
Guiding future research to support water management decisions in the Canadian Prairies using an 

integrated hydrologic model 

by 

Hilary Wilson 

 

A thesis 

presented to the University of Waterloo 

in fulfilment of the 

thesis requirement for the degree of 

Master of Science 

in 

Earth Sciences 

Waterloo, Ontario, Canada, 2024  

© Hilary Wilson 2024



 

 ii 

Author’s Declaration 

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including any 

required final revisions, as accepted by my examiners. 

I understand that my thesis may be made electronically available to the public. 



 

 iii 

Abstract 

Groundwater is the main source of water for most people in the Canadian Prairies. As the Canadian 

Prairies are prone to droughts, the need for additional water supplies is expected to increase as more 

changes to the climate in this region occur. With climate change, an increase in temperature and 

precipitation are anticipated. While an increase in precipitation should lead to an increase in 

infiltration of precipitation into the groundwater systems, this is not necessarily the case. As the 

temperature increases, it is expected that the already high rate of evapotranspiration will increase, 

limiting the chance for water to infiltrate the subsurface. This leads to the need for water management 

plans, which requires an understanding of the hydrologic flow system in the area. Hydrologic models 

are commonly used to help support water management decisions; however, they are often not 

developed until after most of the data collection and interpretation is completed. The utility of a 

preliminary hydrologic model to guide data collection efforts is not often employed, despite the 

opportunity for significant insight into key processes and data gaps. The goal of this research is to 

develop a preliminary integrated hydrologic model of an aquifer in the Canadian Prairies to identify 

research and data gaps that limit the creation of water management plans. The model, created using 

HydroGeoSphere, is based on the Dalmeny aquifer in Saskatchewan. A base model representing 

steady state historic conditions was developed, and then three climate change scenarios were 

simulated and compared to the results of this base model. These climate change scenarios were 

chosen based on their prevalent use by the Government of Canada using Representative 

Concentration Pathways. The three climate change scenarios are representative of (1) a significant 

reduction in global emissions of greenhouse gases, (2) there is no change to the current projected 

increase in global greenhouse gas emissions, and (3) a significant increase in global greenhouse gas 

emissions. The results of the base model indicate that groundwater flow is driven by topography, and 

yet updated, high-resolution topographical data is not readily available, indicating a data gap. The 

results of the climate scenarios indicate an overall decrease in hydraulic head in the aquifer due to 

increased estimated evapotranspiration. Evapotranspiration in this region is complex, as annual 

potential evapotranspiration is greater than precipitation, and so higher temporal resolution 

evapotranspiration data is necessary to capture infiltration. The direction of flow in some portions of 

the aquifer also change, leading to one of the boundaries, which is along the South Saskatchewan 

River, to change from a gaining river in the base scenario, to a losing river in the climate change 
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scenarios. The uncertainty along the river boundaries, particularly related to their connectedness to 

the aquifer and their temporal and spatial variability, are key data gaps that should be addressed.  

In summary, this work shows that the preliminary integrated hydrologic model results indicate that , 

in order to support a more accurate simulation to support water management, additional data is 

necessary to improve: 1) the resolution of the topographical information of the study site, 2) the 

available methods of estimating temporally appropriate evapotranspiration and, 3) the understanding 

of groundwater-surface water interactions along the rivers, particularly South Saskatchewan River. 

With these alterations, a more robust water management plan can be developed, that will protect the 

availability of groundwater in the study area. By developing a preliminary model with limited 

information, improvements to the model development of the study area can be pursued.  
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Chapter 1 

Introduction 

Global groundwater resources are vulnerable to depletion due to changes in climate, land-use, 

extraction, resources, and is an issue that is affecting many regions around the world (de Graaf et al. 

2019). Sustainable management of groundwater resources is key to ensuring water security. The 

management of water resources has, and will continue to be, an issue as the climate changes and the 

demands for water increase (Castle et al. 2014). The increasing global population and the general 

increase in the quality of life in many populations has put a strain on water availability (Gorelick and 

Zheng 2015; Lemmen et al. 2008). Traditionally, surface water is first used for water requirements 

since it is easily accessible; however, in many areas, surface water is not sufficient to meet residential, 

industrial, agricultural, and commercial demands. Where available, groundwater is being used to 

supplement and, in some cases, replace the water previously drawn from surface water causing 

depletion of groundwater resources. This depletion can cause irreversible damage, including 

reduction in well yields, reduction in baseflow to surface water systems, loss of wetlands, and land 

subsidence. It is better to proactively manage groundwater resources before chronic groundwater 

depletion and water quality degradation occurs (Ramirez de la Parra et al. 2016).  

Canada is fortunate to have relative abundance of freshwater; it possesses 7% of the world’s 

renewable freshwater, and ranks third in a comparison of all other countries’ total renewable 

freshwater resources (FDA and AQUASTAT 2019). This relative abundance does not mean the 

nation will be spared from issues in water availability caused by climate change. While most 

communities have reliable access to safe and clean drinking water, a significant number of Indigenous 

communities do not have such access (McLeod et al. 2020). The effects of climate change will do 

nothing to help this complex issue; droughts, floods, extreme heat, and extreme precipitation events 

can lead to a decrease in resources and an increase in drinking water contamination. 

Freshwater reserves are distributed unevenly across Canada; apart from glaciers, freshwater is 

predominantly stored in surface water bodies such as in lakes and in subsurface aquifers. Most of the 

surface waters flow northwards, away from the denser populated areas, and away from regions with 

climates that can support agriculture (Huot et al. 2019). Regions dependent on agriculture are 

particularly sensitive to water security issues, as it could not only affect the general health and 

wellbeing of the residents, but also the economy at local, regional, provincial, and national scales. 

The heart of Canadian agriculture is in the Prairies, which makes this area particularly important 

when considering how water resources are managed with respect to water security (Lemmen et al. 
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2008). The Prairies are also the current and traditional lands of many Indigenous Peoples and 

therefore, Indigenous and rural communities’ reliable access to safe and clean drinking water should 

be a high priority when developing a water management plan. In order to have a robust water 

management plan, it is important to develop tools to inform sustainable water use decisions. 

There are many ways of informing water-use decisions including experimentally, analytically, and 

numerically. Experimental solutions can be quite accurate but are very time-consuming and only 

applicable for a single problem. Solving a problem analytically can provide an exact solution, 

however it can be unrealistic when considering complex problems. Analytical solutions are for very 

simplified conditions and numerical solutions are easier to conduct and allow more complex problems 

to be studied. To solve a problem, such as the domain considered in this study, analytically, would 

mean solving several complex equations for every single node at every single timestep 

simultaneously, which is impossible if trying to predict future solutions (Creosteanu et al. 2012). 

Numerical solutions are often used to capture more complex scenarios where flexibility and scenario 

testing is desired. Therefore, for this study, a numerical solution is the best way forward. 

Numerical modelling is the solving of a set or selection of governing equations for the system being 

studied. The limitations of numerical modelling are the degree of accuracy, the computational power, 

as well as the uncertainty of the inputs, such as the initial and boundary conditions (Larson 2005). A 

model’s result is only as good as its input. As any model is the representation of an object or a set of 

processes, there can be several ways to contextualize the object or set of processes that is being 

analyzed. A physically based distributed model contextualizes the study region based on the physics 

of hydrological processes as described by the corresponding equations. These types of models are 

effective at investigating the effects on climate change and land-use changes as they can use outside 

influences on the domain without extending the modelled area to unnecessary proportions.  Process-

based numerical methods are a common method of quantifying groundwater resources to predict how 

water resources will change in the future as other methods tend to fail at predicting outside of the 

calibrated conditions (Mishra et al. 2020).   

Numerical modelling allows for the testing of water management plans before they are enacted, 

helping to optimize the effectiveness of the plan. Numerical models have been used in a wide variety 

of environments to consider the effects of groundwater availability when considering climate change. 

A few examples of these other studies include but are not limited to studies in the Czech Republic 

(Novicky et al. 2010), Belgium (Goderniaux et al. 2009), Pakistan (Usman et al. 2020), British 

Columbia, Canada (Allen et al. 2004), and even globally (Döll 2009). Other environments where 

numerical modelling has been used include northeast Thailand which is at risk of over-exploitation of 
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their water resources (Nettasana et al. 2012), Gozo (Malta) where the groundwater resources are in 

jeopardy with the consequences associated with climate change (Sapiano et al. 2017), and Canada 

where freezing and thawing can affect how oil-sands mines can be reclaimed (Nagare et al. 2022). 

Numerical models are used in water management to simulate scenarios based on predictions in 

climate and land-use changes in the area of interest (Thangarajan 2007).  

There are several types of numerical models available, and they can be categorized by the hydrologic 

domains they simulate, including groundwater, surface water, and models which integrate both 

groundwater and surface water systems. An integrated hydrologic model is preferred when 

developing a conjunctive water management plan because by its very nature, it solves for the surface 

water and the groundwater at the same time. This means that integrated hydrologic models are 

preferred when dealing with groundwater surface water (GWSW) systems (Brunner and Simmons 

2012). As explained in Huntington and Niswonger (2012), an integrated hydrologic model can 

provide greater insight into the effects of climate change between hydrologic processes that occur 

above and below the ground surface. While integrated hydrologic models do take considerably more 

computational power, treating the surface water in a coupled way means it can be more realistically 

simulated and a vague boundary condition is not needed to define the relationship between the 

groundwater and the surface water in the study domain.  

In looking at previous research that study the effects of climate change on groundwater availability, 

there are few studies found that include the Canadian Prairies. A possible reason for this is that there 

is no shortage of fresh water in most of Canada, as there are a large number of freshwater bodies 

spread across the most populated areas of Canada. However, the Canadian Prairies are vulnerable to 

droughts, and if climate change will affect the amount of annual precipitation, this could put the 

reliable availability of safe drinking water and irrigation in jeopardy. The primary source for water in 

the Canadian Prairies is groundwater, as it is more resistant to droughts short-term (Berthold et al. 

2004). To accommodate the increase in water necessary to keep up with the increase in population, 

anticipated in most climate scenarios, an increase in pumping for groundwater systems will be 

needed. This increase in pumping needs to be conducted safely so as to limit the irreparable damage 

that can be caused by over-pumping and the subsequent drying out of the groundwater system.  

While large-scale integrated hydrologic models have been developed for the Canadian Prairies as part 

of Canada1Water (Kirkwood 2023), the large scale can make it more difficult to inform small-scale 

water management decisions. Decisions like groundwater pumping for irrigation or domestic water 

supply, are best made with local- to regional-scale models that can capture the relevant flow 
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processes, and the detail that is achieved from these smaller-scale models can better predict the 

effects of the groundwater usage. Small-scale integrated hydrologic models are limited in this region. 

Integrated hydrological models are typically calibrated with large data sets of historical groundwater 

and surface water measurements. However, the reliability of any future models is reliant on the 

availability of historical data. In Saskatchewan, which contains the study area, the Water Security 

Agency has an observational well network of approximately 70 monitoring wells and have been 

seasonally collecting water level data since wells in the network were drilled in 1964 (WSA 2021). 

While most of the monitoring wells are in the southern half of Saskatchewan, the area of interest for 

this study contains only one monitoring well, limiting the amount of data in the study area that can be 

used to develop the model. As a result, the objective of this research is to support the water security of 

the Canadian Prairies through the development of a preliminary integrated hydrologic model. This 

model will help identify data uncertainties that critically impact model development and limit model 

use for water management planning. To achieve this objective, the integrated hydrologic model is 

developed based on previous work on a shallow semi-confined aquifer northwest of Saskatoon, SK 

called the Dalmeny aquifer, to create a representative aquifer of the Canadian Prairies. In addition to 

developing a model based on the limited historic data, several climate change scenarios will then be 

used to determine the sensitivity of the model to changes in climate conditions over a set time span. 

The results of this work will provide a first step in prioritizing data collection programs for the region.  

The remainder of this thesis is laid out in three chapters. Chapter 2 describes the study site details, 

model development, rationale, and results of the baseline model simulation. Chapter 3 describes the 

climate scenarios chosen, discusses how they are implemented into the model and, the results of the 

climate scenarios, identifies the key data gaps in this basin, and also recommends future research 

directions. Chapter 4 provides a summary of the conclusions from this work.  
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Chapter 2 

Model Development 

2.1 Introduction 

To identify and prioritize data needs in the study domain, a model is created based on the limited 

existing data, and several scenarios are then simulated to identify regions and processes that require 

better constraint. This is a unique approach as hydrologic models are typically developed once data 

collection is completed or quite advanced. This work aims to demonstrate how developing a baseline 

hydrologic model can help guide the data collection efforts near the beginning of study efforts. This 

chapter details the baseline model that is created before climate change scenarios are applied. 

HydroGeoSphere (HGS) was chosen as the modelling framework for this project. HGS uses a 

physically based, fully-integrated approach, both of which are very important to developing a model 

that can realistically simulate a shallow aquifer’s hydrogeological conditions. The benefit of a 

modelling framework being physically based is that the results are more likely to show good 

agreement with observations of the area of study while also allowing for climate scenario testing. 

Before modelling frameworks were physically based, they were quasi-physical and semi-empirical, 

which led to model parameters that did not have a sound physical basis (Beven et al. 1982). The 

benefit of a modelling framework with a fully-integrated approach is that the surface and subsurface 

systems are both considered by solving as one system. In solving as one system, the changes in the 

surface will affect the subsurface in real- time and vice- versa (VanderKwaak 1999). 

2.2 Site Description (Conceptual model) 

The study area is in the Canadian Prairies, from this point forward referred to as the prairies, which 

include the provinces of Alberta, Saskatchewan, and Manitoba. The land cover of the prairies 

includes plains, grasslands, lowlands, and agriculture and over time, more natural grasslands have 

been converted for grazing or crop production (Acton et al. 2013). In general, this region is sensitive 

to droughts because of the low annual precipitation, high potential evapotranspiration, the length of 

time the ground surface is frozen throughout the year, and the low-permeability layers overlying the 

aquifers (McGinn 2010). 

While low precipitation volumes significantly contribute to the risk of droughts, the low recharge 

rates due to high evapotranspiration makes the groundwater system particularly vulnerable to  

 

depletion. As groundwater sustains human water needs for domestic use, industry and agriculture 
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(livestock production), particularly as surface water systems become less reliable with increased 

climate variability (Gleeson 2020; Taylor et al. 2013) and supports stable and favourable in-stream 

habitat conditions (Larsen et al. 2018), it is critical to understand how groundwater resources in the 

prairies may change in the future. 

The infiltration of precipitation, and subsequently groundwater recharge, is controlled by the texture 

of the surface soils, geology of near-surface layers, and potential evapotranspiration (PET). In areas 

like the prairies, there has been a lot of previous glacial activity which deposited clay-rich soils on the 

surface (Ross et al. 2009). While clay-rich glacial deposits can have a large capacity for water, the 

speed at which water moves through clay-rich deposits is very slow (Freeze 1979). As the majority of 

precipitation in the Canadian Prairies falls as rain (~70%) during warmer months with higher PET as 

opposed to snow (~30%) during cooler months with lower PET (Akinremi et al. 1999), the rate of 

evapotranspiration is also a driver of groundwater recharge rates. High rates of evapotranspiration can 

Figure 1: Land cover in the Canadian Prairies, which is mostly comprised of 

cropland and grasslands. Modified from the 2020 Land Cover of Canada Open 

Map available from (Natural Resources of Canada, 2020) 

Approximate 

location of the 

Canadian Prairies 
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reduce recharge volumes, and variability in weather and vegetation can alter evapotranspiration 

patterns, both of which will affect groundwater levels. In the prairies the annual PET can exceed 

annual precipitation, however, because the rate of PET is not constant, and changes seasonally (and 

hourly) (Armstrong, 2015) there is still limited infiltration to the subsurface. The amount of recharge 

into the GW system is also limited by the clay-rich surface layers. 

Prairie geology commonly features buried-valleys, which are depressions in the bedrock filled with 

glaciofluvial sediments. Buried-valleys occur all over the world, but are common in the prairie 

provinces of Alberta, Saskatchewan, and Manitoba, and extend into the bordering states of Montana 

and North Dakota. The glaciofluvial sediments within buried-valleys in this part of North America are 

commonly used as aquifers and have distinct hydrogeological properties due to their formation. 

Prairie buried-valley aquifers are commonly bounded by low-permeability units above and below the 

aquifer, fully encasing the porous media making up the aquifer and creating a confined aquifer. The 

units overlying the aquifer are typically clay-rich till, which does protect the aquifer from 

contamination and drought with the consequence of significantly reducing the recharge potential of 

the aquifer from surface water and precipitation (Cummings et al. 2012).  

While the aquifer simulated in this work is not representative of other buried-valley aquifers that are 

common in the prairies, as it is bounded by 2 of the major rivers running through that part of 

Saskatchewan, it does share similarities with buried-valley aquifers on a smaller scale. The 

foundation of the simulated aquifer is the Dalmeny aquifer in Saskatchewan, which is close to the 

surface, semi-confined by clay-rich till, and lies atop glaciofluvial sediments that act as an aquitard. 

Due to a lack of data, a fully-calibrated hydrologic model of an aquifer in this region cannot currently 

be developed, and therefore, a representative approach is more appropriate for this work to inform 

future data collection efforts. Here, hydraulic measurements, geography, and geology from other 

previous studies are combined to create the basis of this model, and the model is broadly constrained 

to simulate observed and inferred general flow patterns as opposed to specific measurements. 

2.2.1 Dalmeny Aquifer 

The Dalmeny aquifer is comprised of the Floral Formation and surrounded by the rest of the 

Saskatoon Group, and the Sutherland and Empress Groups; Pleistocene deposits which are very 

common in the Canadian Prairies. As the Dalmeny aquifer is comprised of the middle Floral 

Formation, capped by the Upper Floral Formation, Battleford Formation, and the Surficial Stratified 

Drift, the top of the Dalmeny aquifer ranges from 12 m to 1 m in depth. This is a shallow confined 

aquifer, which is ideal for determining the affect groundwater development has on streamflow (Keller 

et al. 1988). 
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As can be seen in Figures 3a and 3b, there are some differences between the aquifer extent in the 

previous study by Fortin et al. (1991), and the modelled domain in this study. The changes are to 

account for anticipated issues with the domain shape in HGS where pinched regions can lead to the 

model struggling to converge on a solution. While the previous work conducted by Fortin et al. 

(1991) is the main basis for this research, more recent studies and information were used to fill some 

gaps of knowledge, and augment the information presented in their research. 
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2.3 Methods 

To create this model, the domain followed the extent of the aquifer provided by Fortin et al (1991) in 

ArcGIS Pro. The domain was then altered as described previously (Figure 3b) to ensure model 

convergence and to make the domain more representative of other prairie aquifers. A 2-dimensional 

mesh was then created using AlgoMesh, with 276 nodes and 478 elements. Then, by referencing 

cross-sections created for the Saskatchewan Water Agency, lithology can be categorized into layers in 

the model to create the 3D domain. The vertical delineation is based on the geology, with 

approximate distances as shown by the cross section (Figure 2). The final domain has 40 layers, 

resulting in a total of 11316 nodes and 19120 elements. 

The base of the model is uniform, located at 400 meters above sea level. This base elevation was 

selected to be deep enough to minimize the impact of the bottom boundary on the aquifer simulated. 

b) 
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The surface of the model domain follows the digital elevation model from Natural Resources Canada 

(Canada 2024). Sublayers between the surface and base were selected to allow for the representation 

of geologic units and to provide adequate resolution for analysis of the simulation results.  

The hydraulic properties of the zones of porous media were taken from bulk estimates from Fortin et 

al (1991). The domain is broken up into four layers, the surface layer is treated separately, and their 

properties are described below. The remaining three layers are all in the subsurface domain and have 

been called: 1) the oxidized layer for the shallowest layer that has been exposed to oxygen and has 

weathered; 2) the aquifer layer for the layer containing the sediments that make up the aquifer, which 

are described as gravel and sand in a report of the Water Security Agency of Saskatchewan which 

was prepared by MDH Engineered Solutions (2011) and; 3) the unoxidized layer which is the layer 

that lies underneath the aquifer layer and is not exposed to the surface or any weathering. The 

unoxidized layer is isotropic, while the oxidized layer and the aquifer layer are anisotropic and the 

permeabilities and other properties are provided in Table 1 in order to show x direction’s value, y 

direction’s value, and z direction’s value.  

Table 1: Hydraulic properties for the layers used in the model. Multiple values for a property 

are listed in x, y, and z directions respectively from WSA (2011).  

Porous Media 

Property 

Oxidized Layer Aquifer Layer Unoxidized Layer 

Porosity 0.25 0.34 0.25 

Hydraulic 

Conductivity 

1x10-7m/s, 1x10-7 

m/s, 1x10-8 m/s 

1x10-5 m/s, 1x10-5 m/s, 

1x10-6 m/s 

3.5x10-9 m/s 

Specific Storage 1x10-4m-1 1.2x10-7 m-1  1x10-4 m-1 

 

The unsaturated parameters for the aquifer layer was taken from a pre-existing unsaturated table for 

medium sands (Aquanty, 2024) as site specific information is not available. The other layers used 

Van Genuchten functions based on parameters from Aquanty, (2024) to generate unsaturated tables, 

as described in Table 2.   

  



 

 12 

 

Table 2: Van Genuchten values used to calculate unsaturation tables for the subsurface layers 

from Aquanty, (2024). 

Van Genuchten 

Property 

Oxidized Layer Unoxidized Layer 

Alpha -1.476 -1.801 

Beta 11 140 

Residual Saturation 0.117 m3 0.079 m3 

Minimum Relative 

Permeability  

1x10-2 m2  1x10-2 m2 

 

The surface domain is simplified to be homogeneous grassland/cropland, which is the dominant land 

cover type in the modelled region. The friction coefficients and rill storage heights from Aquanty, 

(2024) are used to characterize the subsurface, as described in Table 3.  

Table 3: Surface properties for the top face of the modelled domain from Aquanty (2024). 

Surface Property Value 

X-Friction 0.3 

Y-Friction 0.3 

Rill Storage Height 0.01m 

 

2.3.1 Boundary Conditions 

Boundary conditions are required along all edges of the surface and subsurface domains. Any 

boundaries not specified below are no flow boundary conditions. The surface boundary conditions 

include those capturing rain, the North and South Saskatchewan Rivers, and runoff out of the domain 

(Figure 4; Table 4). Across the top layer, a rain boundary is applied uniformly at a rate of 1.58 x 10-9 

m/s, which is approximately 8% of the average annual precipitation. The rate selected for this 

boundary is based on work by Hayashi and van der Kamp (1998).  
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The river boundary conditions (shown in green and yellow Figure 4) are constant head boundaries, 

using values reflective of annual average streamflow depths of 465 meters above sea level and 490 

meters above sea level for the North and South Rivers, respectively (Canada 2017). The river bounds 

the aquifer’s domain on two sides, and a constant head surface boundary was used to capture the river 

stage. The remaining surface boundaries along the edge of the model (shown in red and blue in Figure 

4) are critical depth boundaries, which allow water to flow out of the domain, as the hydraulic 

gradient dictates.  

North Boundary 

South Boundary 

North River Boundary 

South River Boundary 

Figure 4: The model domain and boundary conditions. 

Boundary conditions are colour coded on this outline of the 

modelled domain to help with referencing their specifications.  
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The subsurface boundaries are specified along all the edges and at the bottom of the domain. For all 

layers below the North and South Saskatchewan Rivers (green and yellow lines in Figure 4), a fluid 

transfer boundary condition is applied. These boundary conditions are vertically split in the 

subsurface as the influence of the surface conditions is anticipated to change with depth, given the 

deep incision of the riverbanks (Figure 5b) The large change in topography along the riverbanks 

yielded numerical issues, and therefore the boundaries along each river were truncated. For the top 15 

layers, the fluid transfer boundary is applied to be at a distance of 50 m from the physical boundary, 

with a constant head of 490 meters above sea level and a hydraulic conductivity of 1x10-4 m/s, 

allowing water to move back and forth across the boundary depending on the conditions within the 

domain. The lower layers have the same type of boundary condition, however the hydraulic 

conductivity of the material between the edge of the domain and the 50 m boundary is reduced by an 

order of magnitude. The hydraulic conductivity of this boundary was reduced to try to match the flow 

patterns from Fortin et al (1991), and the lower hydraulic conductivity reflects the perceived 

disconnection from the rivers as depth increases. These boundary conditions allow the regional 

groundwater flow influence on the model domain to be represented. While it is unclear in previous 

work (Fortin, 1991) if the rivers are fully or even partially connected to the aquifer, there will still be 

an influence on the hydrologic conditions of the aquifer coming from beyond the specified domain 

which must be considered. 
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Table 4: Boundary conditions used in the baseline model.  

Boundary Type of Boundary Condition Value(s) 

Overland flow Critical Depth - 

Climatic Input Flux 1.58x10-9 m/s 

South River – Surface Head 490 masl 

North River – Surface Head 465 masl 

South River - Subsurface Upper Fluid Transfer 

Head – 490 masl 

Hydraulic Conductivity - 

1x10-4 m/s 

Distance - 50m 

South River - Subsurface Lower Fluid Transfer 

Head – 490 masl 

Hydraulic Conductivity - 

1x10-5 m/s 

Distance – 100 m 

North River - Subsurface Upper Fluid Transfer 

Head – 465 masl 

Hydraulic Conductivity - 

1x10-4 m/s 

Distance - 50m 

North River - Subsurface Lower Fluid Transfer 

Head – 465 masl 

Hydraulic Conductivity - 

1x10-5 m/s 

Distance - 100m 

South Boundary Flux -6.4x10-10 m/s 

North Boundary Flux 6.4x10-9 m/s 

Base Fluid Transfer 
Head – 483 masl 

Hydraulic Conductivity - 

1x10-5 m/s Distance - 10m 
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The other boundaries along the perimeter of the subsurface domain are flux boundaries. Following the 

flow field provided by Fortin et al. (1991), the Southern boundary is a negative flux, meaning the 

dominant direction of flow is out of the domain at a rate of -6.4x10-10 m/s. The Northern boundary is 

an inflow boundary with a rate of 6.4x10-9 m/s. While the Northern boundary in Fortin et al (1991) is 

indicated to be a no-flow boundary, it was treated as a slight inflow in this model to allow for a better 

match between the model results and the flow patterns. There is also a boundary condition along the 

bottom of the domain, this is a fluid transfer boundary applied at a distance 10 m from the physical 

boundary, with a hydraulic conductivity of 1x10-5 m/s and a constant head of 483 meters above sea 

level. This boundary represents any downward flux through the porous media and fractures in the 

domain. All of these flux boundaries were selected to best match the head distribution and flow field 

shown in Figure 4. The data in Fortin et al (1991) was collected from sporadic historical water-level 

records from test-hole and farm well records and initial water-levels were taken at the time of 

installation of the 5 piezometers installed in the areas where historical data was scarce.  The model 

was not calibrated to the exact measurements used to create this figure as they were all taken at 

different times throughout the basin, and their exact values likely do not represent head distribution of 

one point in time, as simulated by the model.  

2.4 Model Results and Discussion 

Results of the steady state simulation outlined above are compared to the flow patterns presented by 

Fortin et al. (1991). As this model was developed to be a preliminary model of the region due to 

limited hydraulic head measurements taken at the same time, direct point-to-point comparisons are 

not provided, as previously discussed. 

As can be seen by comparing Figures 5a and 5b, the representative aquifer that has been modelled 

does not perfectly match the data provided in Fortin et al (1991). The hydraulic heads are in the same 

range, and the dominant flow directions are consistent with each other, but the local topography is 

driving the simulated hydraulic head distributions more than in the figure depicted by Fortin et al 

(1991). There is mounding in the western, central part of the domain in the Fortin et al. (1991) 

depiction, as opposed to the mounding in the higher topographic regions in the simulated results. This 

may be due to the time difference in between the measurements (1991 to 2021 when first accessed), 

or this could be an accumulation of errors due to the method of analysis to create the Digital 

Elevation Model (DEM) by Natural Resources of Canada, as satellite images are the main source of 

the DEM’s information for this area. In Figure 5a, it can be seen that the dominant direction of flow is 

towards the northwestern portion of the domain which leads towards the North River, the other 

directions of flow are following the topography. Updated, higher resolution topographic data, such as 
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Lidar, would benefit this model’s development. As can be seen by comparing Figures 5a and 5b, the 

representative aquifer that has been modelled does not perfectly match the data provided in Fortin et 

al (1991), however, the hydraulic heads are in the same range between the two figures, and the 

dominant flow directions are consistent with each other. In comparing Figure 5a and c, where Figure 

5c shows the hydraulic head distribution at the top of the aquifer unit (elevation = 475 masl), the 

similarities of the hydraulic heads are more apparent, even with the difference caused by the 

overlying topography. 

  

a) b) 

Figure 5: a) Hydraulic head of the 

domain displayed in equipotential 

lines. This figure is from Fortin et al 

(1991). b) Modelled domain in 3 

dimensions displaying the hydraulic 

head distribution. c) Modelled 

domain at the approximate elevation 

of the aquifer (475 meters above sea 

level) displaying the hydraulic head 

distribution.  

c) 
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Figure 6 compares the flow patterns from Fortin et al. (1991) with those from the simulation results. 

As can be seen in Figure 6b, the dominant direction of flow is downwards, something is not captured 

in Figure 6a. In Figure 6c, which shows the hydraulic head and flowpaths around the top of the 

aquifer (475 masl), demonstrates that the lateral flow paths are somewhat consistent with those from 

Fortin et al (1991).  

 

a) 

 

b) 

c) 

Figure 6: a) Equipotential lines 

from (Fortin, van der Kamp, 

and Cherry 1991) showing the 

aquifer’s hydraulic head and 

the direction of flow. b) 

Modelled hydraulic heads 

throughout the domain. c) 

Modelled hydraulic head 

around the top of the aquifer 

(475m above the sea level). 
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2.5 Conclusions 

The goal of this chapter was to create a preliminary integrated hydrologic model for a representative 

Canadian Prairie aquifer based on limited data and previous work conducted in the Dalmeny region. 

This was achieved by using hydrogeological properties found in previous work that has been 

published from the area, properties including, but not limited to, bulk porosity, bulk permeability, 

bulk hydraulic conductivity, and relative distance between layers, in addition to texture-based 

properties from other literature. All of the information that was gathered used to develop the baseline 

model, and minor edits were made to the literature values to get the model to achieve steady state 

conditions that are generally consistent with previously published flowpaths and hydraulic head 

distributions by Fortin et al (1991). As groundwater flow seems driven by topography, updated, 

higher resolution topographic data was identified as data that would improve this model. 

One of the major problems that was encountered is that the surface layer of the glaciofluvial 

sediments that make up the top of the domain are clay-rich and significantly reduce the potential rate 

of groundwater and increase potential for runoff. In combination with the clay-rich surface layer, the 

high rates of evapotranspiration in the area reduce the potential recharge possible. Recharge in the 

domain’s region is so low, it is more feasible to estimate the percentage rate of precipitation that is 

lost from the potential recharge via evapotranspiration calculations than trying to estimate the 

recharge into the domain. While this is not the most accurate method to estimate climatic input 

applied to the domain’s surface, it is as accurate as possible given the limited information for the area. 

Alternate approaches to estimating the evapotranspiration would improve the accuracy of the model 

and therefore aid in informing future work. The effects of land use change on the domain’s 

groundwater availability are outside the scope of this project due to time factors but would be 

recommended for further research. The following chapter further identifies areas of the domain and 

processes that are sensitive when climate change scenarios are applied, identifying further data 

collection efforts for supporting future water sustainability efforts.   
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Chapter 3 

Climate Change Scenarios 

3.1 Introduction 

Groundwater is a critical source of water for human consumption, agriculture, and industry. The 

threat of groundwater security is compounded in regions where surface water is scarce or unreliable 

as more groundwater could be extracted to make up the difference. This can lead to an unsustainable 

level of extraction of groundwater which can deplete the groundwater resource and have 

repercussions for many years (Mukherjee et al. 2021). Groundwater recharge is typically governed by 

precipitation percolating through topsoil into the aquifer system, and the interchange between 

groundwater and surface waters (ECCC 2007). Climate change is anticipated to alter precipitation 

patterns and evaporations rates, which may lead to an overall reduction in recharge rates for most of 

the prairies (Negm et al. 2021). Changes in precipitation patterns, particularly snowmelt, can have 

profound effect on the local surface water systems. Increased amounts of rain in winter as well as the 

associated increase in air temperature may change the peak groundwater recharge rates to earlier in 

the spring than previously, and may exacerbate the issues with low summer flow in surface water 

systems (Taylor et al. 2013).  

The use of integrated hydrologic models to assess the vulnerability of an area to water security is not 

a novel idea (Thangarajan 2007), but the results of the model assessments are unique to each study 

site. This chapter aims to determine the areas of the domain and processes that show significant 

differences between the baseline model developed in Chapter 2 and each of the climate change 

scenarios presented in this chapter. The areas and processes of difference are interpreted as the areas 

or processes where more information is necessary to be able to adequately support water management 

decisions in the future. This chapter explores how the baseline model produced in Chapter 2 has been 

changed to create three separate climate change scenarios. 

3.2 Climate Scenarios 

Climate models have been used for over 50 years to try to understand what is driving climate 

conditions or to try and predict future climate conditions. Climate models are often physically based, 

numerically solving the physical, chemical, and biological mechanisms that operate on Earth 

(McSweeney 2018). Simplifications to the equations used to represent these mechanisms, in addition 

to uncertainties associated with the data used to generate them, cause uncertainties in the results of the 

projections. Some of the uncertainties stem from the lack of information about the human effect on 
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the climate in the future (Hallegatte 2009). To help combat these uncertainties, different projections 

are created based on the assumption that humans will maintain different levels of emissions of 

greenhouse gases. These different projections based on different scenarios, are referred to as 

Representative Concentration Pathways (RCPs). While there are many possibilities in the future of 

global emissions, limiting the number of possible RCPs makes communication and research about 

climate change easier. The three most common RCPs used to describe emission scenarios by the 

Government of Canada are: RCP8.5, a high global emission scenario; RCP4.5, a medium global 

emission scenario; and RCP2.6, a low global emission scenario (Canada 2018). The RCPs described 

previously are projected until 2090 and include possible ranges of average global warming levels; for 

RCP8.5 the global average warming range of 3.2 to 5.4°C, RCP4.5 has a global average warming 

range of 1.7 to 3.2°C, and RCP2.6 has a global average warming range of 0.9 to 2.3°C (ECCC 2018). 

The climate change scenarios that will be used in this research are these three most commonly 

presented by the Government of Canada; RCP8.5, RCP4.5, and RCP2.6, which will now be referred 

to as High, Moderate, and Low, respectively.  

3.3 Methods 

To create the climate change scenarios that will be applied to the model developed in Chapter 2, the 

estimated percent change of precipitation and temperature will be used to alter the amount and rate of 

water applied to the surface of the domain. In this work, climatic input will be the calculation of 

precipitation minus evapotranspiration. The climatic input will be applied as a constant value across 

the entire domain in space, but given the uncertainty associated with the calculated values and the 

simplification of the numerical problem, is considered a reasonable approach for this preliminary 

model. Compared to Chapter 2, the evapotranspiration will be changed from an estimate of 92% of 

precipitation, to a temperature-based method for calculating the evapotranspiration, as described in 

the following paragraph. While the climatic input remains constant across the domain’s surface, the 

difference between the climatic input for the baseline and climate models gradually applied through 

the model run to avoid a sudden change in climatic input.  

In order to calculate the climatic input, the temperature-based Thornthwaite method is used to inform 

annual evapotranspiration estimates for the domain surface. The potential evapotranspiration was 

calculated by using the Thornthwaite equation (Thornthwaite 1948), and monthly averages of 

temperature and precipitation (Weather Spark 2024). The Thornthwaite equation (Thornthwaite 1948) 

given by: 

   𝐸 = 16 (
10𝑇𝑎

𝐼
)

𝑎
(

𝑑
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) (

𝑁

30
)     (1)  
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Where E is the potential evapotranspiration, Ta is the average monthly temperature, d is the average 

daily number of sunlight hours for each month, N is the number of days in the month, I is a heat index 

which is calculated with the following formula:  

𝐼 = ∑ (
max [0, 𝑇𝑚]

5
)

1.514𝐷𝑒𝑐

𝐽𝑎𝑛

    (2) 

Where Tm is the monthly mean temperature [°C]. 

The exponent a of the Thornthwaite equations is calculated as follows: 

 𝑎 = (6.75 × 10−7 × 𝐼3) − (7.71 × 10−5 × 𝐼2) + (0.01792 × 𝐼) + (0.49239)  (3) 

(Tegos et al. 2013; Thornthwaite 1948; WSL 2024) 

While Thornthwaite can lead to large over-underestimations or under-estimations based on the 

climatic data used for the calculation (Morton 1983), it provides a simple approach to estimate 

evapotranspiration. In this work, as shown in Table 5, the evapotranspiration as calculated by 

Thornthwaite is larger than the annual precipitation even after applying the increase of precipitation 

considered for each climate change scenario. For example, the Thornthwaite calculations for the 

baseline model yielded a potential evapotranspiration value of 5.31x10-7 m/s, while the annual 

precipitation of the area is 1.98x10-8 m/s. This shows that the potential evapotranspiration is an order 

of magnitude larger than the anticipated annual precipitation, and that the precipitation that is applied 

to the surface of the domain (climatic input) would be -5.11x10-7 m/s. This is one of the many reasons 

that this area is difficult to model. There are other methods that could have yielded a more 

representative PET value, such as Penman-Monteith, however, they require more climatic data than 

was available for the study area (Subedi and Chavez 2015). In future work, a method that generates a 

more representative PET is recommended to improve the ability of the model to inform water 

management decisions.  

An additional difficulty in assessing the impact of changing climate conditions on long term AET 

estimates is that this region is predicted to have increasing precipitation and temperature. This can 

potentially cause both an increase in AET and infiltration. Based on the climate model results for the 

Low scenario, there is a 6.3% increase of precipitation and an increase of temperature of 1.8°C for the 

study region. The Moderate scenario has an increase of precipitation of 7.3% and a temperature 

increase of 3.3°C, and the High scenario has an increase of precipitation of 11.4% and a temperature 

increase of 6.7°C. These changes are based on the historic average annual temperature of 2.25°C for 

the area and average annual precipitation of 0.0623 mm/yr (Canada 2023; Weather Spark 2024). 
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As previously indicated, most estimates of PET for this region indicate values larger than 

precipitation, insinuating no infiltration; however, the timing of precipitation events (during times of 

low PET) allows for some infiltration to occur. As such, the ratio between projected precipitation and 

PET calculated using Thornthwaite is used to scale the amount of water entering the subsurface for 

each scenario (P. Sullivan, personal communication). Therefore, while Thornthwaite was used to 

generate estimates of PET, the actual values resulting from the Thornthwaite equations were not used 

in the model, but instead the estimated PET values for the baseline and climate scenarios were used 

relative to each other and the precipitation to estimate the change in ET from the baseline calibrated 

value (P Sullivan, personal communication). The climatic inputs calculated for each scenario are 

provided in Table 5. These are calculated as precipitation minus actual evapotranspiration (AET). 

This results in infiltration ranging from 3.7% of precipitation in baseline scenario to 2.7% of 

precipitation for the ‘extreme’ scenario (Table 5). This allows the influence of ET on infiltration to 

scale relative to the projected precipitation in the region. For example, in the extreme scenario, 

precipitation increases by 11.4%, but PET as calculated by Thornthwaite increases by 75% over the 

baseline scenario. This causes a decrease in infiltration compared to the baseline despite an increase 

in precipitation. While this methodology may not accurately represent the AET and infiltration, it 

does capture the potential net influence of the projected scenarios on the hydrologic system. 

The climatic input is the only thing that has been changed between the baseline model and each of the 

climate scenarios. The changes in climatic input were then applied gradually to the domain so as to 

not cause instabilities in the domain at the very first time step. The model is run with constant 

conditions for 50 years to represent a pseudo-steady state condition under the climate conditions. 
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Table 5: Data used for calculating the climatic input for the climate scenarios. 

  Baseline Low Moderate High 

Annual Total Precipitation (m/s) 1.98x10-8 2.12x10-8 2.25x10-8 2.51x10-8 

% increase of Precipitation over 
baseline scenario   7% 6% 11% 

Average Annual Temperature [°C] 2.25 4.05 5.55 8.95 

% increase of temperature over 
baseline scenario   80% 147% 298% 

PET calculated as calculated by 
Thornwaite (m/s) 5.31x10-7 7.58x10-7 6.97x10-7 9.23x10-7 

% increase in PET as calculated by 
Thornwaite (m/s)   43% 31% 74% 

Ratio of Precipitation to ET (m/s)   2.8% 3.2% 2.7% 

Climatic Input to the model (m/s) 1.58x10-9 5.93x10-10 7.29x10-10 6.83x10-10 

AET (precip - climatic) (m/s) 1.82x10-8 2.06x10-8 2.18x10-8 2.44x10-8 

Difference (m/s)   9.87x10-10 8.52x10-10 8.98x10-10 

Steps (m/s)   4.11x10-11 3.55x10-11 3.74x10-11 

 

3.4 Model Results and Discussion 

Model results between the baseline and climate scenarios are compared based on hydraulic head 

distributions and the final water balance at the end of the model simulations (50 years). The hydraulic 

head distributions indicate very little difference at the end time of the model (Figure 7), however, it 

does demonstrate that the consistent, dominant direction of movement of water is downwards and, to 

a lesser extent, out of the North River boundary, as can be seen by the low hydraulic heads displayed 

in those areas. 

While there is not a significant change in the distribution of hydraulic head, as evident in the 3D 

distributions in Figure 7, when the distributions are plotted within the aquifer itself, at a depth of 50m 

from ground surface, the differences between scenarios becomes evident (Figure 8). As we can see 

Figure 8a, the average hydraulic head is larger than in Figures 8b-d, but at each point where there is a 

boundary between the aquifer and a river, the hydraulic head remains the same, as it is controlled by 

the boundary condition at those nodes. The hydraulic heads in all three of the scenarios are lower than 

in the baseline, as expected since the climatic input was reduced, and the changes in these hydraulic 

heads are more significant in the topographically high areas that experience some groundwater 

mounding. 
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Figure 8 shows how the hydraulic head changes within the aquifer when the climate scenarios are 

simulated. The general trend is that there is a decrease in hydraulic head between the baseline and in 

order of the most reduction in global emissions (low scenario) to the lowest hydraulic heads shown in 

the least amount of reduction in global emissions (high scenario).  

 
 

a) Baseline scenario 50 years 3D b) High scenario 50 years 3D 

  

c) Low scenario 50 years 3D d) Moderate scenario 50 years 3D 

Figure 7:  Hydraulic head results for the baseline model and the three climate scenarios 

that are considered in this chapter at the final output time of 50 years.  
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For all of the scenarios, the dominant direction of flow is downwards, however, as seen in Figure 9, 

there are the small variations in the directions of the flow. The baseline model results display more 

variability in the direction of flow, whereas the climate scenarios generally show more consistent 

flow trends. Figure 9a shows that the direction of movement of water changes rapidly over the surface 

of the domain, and often conflicts with neighbouring flow directions. In general, it is evident from 

Figure 9 that there is some small input from the South River boundary on the bottom left of the 

domain, particularly in the climate scenarios. There is also input along the top boundary until the 

  

a) Baseline scenario 50 years 2D b) High scenario 50 years 2D 

 

 

c) Low scenario 50 years 2D d) Moderate scenario 50 years 2D 

Figure 8:  Hydraulic head results for the baseline model and the three climate scenarios 

that are considered in this chapter at the final output time of 50 years at 50 m below the 

ground surface.  
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hydraulic head drops dramatically, indicating the start of the North River boundary, where the flow is 

out of the domain. The south boundary along the bottom of the domain is also an outflow boundary, 

however, at a lesser extent than the North River boundary. The rest of the flow paths inside the 

domain are typically governed by topography, and the small variations of topography in this domain  

is where there are some discrepancies as to the dominant direction of flow in the baseline scenario.  

 

  

a) Baseline scenario 50 years  b) High scenario 50 years  

  

c) Low scenario 50 years  d) Moderate scenario 50 years  

Figure 9:  Hydraulic head results and the associated 2D flowpaths for the baseline model 

and the three climate scenarios that are considered in this chapter at the final output time of 

50 years at the ground surface.  
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The water balance at the end of each scenario also demonstrates the differences between the baseline 

and climate scenarios (Table 6). As prescribed by the climatic input, the infiltration of precipitation 

decreases as the projected emissions increase. The overland flow component remains constant and 

exceptionally large in all the simulations. This indicates significant runoff from the domain, through 

the critical depth boundary conditions at the surface. This should be further investigated in future 

research through variation of overland flow properties which is beyond the scope of this research that 

focuses on the groundwater flow regime. The South River boundary at the surface goes from a sink in 

the baseline scenario to a source in all climate scenarios. This indicates that the reduction in climatic 

input has caused the hydraulic heads within the domain to fall below the boundary condition 

prescribed, causing water to flow into domain. The upper subsurface of the South River also changes 

direction of flow from a sink to a source between the baseline and the climate scenarios. This leads 

the South River to go from a gaining stream to a losing stream once the climatic input decreases. This 

may indicate the susceptibility of the South River to changes in climate and identifies this boundary 

as a region requiring further data collection. The other boundary conditions do not change direction of 

water flow, but they do show a general decrease in water leaving the domain and more water being 

retained within the domain, offsetting the reduction in climatic inputs. This response reduced the 

impact of the climate scenarios on the hydraulic head distributions shown in Figures 7 and 8.  

Table 6: Water balance of the models for each climate scenario. 

Boundary Condition 
Net Rate of Fluid Exchange [m3/s] 

Baseline Low Moderate High 
Overland flow -7.63 x104 -7.63 x104 -7.63 x104 -7.63 x104 
Climatic Input 3.42 x100 1.45 x100 1.37 x100 1.23x100 
South River – Surface -5.23 x10-3 5.47 x10-6 7.12 x10-6 1.07 x10-5 
North River – Surface -1.87 x10-4 -4.37 x10-5 -4.17 x10-5 -3.82 x10-5 
South River - Subsurface Upper -2.31 x10-4 3.78 x10-5 4.54 x10-5 5.90 x10-5 
South River - Subsurface Lower 8.07 x10-2 8.79 x10-2 8.82 x10-2 8.87 x10-2 
North River - Subsurface Upper -7.85 x10-5 -1.93 x10-5 -1.83 x10-5 -1.67 x10-5 
North River - Subsurface Lower -3.52 x10-1 -3.45 x10-1 -3.45 x10-1 -3.45 x10-1 
South Boundary -5.74 x10-3 -5.74 x10-3 -5.74 x10-3 -5.74 x10-3 
North Boundary 5.44 x10-2 5.44 x10-3 5.44 x10-3 5.44 x10-3 
Base -2.07 x100 -1.46 x100 -1.44 x100 -1.41 x100 
 

The North River does not show changes quite as extreme as the South River, but there is still a 

decrease in water leaving the domain between the baseline and the climate scenario. The upper 

subsurface below the North River also has a reduction in the water leaving the domain. The amount 
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of water entering the domain from the North Boundary decreases by an order of magnitude, likely due 

to the increase in water coming in from the South River boundary at the surface and the subsurface. 

The bottom boundary shows a decrease in the amount of fluid leaving the domain through that 

boundary, presumably because there is less water in the system, or the water is preferentially leaving 

domain by other routes such as the surface of the North River.  

3.5 Conclusions 

Three climate scenarios representing low, moderate and high carbon emissions were selected for 

identifying areas that may be sensitive to changes in climatic input compared to the baseline model 

developed in Chapter 2. In all three scenarios, the climatic inputs are lower than in the baseline 

scenario despite a predicted increase in precipitation. This is due to the increase in estimated AET that 

was greater than the increase in precipitation. The difficulty in estimating PET and AET in this region 

indicates that further data collection and research should be conducted to constrain this boundary 

condition. 

The results of these scenarios, when simulated to 50 years, indicate that while changes to the 

hydraulic heads within the modelled domain are slight, that changes to the overall water balance of 

the domain is significant. Changes to the hydraulic heads were restricted to areas within the aquifer 

(at depth), and to regions of topographic highs. This is likely due to the dominance of topography in 

lateral flow within the domain and also to the distance of these regions from restrictive boundary 

conditions. This further supports the need to collect updated and refined topographic information in 

the region. The constant head boundary conditions used to simulate the North and South Rivers 

allowed for a water source that could adapt to the changing hydrologic conditions within the domain 

due to the change in climatic input, providing more water to the domain as recharge reduced. All of 

the boundary conditions, with the exception of the climatic input, either remained the same as the 

baseline scenario, had less water leaving the domain, or changed from a sink to a source of water to 

the domain. In particular, the South River switched from a gaining to a losing river between the 

baseline and all climate scenarios. This indicates that further work is needed to better parameterize 

and constrain the South River boundary condition to understand it’s connection to the aquifer and 

susceptibility to changing climate conditions.  
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Chapter 4 

Conclusions 

The ability to predict how groundwater resources will be affected by any change, such as inputs like 

precipitation, recharge from surface water bodies, or outputs like groundwater discharge or pumping, 

is critical to any sustainable water management decision. Significant increases in computational 

power and accessibility have made numerical models a common approach for understanding how 

these resources may change under future climate and water use scenarios. In recent decades, 

integrated models that simulate the movement of both surface water and groundwater resources have 

become more readily available to improve this understanding. In this work, we demonstrated how a 

preliminary integrated model, based on limited data and information, can be used to inform future 

data collection and research efforts by identifying key areas and processes sensitive to climatic 

change. The integrated hydrological model, HydroGeoSphere, was used to simulate a representative 

shallow aquifer in the Canadian Prairies, based on the Dalmeny Aquifer in Saskatchewan, to 

determine data and research gaps to inform future work.  

The baseline model represented historic climatic conditions and simulated 50 years to achieve steady 

state conditions. Results of this baseline model indicated that groundwater flow primarily followed 

topography, and that the resolution of available topographic datasets were not adequate to resolve 

flow directions throughout the aquifer. The first conclusion of this work was that updated, high 

resolution topographical information should be made available to ensure adequate representation of 

the surface elevations.  

This baseline model was then modified to simulate climate scenarios that are based on the 

Representative Concentration Pathways 8.5, 4.5, and 2.6 as defined by the Government of Canada 

(Canada 2018). These climate scenarios are based on the temperature and precipitation change 

expected from high, moderate, and low annual global emissions (respectively). The temperature and 

precipitation changes for these scenarios are used to calculate the potential evapotranspiration in the 

domain so that the amount of actual evapotranspiration can be subtracted from the average annual 

precipitation before applied to the domain as the climatic input. A number of difficulties in the 

estimation of PET and AET, including spatial and temporal variability and data gaps, identified ET as 

a research focus that should be addressed for future work in this basin. Further to this, there was 

decrease in simulated hydraulic head in the modelled domain for the different climate scenarios, 

further indicating that it is a critical area of research towards understanding the influence of climate 

change on water resources in this area.  
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The decrease in climatic input in the climate scenarios also led to changes in the direction of water 

flow, the most notable being that the South River goes from a gaining to a losing stream between the 

simulations. This does not mean that South River will become a losing stream under future climate 

scenarios, but rather that the hydrologic properties and groundwater-surface water interactions in this 

region should be a key focus of future work to improve understanding of this basin, as compared to 

the North River which had relatively lesser changes compared to South River. Through comparing the 

results of the baseline model to the results of each of the climate change scenarios, it can be seen that 

certain areas, like the South River, show a lack of understanding of the true mechanisms that function 

in this system.  

While there are several ways to improve the accuracy of these models, here we have demonstrated the 

benefits of using a preliminary model based on limited data towards informing areas or processes that 

can be targeted to make the biggest improvements in model development in the study area. The 

collection of additional data from the study area, as informed by this work, would likely yield a more 

accurate simulation. Specifically, three main target areas/processes are identified: 1) Update 

topographical information for this site with high spatial resolution; 2) Better capture temporal 

variability in PET/AET; and 3) Capture the interaction between the rivers and aquifer, focusing on the 

South River. It is recommended that data collection and interpretation occur concurrently, rather than 

consecutively, with model development to most effectively assign resources, simulate hydrologic 

conditions, and support water management decisions. 
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Appendix A 

East-West cross-section of the area surrounding the Dalmeny aquifer in Saskatchewan. 




