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Souris River Basin: Climate Change Literature Review 
Elaine Barrow (PhD) 

1. Introduction 
This literature review is being conducted to summarize relevant research carried out describing trends in 
historic, observed and projected, climate changed hydrometeorology in the region encompassing the 
Souris River Basin. This literature review is organised as follows:  

1. Background 
2. Recent information updating historical climate trends in Canada and the U.S 
3. Future projections of climate in Canada and the U.S from GCMs/ESMs 
4. Future projections of climate in Canada and the U.S from RCMs 
5. Conclusions 

 
2. Background 

 Basin Hydrometeorology 
Within the region encompassing the Souris River Basin (Figure 1), the most severe flood events are caused 
by snowmelt in the spring, possibly amplified by rainfall during the active melt period, or by large-scale 
weather systems affecting a particular region for an extended time during summer or fall. For example, 
the 2011 flood in the Souris River Basin resulted from spring snowmelt combined with rainfall during the 
melt period (Blais et al., 2016). In contrast, the 2014 flood in the Assiniboine River Basin was a true 
summer flood, caused by rainfall in late June/early July, occurring after the spring freshet had passed and 
flow had returned to baseflow conditions (Ahmari et al., 2016).  
  

 
 

Figure 1: The Souris River Basin showing the location of stream-flow gauging stations and also 
neighboring river basins [Source: Kolars et al. (2016)] 
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 Relevant Research 
Within the Souris River Basin a great deal of study has been dedicated to evaluating trends in historic 
droughts because of the implications to agriculture and water availability. Regionally, less information is 
available related to historic trends in heavy precipitation. Additionally, there is a lot of uncertainty 
associated with the projections of future climate. There are several recent climate change studies based 
on both global and regional climate model (GCM and RCM, respectively) output which, while not 
specifically focused on the Souris River Basin, do provide information for the region. Canada’s Changing 
Climate Report (Bush and Lemmen, 2019) is one of the most recent reviews, and summarises both recent 
observed trends across Canada, as well as future projections. The Fourth U.S National Climate Assessment 
(USGCRP, 2018) provides similar summaries and projections for the United States. In 2015, the U.S Army 
Corps of Engineers generated a synthesis of recent U.S climate change and hydrology literature applicable 
to the Souris-Red-Rainy Region (Hydrologic Unit Code (HUC) 09; USACE, 2015). The U.S Geological Survey 
(USGS) has also produced several studies relevant to climate trend analysis in the Souris River Basin (e.g., 
Kolars et al., 2016).  
 
3. Historical Climate Trend Analysis  
There are several studies available which examine historical climate trends in both the U.S and Canada 
(e.g., Vose et al., 2017; Vincent et al., 2015; Zhang et al., 2019). Observed records from stations within the 
Souris River Basin are included in these studies and contribute to regional climate trends. No studies 
specifically focused on the Souris River Basin were identified as part of this review.  

 Historical Trends in Observed Temperature and Seasonality 
Zhang et al. (2019) have shown that Canada’s annual average temperature has increased by 1.7°C (3.1°F) 
between 1948 and 2016, with considerably more warming in winter than in summer. In the Canadian 
Prairies1, annual average temperature increased by 1.9°C (3.4°F) during the same period, and by 3.1°C 
(5.6°F) in winter, 2.0°C (3.6°F) in spring, 1.8°C (3.2°F) in summer and 1.1°C (2.0°F) in the autumn. 
 
Vose et al. (2017) reported that annual average temperature over the contiguous U.S has increased by 
0.7°C (1.3°F) for the period 1986-2016, relative to 1901-1960, and by 1.0°C (1.8°F) when calculated using 
a linear trend for the entire period of record (1895-2016). Each region of the U.S experienced an overall 
warming between 1901-1960 and 1986-2016, with the largest changes in the western half of the U.S, 
where average temperature increased by more than 0.8°C (1.4°F) in winter, including the area 
encompassing the Souris River Basin (the Northern Great Plains). In summer, warming was less extensive. 
 
Wang et al. (2009), as reported in USACE (2015), showed that a distinct warming trend has been observed 
in the Souris-Red-Rainy Region (HUC 09), especially in the winter and spring seasons, with less extreme 
warming in summer and a slight cooling trend observed in the fall. Meehl et al. (2012) and Westby et al. 
(2013) also reached similar conclusions. There has also been an apparent small shift in seasonality in the 
region, with spring warming occurring a few days earlier than in the past and later first freezes in the fall. 
Kunkel et al. (2013), also cited in USACE (2015), found that annual average temperatures observed 
throughout North Dakota have increased faster than the rest of the U.S over the past 130 years. Trends 
in one-day maximum and minimum extreme temperatures have not been observed at the few stations 
located in the Souris-Red-Rainy Region (HUC 09; Grundstein and Dowd, 2011). 

 
1 The Canadian Prairies, or Prairie Provinces, refer to the three Canadian provinces, Alberta, Saskatchewan and 
Manitoba, comprising this region. The Souris River starts in southern Saskatchewan, Canada, flows southeast into 
North Dakota, U.S, before turning north into southern Manitoba, Canada. 



3 
 

 
 Historical Trends in Observed Precipitation, Precipitation Extremes and Seasonality 

Between 1948 and 2012, normalized precipitation2 increased by about 20%, averaged over Canada as a 
whole (Vincent et al., 2015), with the percentage increase larger in northern Canada. Significant increases 
in precipitation were experienced in parts of southern Canada, including eastern Manitoba. However, 
there has been a statistically significant decrease in winter precipitation in British Columbia, Alberta and 
Saskatchewan between 1948 and 2012. For the Canadian Prairies as a whole, over the same time period, 
normalized annual precipitation has increased by 7%. Seasonally, winter precipitation has decreased by 
5.9%, and increases were observed in spring, summer and fall precipitation (by 13.6%, 8.4% and 5.8%, 
respectively; Vincent et al., 2015). The observed warming has resulted in the proportion of the amount of 
precipitation falling as snow (i.e., the ratio of snowfall to total precipitation) steadily and significantly 
decreasing over southern Canada, particularly in the fall and spring (Vincent et al., 2015).  
 
Based on the available station data, there do not appear to be detectable trends in short-duration extreme 
precipitation for Canada as a whole. More stations have experienced an increase than a decrease in the 
highest amount of one-day rainfall each year, but the direction of trends is rather random over space. 
Days with heavy snowfall (days with snowfall greater than the annual 90th percentile from all events >1mm 
(0.04 inches) per day) have decreased by a few days in western Canada – from British Columbia to 
Manitoba. Rapid transitions from extreme dry to wet (and vice versa) conditions over the southern 
prairies have occurred (Szeto et al., 2011). For example, the northern Plains of North America experienced 
a devastating drought between 1999 and 2004, which was particularly severe across the Canadian Prairies. 
During the driest period of the drought in June 2002, an intense rainstorm caused major flooding across 
Alberta, Saskatchewan, Manitoba and Ontario. This single rain event resulted in above-normal (compared 
to the 1961-1990 average) annual precipitation in this region, while annual precipitation over the rest of 
western North America remained well below normal (between 20% and 80% of normal; Szeto et al., 2011). 
 
Annual average precipitation has increased by 4% since 1901 across the entire U.S, mostly as a result of 
large increases in fall precipitation, although there are strong regional differences (Easterling et al., 2017). 
Increases were observed over the Northeast, Midwest and Great Plains. Easterling et al. (2017) also 
reported an increase in both the intensity and frequency of heavy precipitation events in most parts of 
the U.S. Mesoscale convective systems, which are the main mechanism for warm season precipitation in 
the central part of the U.S, have also increased in occurrence and precipitation amounts since 1979. 
 
Based on studies reported in USACE (2015), there are conflicting results regarding precipitation trends in 
the Souris-Red-Rainy region, with some studies projecting increases in total precipitation and extreme 
events, and other studies suggesting decreases. Given the highly variable nature of precipitation, trend 
analysis of instrumental records can be sensitive to the timing (i.e., the start year of the analysis) and 
length of the record used in the trend analysis (D. Sauchyn, pers. comm., 2020). For example the inclusion 
or exclusion of the 1930s drought in the instrumental record and the tendency for the 1930s drought to 
fall at the onset of most instrumental records can heavily influence the results of a precipitation trend 
analysis.  
 

 Reconstructions using paleo-climate records 
There have been a number of climate reconstructions using tree-rings in the Souris River Basin, including 
two studies which have expanded the number of tree-ring chronologies available (Vanstone (2012); 

 
2 Normalised precipitation is defined as precipitation amount divided by its long-term mean. 
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Sauchyn et al., 2020). Vanstone (2012) collected bur oak cores in the Souris River Basin (Figure 2). The 
resulting reconstructed precipitation and stream flow records are able to capture the timing and 
magnitude of persistent low flow events. Results are substantiated by other sources of proxy data 
including tree-ring reconstructions and historical records and accounts. Examining periods prior to the 
20th century indicated that the droughts of the last century were of less magnitude and were short-lived 
in comparison with some of the multi-year or ‘mega-droughts’ evident earlier in the record. Spectral 
analyses indicated that streamflow variability in the Souris River Basin is driven by a combination of inter-
annual (2-6 year), inter-decadal (7-11 year) and multi-decadal (20-30 year) ocean-atmosphere oscillations, 
such as indices of ENSO (El Niño-Southern Oscillation), solar sunspot cycles and PDO (Pacific Decadal 
Oscillation), respectively. 
 

 
Figure 2: Locations of tree-ring sites from which new chronologies were developed [Source: Vanstone (2012)]. 

Sauchyn et al. (2020) undertook fieldwork to update and extend the tree-ring data held at the University 
of Regina’s Tree Ring Laboratory for sites in the Assiniboine River Basin. All chosen sites, with one 
exception, consisted of relatively old bur oak (dating back to the early to mid-1700s) on dry slopes. 
Another site consisted of green ash trees which were about 170 years old (see Table 1). Tree-ring data 
were correlated with recorded streamflow from an unregulated gauging station on the upper reaches of 
the Assiniboine River at Sturgis, SK. Tree ring data were used to reconstruct the annual flow and was 
shown to capture the decadal variability in river flow and also the low flows. While they also captured the 
moderately high flows of the Assiniboine River at Sturgis, they significantly underestimated the very high 
flow. Using a statistical model linking radial tree growth to streamflow over the period 1957-2017, annual 
flow for the Assiniboine River at Sturgis was reconstructed for the period 1770-2017. This analysis showed 
the large range between years, decadal scale variability and that the most recent decade has been a period 
of consistently higher flows. 
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Table 1: Tree-ring chronology sites in or near the Assiniboine River Basin [Source: Sauchyn et al., 2020] 

 
 
The USGS conducted a stochastic modelling study for the Souris River Basin assessing long-term climatic 
variability in the watershed and throughout the region (Kolars et al., 2016; Ryberg et al., 2016). Tree-ring 
records from the early 1700s (collected at Boundary Bog (SK), Theodore Roosevelt National Park (ND), 
Burning Coal Vein (ND) and Cedar Butte (SD) (Figure 3) were used to provide insights into long-term 
climate trends. The analysis suggests that the climate within the region that encompasses the Devils Lake, 
Red River of the North and Souris River Basin fluctuates between dry and wet climate states3. Within any 
given 100 year subset of the observed hydrometerological record, hydroclimatic conditions cannot 
necessarily be considered stationary because of known hydroclimatic variability in the basin and long-
term persistence in hydroclimatic trends (Kolars et al., 2016). 

Based on the observed precipitation record, during March-June the Souris River Basin experienced higher 
precipitation amounts between 1993 and present (2015), as well as between 1890-1910. Paleoclimate 

 
3 In this instance, the wet climate state exhibits higher spring through early fall precipitation and higher spring 
potential evapotranspiration compared to the dry climate state 
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data indicates similar (in magnitude) periods of higher precipitation during March-June between 1740-
1770 and 1820-1850. During the summer/fall months (July-October), observed precipitation records 
indicate a trend towards higher summer/fall precipitation between 1980 and present (2015). The 
paleoclimate data indicates similar periods of high summer/fall precipitation during the early 1700s and 
between 1830 and 1850 (Kolars et al., 2016; Ryberg et al., 2016). 

 

Figure 3: The Souris River study area boundary showing meteorological stations and potential tree-ring sites used for long-term 
climate analysis [Source: Kolars et al. (2016)] 

Within the Souris River Basin a transition to a wetter climate state was identified around 1970. The wetter 
climatic condition is characterized by higher spring-through-early-fall precipitation and higher spring 
evapotranspiration potential (PET). To identify this transition point, the PET datasets and the precipitation 
datasets for the 1912-2011 portion of the period of record were preconditioned using a principal 
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components approach such that the raw data were transformed to be dimensionless and to fit a normal 
distribution. A two sample t-test was applied to determine if a statistically significant change in the means 
could be found within the PET and precipitation datasets. Based on other studies within the region it was 
postulated that a transition point likely occurred between 1960 and 1980. The results of the t-test indicate 
that the precipitation and PET datasets exhibit the most significant step changes in 1970. The results of 
the t-test indicate that the Souris River is currently in a wet climate state (Kolars et al., 2016).  
 

 Historical Trends in Observed Hydrology 
St. Jacques et al. (2014) examined trends and variability in the streamflow records over the entire 
Canadian Prairie Provinces by using the longest, most complete naturally-flowing mean daily streamflow 
records with the broadest geographical coverage. Declines in mean daily flow were found in the naturally-
flowing streams throughout Alberta and southwestern Saskatchewan, no significant trends were found in 
the central region and increased flows were observed in both southern and northern Manitoba. St. 
Jacques et al. (2014) cautioned the interpretation of trends from shorter records because of the impact 
of the PDO on streamflow. The PDO, the Pacific North American mode (PNA), the North Pacific Index (NPI) 
and the Southern Oscillation Index (SOI) had a clear impact on mean daily discharges in the Prairie 
Provinces. Throughout most of the Prairie Provinces, higher discharges occur during negative PDO, 
negative PNA, high NPI and La Niña years and lower flows during the positive PDO, positive PNA, low NPI 
and El Niño years.  
 
Examination of the change in freshwater availability across Canada over the last several decades indicates 
that the seasonal timing of peak streamflow has changed, with spring peak streamflow following 
snowmelt occurring earlier and increases in winter and early spring flow (Bonsal et al., 2019). However, 
there have been no consistent trends in annual streamflow amounts across Canada and in the central 
prairie region. Annual naturally flowing hydrological time series show no significant trends (St. Jacques et 
al., 2014). Summer flows have been generally declining over most regions of Canada. Hulley et al. (2019) 
examined trends in the discharge of Canadian rivers using hydrometric stations with record lengths of at 
least 75 years. For the Prairie ecoregion, annual discharge trends were both positive and negative. Positive 
trends were evident at two streamflow stations in North Dakota (Souris River near Westhope, ND 
05NF012 and Pembina River at Neche, ND 05EC004) and one in Manitoba (the Red River of the North near 
Emerson, MB 05OC001). However, these increasing trends were considered to be consistent with 
anthropogenic activities in the watershed such as changes in land use, surface and sub-surface drainage 
and diking. 
 
Dumanski et al. (2015) examined in detail the Smith Creek Research Basin. Smith Creek is located within 
the Assiniboine River Basin. Based on analysis of Smith Creek’s hydrology during the period 1975-1994, 
streamflow in the basin is generated primarily by snowmelt in the spring. Between 1975 and 1994, Smith 
Creek flows typically decreased in May due to lack of runoff and/or groundwater contributions. Since 
1942, increasing temperatures within the Smith Creek Basin have resulted in a gradual increase in the 
rainfall fraction of precipitation and in an earlier snowmelt by about two weeks.  
 
If the entire period of record between 1975 and 1994 is considered, snowmelt is still the primary driver 
of streamflow response, but if the record is parsed into subsets of data pre- and post- 1975 it appears that 
rainfall is becoming a more dominant hydrologic forcing in the Smith Creek Basin. Since 1975, the number 
of multi-day rainfall events has increased by 50% and annual streamflow volume has increased 14-fold, 
with dramatically increasing contributions from rainfall. Declines in snowmelt runoff have been observed 
– from 86% in the 1970s to 47% recently – and rainfall runoff has increased from 7% to 34% of discharge. 
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Streamflow volumes, runoff ratios and peak discharges have increased dramatically since 1975, with large 
shifts occurring in 1994 and 2010. Mean annual peak discharge and runoff ratios tripled after 1994 and 
runoff ratios4 then almost quintupled after 2010.  . The high flows in June 2012 and flooding in June 2014 
were caused solely by rainfall (Dumanski et al., 2015). 
 
The amount of snow cover decreased across most of Canada between 1981 and 2015 due to delayed 
snow cover onset in the autumn and earlier snow melt in the spring (Derksen et al., 2019). Seasonal 
maximum snow water equivalent, indicative of seasonally accumulated snow available for spring melt, 
increased across southern Saskatchewan, parts of Alberta and British Columbia, but decreased elsewhere. 
 
Spring snow cover extent and maximum snow depth in the western U.S, and extreme snowfall years in 
the southern and western U.S, have all declined, while extreme snowfall years5 in parts of the northern 
U.S have increased (Easterling et al., 2017). The decline, since 1980, of end-of-season snow water 
equivalent, important where water supply is dominated by spring snow melt, is associated with earlier 
springtime warming. 
 
Archfield et al. (2016) examined changes in flood frequency, magnitude, duration and volume of flood 
events across the conterminous U.S, using time series of daily streamflow observed at 345 stream gauges 
over the past 70 years. While statistically-significant regional trends (i.e., greater than would be expected 
by chance alone) in flood properties were observed, the direction of these trends did not present a 
coherent spatial pattern. Archfield et al. (2016) noted that “even within a given region of the nation, the 
changes exhibited can be very different in watersheds that are in close proximity to each other.”  

Figure 4 illustrates two significant trends that may be relevant to the Souris River Basin, the most 
significant of which is an increase in flood duration. There also appears to be a positive trend in flood 
volume. There are no notable regional trends in flood frequency or peak magnitude within the region that 
encompasses the Souris River Basin (Archfield et al., 2016).  

 
4 Runoff ratio is the fraction of precipitation that falls within the basin that becomes streamflow. 
5 Frequency of years with a large number of snowfall days (years exceeding the 90th percentile). 
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Figure 4: Regional changes in floods across the United States. Maps show regional trends over the period 1940-2013, with the 
trends in all of these variables represented as changes from these characteristics observed during the base period of 1940-1969. 
[Source: Archfield et al. (2016)]. 

4. Projected Future Climate using Global Climate and Earth System Models  
While there are many uncertainties associated with climate projections from global climate and earth 
system models (GCMs and ESMs, respectively), these models are the only tools available which provide a 
physically consistent means of exploring plausible future climates. Climate observations over the past few 
decades, as well as climate model projections, indicate that the assumption of climate stationarity, in 
which climate statistics remain the same when climate conditions are averaged over sufficiently long time 
periods, is becoming increasingly problematic. It is no longer sufficient to assume that the future climate 
conditions at any given location will be similar to those experienced in the past. The range of plausible 
future climates should now be considered in infrastructure design to reduce vulnerability and increase 
resilience (Kotamarthi et al., 2016). 
 
Most recent climate change studies have used output from GCM and ESM experiments involved in the 
fifth phase of the Coupled Model Intercomparison Project (CMIP5; Taylor et al., 2012). These GCMs/ESMs 
used emissions scenarios known as the Representative Concentration Pathways (RCPs), which describe 
the change in radiative forcing at the end of this century, as compared with pre-industrial conditions. 
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Three of these RCPs are most often used: RCP2.6, a low emissions scenario, RCP4.5, a moderate emissions 
scenario and RCP8.5, a high emissions scenario (Van Vuuren et al., 2011).  

 GCM/ESM Temperature Projections 
As part of Canada’s Changing Climate Report (Bush and Lemmen, 2019), projected changes in mean 
temperature were examined across Canada for 29 CMIP5 GCMs/ESMs for RCPs 2.6, 4.5 and 8.5 (Zhang et 
al., 2019). Figure 5 shows the projected changes in mean temperature for RCP8.5 as represented by the 
median of this 29-model ensemble. The median annual mean surface air temperature change across the 
Prairies for 2031-2050 is 2.3°C (4.1°F) (interquartile range: 1.7-3.0°C (3.1-5.4°F)) and 6.5°C (11.7°F) for 
2081-2100 (interquartile range: 5.2-7.0°C (9.4-12.6°F)). Based on RCP 8.5 results, these changes translate 
into substantial increases in the occurrence of extremely hot seasons over North America in early-, 
middle- and late-21st century periods (Diffenbaugh and Giorgi, 2012). For 2046-2065, for example, this 
means that more than 50% of summers exceed the respective late 20th century maximum seasonal 
temperature value over most of the continent (Figure 9a). 

 
   

 
Figure 5: Projected changes in annual (left), winter (middle) and summer (right) mean temperature (°C) for RCP8.5, as 
represented by the median of the fifth phase of the Coupled Model Inter-comparison Project (CMIP5) multi-model ensemble. 
Changes are relative to the 1986–2005 period. The upper maps show temperature change for the 2031–2050 period and the 
lower maps, for the 2081–2100 period. [Adapted from figures in Zhang et al. (2019)] 

The Fourth US National Assessment (USGCRP, 2017, 2018) also used the CMIP5 model ensemble for its 
assessment of climate change in the U.S. In this case, however, a weighted mean of a 41-member 
ensemble was used, where the weighting process considered both the model skill in simulating climate 
over North America and the interdependency of models arising from the use of common 
parameterisations and tuning practices (Sanderson and Wehner, 2017). 
 
Annual average temperatures are projected to rise throughout this century for the contiguous U.S (Figure 
6). For the Mid-21st Century time period, 2021-2050, there is little difference between RCPs and this is 



11 
 

reflected in the similarity of the projections – 2.5°F (1.4°C) for RCP4.5 and 2.9°F (1.6°C) for RCP8.5. For the 
Late-21st Century time period, 2071-2100, the two RCPs have diverged significantly resulting in projected 
increases in annual average temperature of 5.0°F (2.8°C) for RCP4.5 and 8.7°F (4.8°C) for RCP8.5, 
respectively (Vose et al., 2017). For the Great Plains North region, where the Souris River Basin is located, 
the increase in annual average temperature for the Mid-21st Century is 4.1°F (2.3°C) for RCP4.5 and 5.1°F 
(2.8°C) for RCP8.5. By the Late-21st Century, these values are 5.4°F (3.0°C) and 9.4°F (5.0°C) for RCP4.5 and 
RCP8.5, respectively. These values are similar to those illustrated in Figure 5 from Zhang et al. (2019). 
 

 
Figure 6: Projected changes in annual average temperatures (°F). Changes are the difference between the average for mid-
century (2036–2065; top) or late-century (2070-2099, bottom) and the average for near-present (1976–2005). Each map 
depicts the weighted multimodal mean [Source: Vose et al., (2017)]. The approximate location of the Souris River Basin has 
been circled in red. 

 
 GCM/ESM Precipitation Projections 

There is less confidence in GCM/ESM simulations of mean precipitation than there is in their simulations 
of mean temperature. The coarse spatial resolution of GCMs/ESMs mean that they are not always able to 
include those processes and physical features of the earth system which operate at smaller spatial scales 
and are important for the formation of precipitation (Kotamarthi et al., 2016). This is generally most 
problematic in spring and summer when convective precipitation becomes more important – these 
weather systems cannot be directly represented in a coarse-scale model and so precipitation has to be 
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estimated using parameterizations. Models with higher spatial resolution are generally more successful 
at simulating precipitation patterns and amounts (e.g., Kendon et al., 2012).  
 
Zhang et al. (2019) examined projected changes in precipitation across Canada for 29 CMIP5 GCMs/ESMs 
for RCPs 2.6, 4.5 and 8.5. Projected changes in annual mean precipitation (Figure 7) for RCP8.5 are positive 
(0-10% increase) for both the mid- and late-21st century in the Souris River Basin region, with slightly larger 
increases in winter precipitation towards the end of the century (10-30% increase compared to 1986-
2005). In the summer season, decreases of between 0% and 10% are projected towards the end of the 
21st century. 
 

   

 
Figure 7: Projected changes (%) in annual (left), winter (middle) and summer (right) mean precipitation (%) for RCP8.5, as 
represented by the median of the fifth phase of the Coupled Model Intercomparison Project (CMIP5) multi-model ensemble. 
Changes are relative to the 1986–2005 period. The upper maps show precipitation change for the 2031–2050 period and the 
lower maps, for the 2081–2100 period. [Adapted from figures in Zhang et al. (2019)] 

Easterling et al. (2017) examined mean precipitation projections for the U.S under RCP8.5 (Figure 8). 
Despite using a larger ensemble of CMIP5 models, projections are very similar to those of Zhang et al. 
(2019). For the Souris River Basin region, increases in mean precipitation of about 20% are projected to 
occur in winter and spring by the end of this century, while decreases of about 10% are projected for the 
summer. In addition, Easterling et al. (2017) compared these projections with estimates of natural 
variability, indicating that the winter and spring projections for the Souris River Basin region are 
considered to be large compared to natural variability, while those in summer and fall are smaller than 
natural variability estimates. 
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Figure 8: Projected change (%) in total seasonal precipitation from CMIP5 simulations for 2070–2099. The values are weighted 
multimodel means and expressed as the percent change relative to the 1976–2005 average. These are results for the higher 
scenario (RCP8.5). Stippling indicates that changes are assessed to be large compared to natural variations. Hatching indicates 
that changes are assessed to be small compared to natural variations. [Source: Easterling et al. (2017)] 

 
Using the 29-member ensemble of CMIP5 GCMs/ESMs and RCP8.5, Zhang et al. (2019) determined that 
extreme precipitation is projected to increase in Canada. Extreme precipitation, currently with a return 
period of 20 years, averaged for Canada, is projected to become a once in about 10-year event by 2031-
2050, and a once in about 5-year event by the end of the century. The amount of precipitation with a 
certain recurrence interval is also projected to increase under this RCP. For the Prairie region, the annual 
maximum 24-hour precipitation in events with return periods of 10, 20 and 50 years is projected to 
increase by about 8%, 9% and 10%, respectively by mid-century, and by about 18%, 19% and 21%, 
respectively, by the end of the century (see Table 2). This is similar to values in Kharin et al. (2013) for the 
change in the 20-year return value of annual precipitation maxima between 2046-2065 and the 1986-
2005 baseline period for RCP4.5 (Figure 9b). For the Souris River Basin region, an increase of between 5% 
and 10% is projected in the 20-year return value of annual precipitation extremes for this scenario.  
 
Table 2: Projected changes (%) in annual maximum 24-hour precipitation for the Canadian Prairie region, that occur, on 
average, once in 10, 20 and 50 years, as simulated by 29 CMIP5 ESMs using RCP8.5 [adapted from Zhang et al. (2019)] 
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Projected Changes (%) in Annual Maximum 24-hour Precipitation for the Canadian Prairie Region 
 Time period 2031-2050 2081-2100 
 Median (25th, 75th percentile) Median (25th, 75th percentile) 
10-year return value 7.8 (4.5, 10.1) 17.5 (12.6, 23.8) 
20-year return value 8.8 (4.7, 10.8) 19.1 (14.1, 25.3) 
50-year return value 10.0 (6.2, 12.1) 21.3 (14.8, 26.8) 

 
 

 
Figure 9: Projected changes in extremes in North America. (a) The percentage of years in the 2046–2065 period of RCP8.5 in 
which the summer temperature is greater than the respective maximum summer temperature of the 1986–2005 baseline period 
(Diffenbaugh and Giorgi, 2012). (b) The percentage difference in the 20-year return value of annual precipitation extremes 
between the 2046–2065 period of RCP4.5 and the 1986–2005 baseline period (Kharin et al., 2013). The hatching indicates areas 
where the differences are not significant at the 5% level. [Source: Adapted from Romero-Lankao et al., 2014)]. 

Across the U.S, the frequency and intensity of heavy precipitation events have increased more than 
average precipitation, and they are projected to continue to increase over the coming century (Figure 10; 
Hayhoe et al., 2018). The largest increases in heavy precipitation events above the 99th percentile have 
occurred in the Midwest and Northeast. In North Dakota, increases in the total annual precipitation falling 
during the heaviest 1% of events are projected to be between 20% and 40% by the end of the century 
(RCP8.5). 
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Figure 10. Observed and projected changes in heavy precipitation across the United States. This map shows the observed 
(top; numbers in black circles give the percentage change) and projected (bottom) change in the amount of precipitation 
falling in the heaviest 1% of events (99th percentile of the distribution). Observed historical trends are quantified in two 
ways. The observed trend for 1901–2016 (top left) is calculated as the difference between 1901–1960 and 1986–2016. The 
values for 1958–2016 (top right), a period with a denser station network, are linear trend changes over the period. The 
trends are averaged over each National Climate Assessment region. Projected future trends are for a lower (RCP4.5, left) and 
a higher (RCP8.5, right) scenario for the period 2070–2099 relative to 1986–2015. [Source: Hayhoe et al., 2018 (and adapted 
from Easterling et al. 2017)]. 

Easterling et al. (2017) reported on a number of studies looking at projections of heavy precipitation 
events in the U.S. Increases in these events are expected in all regions, even in those regions where total 
precipitation is projected to decline. Under RCP8.5, the number of events exceeding a 5-year return period 
increases by two or three times the historical average in every region by the end of this century. For 
RCP4.5, these increases are between 50% and 100%. For the North Great Plains, within which the Souris 
River Basin is located, these values are just over 50% for RCP4.5 and about 125% for RCP8.5 (Figure 11) 
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Figure 111: Extreme precipitation event frequency for the North Great Plains region for RCP4.5 (green; 16 CMIP5 models) and 
RCP8.5 (blue; 14 CMIP5 models) for a 2-day duration and 5-year return. Calculated for 2006–2100 but decadal anomalies 
begin in 2011. Error bars are ±1 standard deviation; standard deviation is calculated from the 14 or 16 model values that 
represent the aggregated average over the region, over the decades, and over the ensemble members of each model. The 
average frequency for the historical reference period is 0.2 by definition and the values in this graph should be interpreted 
with respect to a comparison with this historical average value. [Source: adapted Easterling et al. (2017) using information 
from Janssen et al. 2014] 

 
Many regional impacts assessments require climate information at finer spatial scales than a GCM/ESM 
can provide. In order to overcome these discrepancies in scale, dynamical and statistical techniques 
(‘downscaling’) have been developed to translate the climate model output into finer spatial (and 
sometimes temporal) information suitable for such assessments. There are a variety of techniques used 
in the statistical downscaling of GCM/ESM simulations. Dynamical downscaling is generally undertaken 
using regional climate models (RCMs; see Section 5).  
 
Li et al. (2018) downscaled daily temperature and precipitation projections from 24 members of the 
CMIP5 GCMs/ESMs to a resolution of approximately 10km over Canada using the BCCAQ method6 
(Murdock et al., 2014; Werner and Cannon, 2016). Results were generated for RCPs 2.6, 4.5 and 8.5. Using 
this downscaled dataset, they then calculated many of the ETCCDI (joint CCl-CLIVAR-JCOMM Expert Team 
on Climate Change Detection and Indices; Zhang et al., 2011) indices. These included three precipitation-
based indices: number of days with precipitation (PREP1), number of days with precipitation greater than 
10 mm (PREP10) and precipitation intensity. By the end of the century for RCP8.5, projected increases in 
PREP1 and PREP10 over the Souris River Basin are less than 2 days per year, but precipitation intensity is 
projected to increase between 5% and 15% (Figure 12).  
 

 
6 BCCAQ refers to Bias Correction/Constructed Analogues with Quantile mapping re-ordering, a method used to 
downscale coarse resolution GCM output to a finer spatial scale. BCCAQv2 daily data are available from the Pacific 
Climate Impacts Consortium, the Climate Atlas and ClimateData.ca. 

https://www.pacificclimate.org/data/statistically-downscaled-climate-scenarios
https://www.pacificclimate.org/data/statistically-downscaled-climate-scenarios
https://climateatlas.ca/
https://climatedata.ca/
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Figure 122:  Projected multi-model median changes in the number of precipitation days (PREP1, in days/year; left), in the 
number of heavy precipitation days (PREP10, in days/year; centre), and in daily precipitation intensity (intensity, in %; right) 
at 2.1 and 4.5 °C global warming levels (these correspond to the time periods 2031-2050 and 2081-2100, respectively, for 
RCP8.5. Changes are relative to the 1986 to 2005 climatology. [Source: Li et al., 2018] 

 GCM/ESM Projected Trends in Hydrology 
Using the CMIP5 dataset, Rasmussen (2016) assessed the impact of climate change on the frequency 
distribution of spring floods in the Red River Basin, Manitoba, to the east of the Souris River Basin. A 
regression model was developed to associate spring peak flow at the U.S-Canada border. Predictor 
variables used to define the regression model included antecedent precipitation in the previous fall (as a 
proxy for soil moisture at freeze-up), winter snow accumulation and spring precipitation. Possible changes 
in the predictor variables were derived from a 16-model subset of the CMIP5 dataset. The regression 
model was then used to derive flood distributions for future climate conditions. As indicated above, mean 
monthly precipitation during winter months is projected to increase, winters are expected to be shorter 
in the warmer climate, and evaporation losses are expected to be higher resulting in a net reduction in 
average snow pack accumulations. Precipitation during the active snowmelt season was projected to 
increase. While some of the individual CMIP5 GCMs indicated significant changes in flood distribution, 
including more severe and less severe floods, there was little difference between the median of the model 
ensemble and the distribution fitted to observed data.  
 
Dibike et al. (2017) assessed the potential impacts of projected climate change on the spatial and seasonal 
redistribution of water availability in western Canadian river basins, extending across to Saskatchewan. 
Climate change impacts were assessed using a statistically downscaled CMIP5 model dataset (RCPs 4.5 
and 8.5) and the Standardised Precipitation and Evapotranspiration Index (SPEI; Vicente-Serrano et al., 
2010). The major findings of the study were that the projected impact of climate change over western 
Canada is not uniform – in the northwest of the region water availability is projected to increase, while 
over the southern and eastern parts of the region water availability is projected to decrease. 
 
Tam et al. (2019) also used the SPEI to examine projections of drought for Canada over the 21st Century 
using a bias-corrected 29-member ensemble of CMIP5 GCMs and RCPs 2.6, 4.5 and 8.5. While there were 
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large differences in the projected changes in drought across Canada, the Canadian Prairies are likely to 
experience an increase in drying at the annual scale in a warmer climate. Winter and spring SPEI results 
indicated an increase in wetting, reflecting the projected increases in winter and spring precipitation. 
Summer and fall SPEI results indicated an increase in drying. 
 
Bonsal et al. (2019) reported that annual flows are projected to decrease in southern interior continental 
regions of Canada. With continued warming and the associated reductions in snow cover, further changes 
are projected in the seasonality of streamflow. These changes include increased winter flows, even earlier 
spring freshets and reduced summer flows, as well as corresponding shifts to more rainfall-, rather than 
snowmelt-, dominated flow regimes. 
 
According to USACE (2015), hydrologic impacts from climate change are mixed in the Souris-Red-Rainy 
Region. It is difficult to develop conclusions related to projected hydrology (streamflow response) because 
of the significant uncertainties associated with global climate models. Additional uncertainty is generated 
when these climate models are combined with hydrologic models that carry their own uncertainty.  
 

 Uncertainty in GCM Projections. 
Barrow and Sauchyn (2019) examined the uncertainties in global climate projections and the time of 
emergence of climate signals (for mean temperature, precipitation and summer climate moisture index) 
in the western Canadian Prairies using a subset of GCMs from CMIP5. This subset consisted of those 
models which were better able to simulate ENSO and PDO, since these modes of low-frequency variability 
have important influences on the climate of western Canada. The contribution of model and scenario 
uncertainty and natural variability to the variance in the CMIP5 projections was calculated, as well as the 
timing of the emergence of the climate signal from the background noise of natural climate variability. 
Results showed that natural variability continues to play an important role in future projection uncertainty 
until the end of this century, particularly for precipitation (Figure 13). In addition, although the median 
precipitation signal emerges from the noise (i.e., signal/noise >1) around the 2070s in winter and the 
2080s in spring, significant values (i.e., signal/noise>2) do not occur in any season for this variable before 
2100. 
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Figure 13: Fraction of total variance in decadal mean precipitation projections explained by internal variability, model 
uncertainty and scenario uncertainty for western Canada. [Source: Barrow and Sauchyn, 2019]. 

5. Projected Future Climate using Regional Climate Models   
There have been several studies which have used regional climate model (RCM) information to examine 
future precipitation extremes in the Prairie region. Many of these studies have focused on drought rather 
than on excess precipitation (e.g., Barrow, 2010; PaiMazumder et al., 2012; Bonsal et al., 2012). RCMs 
have higher spatial resolution than GCMs, and are thus able to better represent the underlying 
topography and model some processes directly, e.g., convective precipitation, rather than having to use 
parameterisations, as is the case in many GCMs. Most RCMs have a spatial resolution between 25 and 50 
km, but in the very high resolution convection-permitting RCMs the spatial resolution is generally between 
1 and 4 km. RCMs are driven using GCM boundary conditions, so any errors in these boundary conditions 
may be amplified by the RCM. Because of their higher spatial resolution, RCM experiments are very 
computationally-expensive and this generally limits the length of the experiments undertaken with these 
models. 
 
Many RCMs with coverage over North America were included in the North American Regional Climate 
Change Assessment Program (NARCCAP; Mearns et al., 2009). These models were driven using a subset 
of GCMs involved in the third phase of the Coupled Model Intercomparion Project (CMIP3), and the SRES 
A2 emissions scenario (Nakicenovic et al., 2000). The SRES A2 emissions scenario is most similar to RCP8.5. 
Most recent RCMs are involved in the Coordinated Regional Climate Downscaling Experiment (CORDEX; 
Giorgi et al., 2009) and will be involved in experiments using GCMs/ESMs participating in the latest 
Coupled Model Intercomparison Project (CMIP6). CMIP6 is currently underway and data are becoming 
available in 2020. 

 
 RCM Based Projections – Precipitation & Runoff 

Wheaton et al. (2013) undertook a literature review of future possible dry and wet extremes in 
Saskatchewan, concluding that both drought and extreme precipitation are expected to become more 
common in the future. Dry times are projected to become drier and wet times to become wetter. Cohen 
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et al. (2015) also undertook a review of future projections of climate and water availability in Canada. 
They used a mix of global and regional climate model output, including CRCM (Canada), HRM3 (UK), 
RegCM, RCM3 and WRFG (all USA).  They concluded that in the southern Prairies most watersheds will 
experience decreases in annual and summer runoff in the future. 
 
Mladjic et al. (2011) assessed the projected changes to selected return levels of 1-, 2-, 3-, 5-, 7- and 10-
day annual (April to September) maximum precipitation amounts over Canada. An ensemble of five 30-
year integrations of the Canadian Regional Climate Model (CRCM) for the 1961-1990 baseline period and 
the 2041-2070 future period under the SRES A2 (analogous to RCP 8.5) emissions scenario was used. 
Figure 14 indicates that for the Souris River Basin, projected changes in the 20-, 50- and 100-year return 
levels for seven-day precipitation extremes are generally within ±5%. For the single and three day 
precipitation extremes, the results are more mixed, although increases are generally below 10%. 
 

 
 

Figure 14: Percentage change between future and reference period (left) 20-, (middle) 50-, and (right) 100-yr return levels of 
(a) 1-, (b) 3-, and (c) 7-day precipitation extremes, obtained using the grid box analysis approach, at the CRCM grid cell level. 
[Source: Mladjic et al. 2011] 

Mailhot et al. (2012) examined changes to short-duration intense precipitation events (intensities of 
annual maximum precipitation of 6-, 12-, 24-, 72-, and 120-h for 2-, 5-, 10-, and 20-year return periods) 
using several RCM runs from the NARCCAP and the SRES A2 scenario. Results indicated widespread 
increases, with median relative changes across all grid points ranging from 12 to 18%. Inland regions, such 
as the Prairies, are projected to experience the largest relative increases in annual maximum precipitation 
intensities.  
 
Gizaw and Gan (2016) examined the impact of climate change on six extreme precipitation indices in the 
Bow, Oldman and Red Deer River basins in southern Alberta for the rainy period (May-August), for the 
2050s and 2080s. Four CMIP3 GCMs, using the SRES A2 and A1B emissions scenarios, were dynamically-
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downscaled using the MM5 RCM. The extreme precipitation indices included maximum 1- and 5-day 
precipitation, very wet days (>95th percentile precipitation amount), extremely wet days (>99th percentile 
precipitation amount), the number of very heavy (>20mm) precipitation days and the 30-year return 
period rainfall. Results suggested that in the 2050s and 2080s, southern Alberta may experience more 
frequent and severe intensive storm events in the rainy season. An increase in the frequency and intensity 
of severe storms could potentially increase the risk of future flooding in this region. 
 
Bonsal et al. (2017) assessed historic and future hydro-climate variability and extremes over two 
watersheds in the Canadian Prairies – the Oldman River and Swift Current Creek. Both watersheds are 
located to the west of the Souris River Basin. The periodic droughts and excessive moisture conditions 
experienced on the Prairies are mainly caused by mid-tropospheric circulations that disrupt the expected 
precipitation and temperature patterns. While values of the SPEI indicate considerable inter-annual and 
decadal-scale variability over these two watersheds, there are no discernible trends over approximately 
the last 100 years, although there is an indication of increased variability since the mid-1980s. Major 
droughts in this region are related to higher frequencies of distinctive ridging patterns, which have 
significantly increased over the last 60 years, and lower incidences of zonal/troughing patterns. Excessive 
moisture conditions have opposite patterns. Using output from two RCMs from the NARCCAP, 
representing drier/warmer and wetter/cooler conditions, results indicated an uncertain future ranging 
from a substantial increase in drought with a higher degree of inter-annual variability, to relatively no 
change from current conditions. Examination of the changes in atmospheric circulation indicated that 
those patterns associated with extreme dry conditions will continue into the future and in some cases 
increase in frequency. 
 
Khaliq et al. (2015) also used the NARCCAP RCMs to examine seasonal and extreme precipitation 
characteristics for watersheds in the Canadian Prairies, one of which was the Souris River Basin. As well 
as examining RCM performance, projected changes to seasonal precipitation, and selected return levels 
(10-, 30- and 50-year) of rain- (May to October) and snow- (December to February) dominated daily 
precipitation extremes were calculated for 47 watersheds in the prairies using ten RCM-AOGCM pairs. 
 
For rainfall-dominated daily precipitation extremes, Figure 15 (left) indicates that an increase in 
precipitation amounts, for each return period, is projected in the future climate for nearly all watersheds. 
For the Souris River Basin, a 15-20% increase in precipitation amount is projected for the 10-year return 
period, and a 10-15% increase for the 30- and 50-year return periods. The coefficient of variation (CV)7 is 
a useful measure for associating a level of confidence with the projected changes. For the Souris River 
Basin, the CV values are less than 1.0 for all return periods, suggesting a relatively high confidence in the 
projections for these return periods. A CV value less than 1.0 indicates that there is more agreement 
among models than if the CV value was greater than 1.0. The majority of the ten RCM-AOGCM pairs 
examined suggest significant positive changes (i.e., increases) in 10-year return levels (7 pairs for the 
Souris River Basin). As the return interval being considered increases, the number of RCM-AOGCM pairs 
that suggest significant changes reduces (30-year return level – 5 pairs; 50-year return level – 2 pairs for 
the Souris River Basin). 
 
For snowfall-dominated daily precipitation extremes, Figure 15 (right) indicates that an increase in 
precipitation amount is projected for each return period in the future climate, again, for nearly all 
watersheds. For the Souris River Basin, a 10-15% increase is projected for the 10-year return level, a 15-

 
7 Coefficient of variation is a measure of the dispersion of data points around the mean and is defined as the ratio 
of the standard deviation to the mean. 
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20% increase for the 30-year return level and a 20-25% increase for the 50-year return level. However, in 
this case, the CV values in this region are greater than 1.0 for all return levels, indicating less confidence 
in the projections for these return levels. In the Souris River Basin, 4 RCM-AOGCM pairs suggest significant 
positive changes in the 10-year return levels, and 3 pairs for the 30- and 50-year return levels. 
 
 

Rain-dominated Snow-dominated 

  
Figure 15: (a) Ensemble-averaged projected changes (in %) to 10-, 30- and 50-year regional return levels of rain dominated 
(RDEs; left) and snow dominated (SDEs; right) daily precipitation extremes for future 2041–2070 period with respect to the 
current 1971–2000 period. (b) Coefficient of variation of projected changes to 10-, 30- and 50-year regional return levels of 
RDEs (left) and SDEs (right) obtained from the multi-RCM ensemble. (c) Number of RCM-AOGCM simulation pairs (out of ten) 
that predict a significant positive or negative change (at 5% level) for 10-, 30- and 50-year regional return levels of RDEs (left) 
and SDEs (right). [Figure adapted from Khaliq et al. (2015)] 

St. Jacques et al. (2018) also used the NARCCAP RCMs to examine projected runoff in the South 
Saskatchewan River Basin for 2041-2070 under the SRES A2 emissions scenario. This is probably one of 
the first studies in this region which has used runoff variables (total surface and subsurface runoff; and 
surface runoff) from an RCM. Bias correction was necessary and in some cases the correction was of 
greater magnitude than the projected changes in runoff. The results of this study indicated that there will 
be spatially varying impacts of climate change on projected streamflow response. Possible drying was 
indicated in the southern Oldman River subbasin, and possible increases in runoff were projected in the 
northernmost Red Deer River subbasin. A shift to earlier spring runoff and a drier late summer was found 
and total runoff (surface and subsurface) showed increasing inter-annual variability in the future. 
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 RCM Projections – Extreme precipitation  
While both GCMs and RCMs generally simulate regional patterns of precipitation well, simulation of 
precipitation extremes remains problematic. The spatial resolution of most RCMs is generally between 25 
and 50km, which is still too coarse to explicitly include convection schemes in the model structure. As a 
result, researchers have investigated methods for determining changes in extreme precipitation by 
exploring known physical relationships with temperature. Confidence in temperature projections is much 
higher than for precipitation projections, since temperature is related directly to the atmospheric energy 
balance. Recent research is summarized below. 
 
Climate change is expected to increase the amount of atmospheric moisture, resulting in heavier extreme 
precipitation (e.g., Kharin et al., 2013, 2018). This has been seen to some extent in the recent observed 
climate record (e.g., Kunkel et al., 2013; Donat et al., 2016; Westra et al., 2013). As the atmosphere warms, 
its water-holding capacity increases exponentially with temperature rise – as described in the Clausius-
Clapeyron relationship (approximately 7% per degree of warming) – suggesting a significant increase in 
flash flood hazards due to climate change (Prein et al., 2017a). Annual maximum 1-day precipitation has 
increased over global land areas at a rate consistent with this relationship (Westra et al., 2013; Zhang et 
al., 2013). This is also true for GCM projections of future climate (e.g., Kharin et al., 2013; Westra et al., 
2014). This gives rise to the possibility of using this scaling relationship between temperature and extreme 
precipitation to project future precipitation extremes as model estimates of future temperature are 
relatively robust (Li et al., 2019a).  
 
Atregional and local scales, the estimation of precipitation scaling relationships is highly uncertain (Zhang 
et al., 2017) and is strongly dependent on the region, temperature (Utsumi et al., 2011) and moisture 
availability (Chan et al., 2016). Li et al. (2019a) assessed how much information is required to robustly 
identify temperature scaling relationships and whether or not these relationships are equally effective at 
different times in the future in estimating precipitation extremes everywhere across North America. Using 
a 35-member ensemble of RCM simulations for North America for the period 1951-2100, these authors 
demonstrated that individual simulations of a length comparable with typical instrumental records were 
not sufficient to adequately constrain temperature scaling relationships to reliably estimate future 
extremes of local precipitation. This implies that temperature scaling relationships estimated from limited 
historical observations are unlikely to provide reliable future information. However, well-constrained 
temperature scaling relationships based on multiple RCM simulations do provide a feasible basis for 
accurately projecting precipitation extremes of hourly to daily durations in the future. 
 
A limited number of very high resolution RCMs, have also been used to investigate changes in 
precipitation extremes. Using  one such very high resolution, convection-permitting RCM (4km resolution) 
for most of North America, Prein et al. (2017a) investigated the scaling rates between extreme 
precipitation and temperature. Results indicated that hourly extreme precipitation increases with 
temperature in moist, energy-limited environments and decreases abruptly in dry, moisture-limited 
environments. Future simulations, using RCP8.5, showed that changes in hourly extreme precipitation 
also scale at roughly the Clausius-Clapeyron rate over North America. Prein et al. (2017b) also used a high 
resolution convection-permitting RCM to investigate how mesoscale convective system storms may 
change by the end of this century under RCP8.5. Their results indicated that intense summertime 
mesoscale convective system frequency will more than triple in North America. Additionally, maximum 
precipitation rates were projected to increase by 15-40% and the region impacted by heavy precipitation 
was projected to spread, resulting in an up to 80% increase in total mesoscale convective system 
precipitation volume, concentrated in a 40 km radius around the storm center.  
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 Pseudo-global Warming (PGW) Method 
Li et al. (2019b) used the Weather Research Forecasting (WRF) model at a convection-permitting 4km 
resolution to dynamically downscale the mean projection of a 19-member CMIP5 ensemble using RCP8.5 
for western Canada (eastern-most study boundary just extends to the Souris River Basin). The control 
period (October 2000 – September 2015) was driven by the ERA Interim Reanalysis. The future simulation 
(for 2071-2100) used reanalysis-derived boundary conditions from the control experiment, but perturbed 
with changes (2071-2100 vs. 1976-2005) in field variables derived from the CMIP5 ensemble-mean. This 
approach is known as the pseudo-global warming (PGW) method. The WRF-PGW simulation showed 
significant warming relative to the control (but less than that projected by the CMIP5 ensemble in all 
seasons). Precipitation changes projected by the WRF-PGW simulation varied by season. In spring and late 
autumn precipitation increased in most areas, whereas in summer precipitation change was negligible or 
decreased slightly in the southern Canadian Prairies. WRF-PGW simulation results exhibit an increase in 
high-intensity precipitation events. The WRF-PGW results also indicate shifts in the distribution of 
precipitation events with more extreme events occurring throughout the year (increased rainfall 
intensity). Because of this shift, a seemingly moderate increase in total summer precipitation may 
underestimate the increase in flooding risk. 
 
Figure 16 illustrates the extreme statistics of daily precipitation (Li et al., 2019b). In summer, the WRF-
PGW simulation, compared to control (ERA Interim Reanalysis), indicates that the 90th percentile of daily 
precipitation does not change over most of the domain considered. However, for the Souris River Basin 
region, decreases of about 30% are indicated. For the 95th percentile decreases between 15% and 20% 
are indicated in this region, contrasting with increases elsewhere in western Canada. Increases in daily 
precipitation amounts for the 99th percentile approach 30% in the Souris River Basin, which is consistent 
with trends identified within the rest of the study domain. Li et al. (2019b) consider that 99th percentile 
precipitation amounts are usually associated with synoptic systems, for which the increase in precipitation 
is more uniform over the domain as it is proportional to water vapor loading. The pattern of changes in 
extreme precipitation in winter follows the distribution of mean precipitation, indicating that the increase 
mostly comes from more water vapor loading in the atmosphere. 
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Figure 16: Extreme statistics of daily precipitation in (a) summer and (b) winter for WRF-CTL vs. WRF-PGW, from top 
to bottom: 90th, 95th, and 99th percentiles. [Source: Li et al. (2019b)] 

 
Figure 17 continued: Extreme statistics of daily precipitation in (a) summer and (b) winter for WRF-CTL vs. WRF-PGW, from 
top to bottom: 90th, 95th, and 99th percentiles. [Source: Li et al. (2019b)] 
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6. Summary and Conclusions 
This literature review has considered recent publications updating trends in observed data as well as 
future projections from GCMs/ESMs and RCMs for the Souris River Basin Region. The main findings for 
the Souris River Basin are summarized in Table 3-Table 5.  It should be noted that many of the conclusions 
are taken from regional scale studies which encompass the Souris River Basin. Making use of analysis 
conducted on a larger, regional scale is necessary because there are not many Souris River Basin specific 
studies available. 
 
Observations show that the annual-average climate of the Souris River Basin region is becoming warmer 
and wetter, although there have been some decreases in winter precipitation. Warmer conditions have 
resulted in earlier spring freshet and later fall freeze-up. There has been a steady decline in the ratio of 
snow to total precipitation, indicating that regimes are changing from snow- to rainfall-dominated. In 
recent years, some of the highest flows and flood events have been associated with rain events in late 
spring/early summer, after the peak runoff from snowmelt. 
 
In general, GCM/ESM/RCM projections indicate that recent historic trends are continued into the future. 
Natural variability, as illustrated in the observational record and in climate reconstructions using tree 
rings, plays an important role in the climate of the Souris River Basin. Analysis of CMIP5 GCMs indicated 
that, for precipitation, natural variability is still one of the main uncertainties in climate projections out to 
the end of this century. 
 
Annual average precipitation is projected to increase, although under RCP8.58, declines in summer 
precipitation are projected for the Souris River Basin region by the end of the century. However, the 
combined effects of precipitation and temperature are captured in the SPEI index, and this indicates more 
intense drying in summer in the future. Extreme precipitation is projected to increase, even in those areas 
where total precipitation is projected to decline. Also, precipitation intensity is projected to increase, and 
the volume of precipitation in the heaviest rainfall events. Mesoscale convective systems are projected to 
become more frequent, have greater areal extent and larger precipitation volumes. While summer 
conditions may become drier in the Souris River Basin towards the end of the century, the possibility 
remains that extreme flooding may occur as a result of increased storm frequency and the associated 
larger precipitation volumes.  

 
8 RCP8.5 represents the largest increase in radiative forcing (8.5Wm-2) by the end of this century as a result of 
continued greenhouse gas (GHG) and aerosol emissions with no mitigation. This RCP indicates the largest increase 
in mean temperature and the largest changes in precipitation. Even if increases in precipitation are indicated, drying 
may occur because of the influence of warmer temperatures on potential evapotranspiration. 
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Table 3: Main Conclusions- Trends in Historic & future Temperature Conditions in the Souris River Basin 

Variable Historic Observations Future Projections 
 
 
 
 

Temperature 

 
 
Direction: 

 

Greatest warming in winter 
and spring in Souris River 
Basin 
 

Level of 
confidence
: HIGH 
 
 
Direction: 

 

 
 
 
Increase, regardless of RCP  
 
Substantial increase in hot 
seasons 

Spring warming occurring a 
few days earlier 
 
Later first freeze in fall 
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Table 4: Main Conclusions- Trends in Historic & future Precipitation Conditions in the Souris River Basin 

Variable Observations Future Projections 

Precipitation 
 

 
Direction: 
 
 

Annual, spring, summer and 
fall precipitation has 
increased 

Level of 
confidence
: MEDIUM 
 
Direction: 
 

Annual average precipitation 
projected to increase, with larger 
increase in winter precipitation 
towards end of century 
 

 
Direction: 
 

Decline in Canadian Prairies 
in winter (6 %) 

Level of 
confidence
: MEDIUM 
 
Direction: 
 

Slight decline in summer 
precipitation, particularly under 
moderate to high emissions 
scenarios 
 

 
Direction: 
 

Ratio of snowfall to total 
precipitation steadily and 
significantly decreasing 

Level of 
confidence
: HIGH 
 
Direction: 
 

Extreme precipitation to increase 
 
Increases in heaviest 
precipitation amounts 
 
Increases in extreme 
precipitation, even where total 
precipitation projected to 
decrease 
 
Precipitation intensity projected 
to increase 
 

 Canada: no detectable 
trends in short duration 
extreme precipitation, 
although more stations 
indicate an increase, rather 
than a decrease, in 
maximum 1-day 
precipitation each year 
 

 
Direction: 
 

U.S: increase in intensity 
and frequency of heavy 
precipitation events 

Level of 
confidence
: LOW 
 
Direction: 
 

Mesoscale convective system 
storm frequency, precipitation 
volumes and storm areal extent 
to increase 
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Table 5: Main Conclusions- Trends in Historic & future Streamflow Conditions in the Souris River Basin 

Variable Observations Future Projections 

 
Streamflow 

 
Direction: 
 

No significant trends in 
central prairies, although 
increases in annual 
discharge in North Dakota, 
southern and northern 
Manitoba 
 

Level of 
confidence
: MEDIUM 
 
Direction: 
 

Total runoff indicates increasing 
inter-annual variability 
 

 
Direction: 
 

Summer flow generally 
declining 
 

Level of 
confidence
: MEDIUM 
 
Direction: 
 

Drier late summer 

 
Direction: 
 

Spring peak flow occurring 
earlier 
 

Level of 
confidence
: HIGH 
 
Direction: 
 
 

Earlier spring runoff 

 Teleconnections have a clear 
impact on naturally flowing 
streams 
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