) showed that higher mean winter temperature is increasing 

the risk of snow droughts in WNA, and around 27% of the non-glaciated snowpack in the 

Western US and southwestern Canada is prone to medium to high snow drought risk. 

However, under +2° C forcing, the Canadian Rockies showed lower susceptibility to 

warm snow drought, but the risk of warm and dry snow drought was considerable. 

Warmer winter months can cause snow events to start later and melt during the winter 

season, or occurrence of mixed rain and snow events in wintertime may occur, reducing 

the accumulation of snow (Dierauer et al., 2019). The resulting effect on snow is critical 

in the SSRW, where the spring and summer discharges of all the river basins are 

dependent to snowmelt. Warm snow droughts also can increase the risk of flood events. 

Earlier thawing of the snowpack related to temperature increase is also associated with 

increased risk of wildfire (Westerling et al., 2006), less carbon uptake (Hu et al., 2010; 
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Winchell et al., 2016), and negative ecological impacts in the mountains (Harpold, 2016).  

All in all, the projected changes in the extreme temperature related indices, based 

on all three climate change scenarios, suggest a significant increase in temperature and 

warm spells and number of days with extreme warm temperatures. This can cause 

increased food and water insecurity and jeopardize the sustainable economic revenue of 

the region. It can also impose health risks and overburden the healthcare sector. 

The rise in the crop water demands with projected increased temperature, and 

longer growing season, can contribute to more dryness and impact the environment and 

wildlife. 

Considerable change that is projected to occur in most of the temperature indices, 

will impact the water cycle by increased evapotranspiration and more surface water 

consumption. Also, during hot long periods, known as heat waves, the suitable condition 

for local and regional convective precipitation will be negatively impacted. However, the 

impact of temperature change on geographically wider precipitation change should be 

studied along with the global climate model projections for the future time horizons. 

Based on the projections, an increase in the global amount of precipitation is expected 

(Tabari, 2020) because of increased evaporation over surface water and increased water 

holding capacity of the atmosphere. Although the regional impacts and interactions of 

temperature and precipitation will change, the effects of global changes on local 

precipitation should be explored. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 

 
This study was designed as an effort to address the current and future states of the 

impact of climate change on extent, duration, and likelihood of extreme weather events in 

the South Saskatchewan River Watershed in Southern Alberta, and identify the areas that 

are prone to drought events. A second objective was to investigate the degree to which 

the characteristics and likelihood of these extreme events could vary under global climate 

change. In particular, in Chapters 2 to 4 we discussed these main objectives and 

corresponding research efforts: 

1- Studying the historical and future changes of drought in the South Saskatchewan 

River Watershed using two drought indices, comparing the drought occurrence rates 

in the past four decades, and identifying and mapping the areas that showed 

significant trends of drought. 

2- Investigating the impacts of climate change on drought conditions in the study area 

using three SSP (Shared Socioeconomic Pathways, from the IPCC Sixth Assessment 

Report) climate change scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) in three time 

horizons (near current: 2015-2030; near future: 2041-2060; and far future: 2071-

2100) and compare the results with the base period (1951-1990). 

3- Investigating the impact of climate change on temperature-related extreme events in 

the study area using three SSP climate change scenarios (SSP1-2.6, SSP2-4.5, and 

SSP5-8.5) in three time horizons (near current: 2015-2030; near future: 2041-2060; 

and far future: 2071-2100) and compare the results with the base period (1951-1990). 
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4- Identifying areas most vulnerable to the extent and duration of drought, and possible 

range of variabilities of these extreme events within the study area under climate 

change condition. 

This information is important to be considered for adapting to the environmental 

challenges of climatic change and variability. Advance warning of expectations could 

increase the resiliency of local communities and decrease vulnerability against the 

damaging and unpleasant consequences of climatic change. Awareness and quantitative 

forecasting would allow better preparedness of the healthcare sector, urban development 

plans, power supply, and infrastructure design in order to prevent/reduce the disaster-

level losses. 

In Chapter 2, we assessed the previous state and change of the historical drought 

conditions in the SSRW. In this part of the study, we used Daymet gridded dataset to 

calculate two drought indices of SPI and SPEI at different timescales of 1-, 3-, 6-, 9- and 

12-month(s). Our findings showed that the SPEI (taking evapotranspiration into account) 

performed better in detecting drought conditions than the SPI. By analyzing the drought 

in the historical period (1980-2018) in the study area, we found that the rate of 

occurrence of drought has increased and also the area affected with more severe and 

extreme droughts have increased in recent decades. The Mann-Kendall trend test applied 

to monthly gridded drought values showed both increasing and decreasing drought trends 

have occurred in the four decades of the study period. Decreasing trends are found 

mainly in the upstream of the Bow River Basin and mainly in the vicinity of the Rocky 

Mountains. Larger areas have seen increased drought trends in the recent four decades 

(1980-2018), mainly in downstream portions of the watershed, especially in parts of the 
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south, southeast, east, central, and northern areas of the SSRW. The mapped areas 

attributed to increased drought and the intensity of drought condition were greater in 

proportion to the timescales of the indices.  

In Chapter 3 we discussed the future possible drought conditions in the study area 

based on the SPEI drought index at 5 timescales (1-, 3-, 6-, 12- and 24-month(s)) in the 

near current and two future periods (2015-2030; 2041-2060; 2071-2100), obtained by an 

ensemble of 26 GCMs and 3 SSP climate change scenarios (SSP1-2.6; SSP2-4.5; and 

SSP5-8.5) to cover a range of possibilities regarding future emissions and impacts on 

short-term and long-term drought conditions in the SSRW. Results were compared to the 

selected (1951-1990) base period. We used a CMIP6 (Coupled Model Intercomparison 

Project, Phase 6) ensemble of gridded temperature and precipitation values from 

CanDCS-U6 (Canadian Downscaled Climate Scenarios – Univariate CMIP6). Our 

findings showed a shift from more positive and closer to zero values of the SPEI index in 

the base period (1951-1990), denoting no drought or mild drought conditions, to more 

negative values projected for near current (2015-2030) and future periods (2041-2060 

and 2071-2100). As we move forward toward the end of the century, increased 

occurrence rates and intensification of the drought events were projected to occur under 

all the applied scenarios. It was found that the projected occurrence rates under different 

applied climate change scenarios do not differ significantly and are only slightly higher 

under SSP1-2.6.  

The spatial pattern of drought under climate change conditions differs from that of 

the base period. In the historical base period, more drought occurrence rates were 

detected closer to the western boundaries of the SSRW and mountainous areas of the 
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Rocky range in Southern Alberta, while the future projections in 2041-2060 and 2071-

2100 show that eastern parts of the SSRW are more prone to experience more droughts 

than other parts of the watershed. The projections show that the highest rates of drought 

occurrence and severity is associated with the SSP1-2.6 scenario in which global CO2 

emissions are reduced moderately rapidly, reaching net-zero after 2050. 

Chapter 4 describes the plausible changes in temperature-related extreme events 

in the SSRW under climate change based on CMIP6 projections of extreme temperature 

indices of the CanDCS-U6 ensemble of 26 GCMs and 3 SSP scenarios (SSP1-2.6; SSP2-

4.5; and SSP5-8.5), in near current (2015-2030) and two future time periods (2041-2060; 

and 2071-2100), which are compared to the values of the base period (1951-1990).  

Our results showed that the annual count of the extreme warm (Tmax>25°C) and 

number of hot (Tmax>30°C) summer days increase considerably based on the projections 

of all three scenarios, while the number of days with lower temperatures (i.e., frost days 

and icing days) will decline significantly in all three periods compared to the base period 

(1951-1990). Numbers of tropical nights is only projected to increase under highest 

emission scenario (SSP5-8.5) for the period 2071-2100. The length of the growing season 

is projected to increase substantially. Other changes include notable increase in WSDI 

(warm spell duration index) and decrease in CSDI (cold spell duration index) under 

climate change condition. Monthly patterns of the indices that show extreme cold or 

warm temperatures in a month also confirm increased extreme warmer temperatures and 

milder extreme cold temperatures, compared to the base period (1951-1990). The greatest 

changes of the extreme temperature related events in the SSRW are projected to occur 

under SSP5-8.5 (high emissions scenario, sometimes referred to as ‘business as usual’) 
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and closer to the end of the 21st century. 

5.1 RECOMMENDATIONS FOR FUTURE RESEARCH  
 

In this study we employed drought and temperature- extreme weather event 

indices and an ensemble of 26 CMIP6 GCMs and 3 SSP scenarios to assess the future 

changes in the extent and likelihood of extreme weather events in the South 

Saskatchewan River Watershed. 

1- Drought conditions and change over time could be different at different locations, 

so we recommend that region-specific studies be conducted in other areas. 

Specifically in the Canadian Prairies, which have a generally dry grassland biome 

and climate, understanding the pattern of change and areas prone to increased 

drought severity can help local communities, farmers, and planners by providing 

scientific background to increase resiliency. Using longer time periods of 

historical data can help with understanding of long-term changes and variabilities 

of drought condition. However, accessing long-term data with adequate accuracy, 

consistency over time, and good spatial coverage might be a constraint in many 

regions. 

2- Our findings based on the SPEI drought index showed that the more significant 

increase in drought frequency is plausible under SSP1-2.6 (or lower warming). As 

this index is sensitive to changes in both precipitation and temperature, we 

recommend use of SPEI to describe and assess drought under climate change. 

3- Since extreme events could show different patterns in different regions, it is 

crucial that regional studies being carried out in different regions to obtain region-
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specific results and prepare the adaptation plans based on them. 

4- Results of the climate change studies are highly dependent on the choice of 

applied GCMs. There is an ongoing effort in improvement of the precision of 

these models. Due to high importance of the extreme events and the impacts they 

can have on the environment and our societies, it is crucial to use the most reliable 

data when studying the extreme events. In this study we employed the most recent 

available outputs of the CMIP6 project. The information presented in this 

dissertation is currently reliable but should be updated as other data become 

available. 

5- In Chapters 3 and 4 of this study we analyzed the future changes of drought and 

extreme temperatures. As drought and extreme high temperatures can have 

disastrous impacts, it is recommended that a separate study focus on the 

compound impacts of these two extreme events. 

6- There are reports of occurrence or increased risk of wildfires under concurrent 

drought and heatwaves. Many recent studies focus on combined impact of 

drought and extreme heat, as they can superimpose each other and have more 

disastrous impacts. Like causing severe stress for vegetation and lack of moisture 

in the environment, that can cause the fire damage potential to be increased and 

cause the fire to advance further and faster in the absence of moisture in the 

environment. Studying the attribution and associated risk of these extreme events 

to wildfires under climate change is crucial and will help better understanding of 

future risks and detection of areas that are at higher risk. 
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7- In Chapter 4 we studied the extreme temperature related indices and analyzed the 

possible changes in future decades compared to the base period (1951-1990). Due 

to importance of extreme precipitation events, it is recommended that another 

study focuses on the precipitation extreme events in the study area.  

8- Based on the findings of this study on the extent and likelihood of extreme events 

under climate change, along with other reports by other researchers, and 

observing the patterns of change in precipitation and temperature regimes, it is 

apparent that climate change has impacted the region, like other regions, and will 

have future impacts. Climate change impacts can have irreversible economic and 

societal consequences; therefore, it is important to assess the possible socio-

economic and demographic changes derived by this reality of the near future. 
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