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ABSTRACT 

 

Internally drained depressional wetlands are critical landscape features in the Prairie Pothole 

Region (PPR) of North America. They provide important ecosystems services such as flood 

attenuation, improved downstream water quality, and diverse species habitat, however they are 

frequently drained by agriculture producers to manage excess surface water, access more 

farmland, or improve operational efficiencies. After recent flooding in the Canadian Prairies, 

there is increased interest in understanding the relative influence of climate change and wetland 

drainage on prairie hydrology to ensure sustainable economic and social development in the 

region. Future climate projections show increasing air temperatures and rainfall in the Canadian 

Prairies, while wetland drainage is expected to persist due to rising land prices. As such, the 

purpose of this thesis is to determine the influence of wetland drainage and climate change on 

prairie basin hydrology and develop future wetland management strategies that preserve 

agricultural land and mitigate downstream impacts during wet periods in the PPR. The objectives 

are therefore to 1) improve surface water storage capacity estimation methods from high-

resolution digital elevation models (DEMs) of agriculturally dominated prairie basins, 2)  

advance prairie hydrological modelling through improved representation of wetland 

characteristics, and 3) evaluate the influence of wetland management and projected climate 

change on prairie basin hydrological responses. A case study of the instrumented and partially 

drained Smith Creek Research Basin (SCRB) is presented in this thesis. First, surface water 

storage capacity estimates of depressional wetlands were improved through manual breaching of 

roads to simulate the function of culverts in surface water drainage and storage modelling, using 

a 2-m resolution digital elevation model (DEM). Road-breaching at presumed culvert locations 

was found to decrease estimates of depressional wetland area by 29% and surface water storage 

capacity by 48% compared to estimates with roads-intact from automated depressional wetland 

delineation using the 2-m resolution DEM. Importantly, the roads-breached simulation provided 

wetland area and surface water storage capacity estimates that were 150% higher than estimates 

from aerial-photos. This result suggests that current prairie hydrological models are subject to 

uncertainty in estimates of wetland areas and storage capacities depending on wetland 

delineation methods, which may impact wetland drainage or restoration scenarios modelling 

results. Next, a new prairie hydrological model was developed for SCRB using the Cold Regions 

Hydrological Modelling Platform. This model uses primarily physically-based algorithms to 

simulate cold-regions prairie-specific hydrological processes including precipitation phase, wind 

redistribution of snow, snow sublimation, snowmelt, infiltration into frozen and unfrozen soils, 

crop growth, evapotranspiration, soil moisture balance, surface water storage in depressions or 

wetlands, and runoff routing. The new model, builds upon previous work conducted in the 

SCRB, but offers improved representation of wetland characteristics using depressional wetlands 
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delineated from the 2-m roads-breached DEM, updated parameters to support multi-year 

simulations, a new macro to prevent soils from re-freezing after large snowfall events in the late 

spring, and a novel link to a hydraulic model to simulate culvert-restricted streamflow that 

occurs in roadside ditches and along stream channels during high runoff events in the SCRB. 

Finally, the new model was used to evaluate the influence of climate change and wetland 

drainage on the hydrology of the SCRB. Current and projected future weather variables from the 

Weather Research and Forecasting model were used to simulate the influence of climate change 

in the SCRB towards the end of the 21st century. Results suggest that a significantly warmer (5.5 

⁰C) and wetter (44 mm) projected future climate, with less snowfall and more extreme rainfall, 

will increase mean annual streamflow volume by 26%, with spring peak discharge decreasing by 

34% and summer peak discharge increasing by 161%. If wetland drainage continues in the 

SCRB and wetland area drops below 9% of the basin area, streamflow volume could increase 

above the climate projected increase. This suggests that continued wetland drainage in prairie 

basins may have more influence on future streamflow volumes than projected climate change. 

Wetland restoration to near-historical extents was found to increase storage volumes sufficiently 

to offset climate projected increases in streamflow volumes, but even complete wetland 

restoration to historically maximum levels did not offset projected increases in summer peak 

daily discharge. This means that additional infrastructure upgrades or emergency response plans 

beyond wetland management strategies will likely be needed to manage future flood risk in the 

Canadian Prairies. The new methods, analysis, and results presented in this thesis are expected to 

be relevant to those interested in wetland management in cold-region prairie basins, including 

policy makers, basin stewardship groups, conservation organisations, water resources engineers, 

agriculture producers and the public. 
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1 INTRODUCTION 

1.1 Context 

Sustainable economic and social development depends on healthy freshwater ecosystems. These 

ecosystems supply products and services that support human well-being, but human activities 

continue to threaten their function and existence (GWP, 2016). Wetlands, for example, provide 

surface water storage, flood attenuation, groundwater recharge, improved water quality, and 

diverse species habitat (Golden et al., 2017), yet global wetland loss is estimated to be 70% in 

the last century (United Nations, 2018). In the Prairie Pothole Region (PPR) of North America, 

estimates of wetland loss range from 40 to 70% in Canada (Dahl and Watmough, 2007) to as 

high as 95% in the United States (Davidson, 2014). In this landscape, wetlands are threatened by 

agricultural development (Dahl, 2014) and climate change (Niemuth et al., 2014). Without long-

term plans to protect and restore wetlands in the PPR, their loss is expected to continue 

(Rashford et al., 2011). Wetland mitigation in the PPR is, however, a complex issue because 

agriculture production is a major social and economic driver across the region. Wetland 

mitigation policies must therefore balance the needs of agriculture production with wetland 

management and conservation.   

The PPR spans approximately 800,000 km2 across the Canadian Prairies and mid-northern 

United States. The landscape is marked by millions of small depressions known as “prairie 

potholes” which form marsh-type wetlands under saturated or ponded conditions (van der Kamp 

et al., 2016). The hydrology of the PPR is typical of many cold regions. Snowfall accumulates in 

the winter, snowmelt runoff occurs over frozen soils in the spring, and evapotranspiration 

typically exceeds precipitation in the summer. In this depression-rich landscape, snowmelt and 

rainfall runoff are governed by a ‘fill-and-spill’ process by which depressions at higher 

elevations fill and then spill over into downstream depressions until runoff eventually reaches a 

stream network (Shaw et al, 2012). Internally drained depressions are naturally ‘isolated’ 

(Leibowitz et al., 2016; Tiner, 2003) and may or may not contribute runoff to streamflow in any 

given year, depending on the level of available surface water storage capacity in a basin when a 

runoff event occurs.  

Agricultural development in the PPR has affected this naturally occurring ‘fill-and-spill’ process. 

Agriculture producers continue to drain depressions, termed wetland drainage because most 

depressions in the PPR have wetland characteristics, to access more land or improve operational 

efficiencies (Cortus et al., 2011). Most wetland drainage is achieved by cutting surface ditches 

between depressions, which connects them to nearby road ditches or streams. This effectively 

lowers the spill elevation of depressions and creates the opportunity for channelized flow (Brunet 

and Westbrook, 2012). Wetland drainage has become operationally easier for agriculture 
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producers in the last decade due to advances in global positioning technology (GPS) and 

specialized ditching machines. Wetland drainage is also more likely during wet climate cycles, 

when previously cultivated areas may be flooded or excess surface water causes delays to spring 

seeding (Bedard-Haughn, 2009). During recent wet years in the PPR, wetland drainage rates 

were at an all time high in some areas (DUC, 2015).   

Wetland drainage is frequently cited as a potential cause of hydrological change in prairie basins. 

It has been linked to wetland loss (Serran and Creed, 2015; Van Meter and Basu, 2015), 

increased peak and annual flows (Dumanski et al., 2015), increased runoff efficiency (Boland-

Brien et al., 2014), increased flood frequency and magnitude (Gleason et al., 2007; Miller and 

Nudds, 1996), and increased streamflow contributing area (Evenson et al., 2018; Fang et al., 

2010; Perez-Valdivia et al., 2017). These changes, however, have occurred alongside shifts in 

prairie climate regimes, including rising temperatures, earlier snowmelt, more rainfall-type 

precipitation, and longer duration summer rainfall events (Debeer et al., 2021). As a result, 

policy makers continue to grapple with setting appropriate wetland protection and restoration 

targets in the PPR. Questions around the relative influence of wetland drainage and climate 

change remain unanswered, which fuels debate between policy makers, the public, and the 

agriculture industry. 

Untangling the influence of wetland drainage and climate change on hydrological change in 

prairie basins is a complex matter, but one with potentially significant impacts on long-term 

sustainable social and economic development of the PPR. During drought conditions, wetlands 

can be important sources of groundwater recharge, water for wildlife, and water vapour for 

rainfall formation. However, if recent wet years are any indication of future climate realities, 

wetland drainage may be required to maintain or increase agricultural productivity in parts of the 

Prairies, but a clear understanding of potential impacts, including downstream flood risk, is 

required if this situation is ever to occur. With much of the Prairies experiencing water 

management challenges in the last decade and flood relief payments expected to rise 

(Parliamentary Budget Officer, 2016), now is an opportune time to look into the future and 

evaluate wetland management scenarios that balance ecosystem services provided by wetlands 

with agriculture production needs. As such, the purpose of this thesis is to determine the 

influence of wetland drainage and climate change on prairie basin hydrology and develop future 

wetland management strategies that preserve agricultural land and mitigate downstream impacts 

during wet periods in the PPR.  

1.2 Objectives and research questions 

Hydrological modelling has proven useful for evaluating scenarios of change in hydrology, 

however wetland delineation and subsequent representation in prairie hydrological models 



3 

 

continues to challenge the hydrological community. Recent advances in automated depression 

delineation from high-resolution digital elevation models (DEMs) hold promise for rapid and 

accurate wetland delineation (O’Neil et al., 2019; Serran and Creed, 2015; Wu et al., 2019), but 

removing artifact depressions from alongside roads where culverts would otherwise allow water 

to pass beneath them is an area of ongoing research (Lindsay and Dhun, 2015). Wetland areas 

delineated from historical air-photos are commonly used to parameterize wetlands in prairie 

hydrological models, with empirical volume-area scaling equations (Muhammad et al., 2019; 

Perez-Valdivia e tal., 2017) or medium resolution (10-m) DEMs (Evenson et al., 2018; Fang et 

al., 2010; Pomeroy et al., 2014) used to estimate depressional wetland water storage capacities. 

Unfortunately, air-photo derived wetland areas are sensitive to surface moisture conditions at the 

time of aerial survey (i.e., surveys conducted during wet conditions will return larger wetland 

areas than surveys conducted during drier conditions) and 10-m resolution DEMs are too coarse 

to identify roadside ditches or shallow surface water drainage ditches in agricultural fields. 

Wetland representation in prairie hydrological models has become more spatially explicit in 

recent years due to revised model structures (Evenson et al., 2016; Evenson et al., 2018; 

Pomeroy et al., 2014) and greater computing power, yet few have used wetland depressions 

delineated from high-resolution (< 5-m) Light Detection and Ranging (LiDAR) DEMs to 

parameterize wetlands across the complete size distribution that exists in the PPR (Ameli and 

Creed, 2017, 2019). As a result of varied approaches to wetland delineation and representation in 

prairie hydrological models, outcomes of wetland drainage and/or restoration scenarios vary 

considerably between studies. Further, the influence of projected climate change on wetland-

dominated prairie basin hydrology is not well studied. Only a handful of recent studies  focus on 

the issue (Carter Johnson et al., 2016; Muhammad et al., 2018; Spence et al., 2021; Zhang et al., 

2021), with generally insufficient wetland representation in the models employed.  

The objectives of this thesis are therefore to:  

1) Improve surface water storage capacity estimation methods from high-resolution DEMs 

in agriculturally dominated prairie basins, 

2) Advance prairie hydrological modelling through improved representation of wetland 

characteristics in a prairie hydrological model, and 

3) Evaluate the influence of wetland management and projected climate change on prairie 

basin hydrological responses.  

The results of this thesis will provide potential wetland management strategies for prairie basins 

under anticipated future climate conditions.   

The following research questions arise from the literature review presented in this thesis and are 

addressed in the chapters that follow: 
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1) What effect do culverts and/or bridges have on wetland depression storage capacity 

estimates from a high-resolution DEM in an agriculturally dominated prairie basin? 

2) How do wetland depression storage capacity estimates from a high-resolution DEM 

compare with storage capacity estimates of air-photo derived wetlands? 

3) How can an existing prairie hydrological model be improved or modified to incorporate 

wetland depressions delineated from a high-resolution DEM, with the goal of using the 

model to evaluate wetland management scenarios? 

4) What is the impact on model results if wetlands are parameterized using wetland 

depressions from a high-resolution DEM versus when wetlands are parameterized using 

wetlands from air-photo interpretation? 

5) How might projected future climate change influence the hydrology of wetland 

dominated prairie basins? 

6) What is the impact of wetland drainage and/or restoration on prairie streamflow 

generation under current and future climate conditions?  

Research questions 1 and 2 are tied to the first objective of this thesis, while questions 3 and 4 

are tied to the second objective and questions 5 and 6 are tied to the third objective. 

 

1.3 Approach  

A case study approach is used to achieve the over-arching purpose and objectives of this thesis 

and to answer the above-mentioned research questions. The Smith Creek Research Basin 

(SCRB), near Yorkton, Saskatchewan, was selected as an appropriate study site for this research 

due to data availability, basin characteristics, and history of hydrological research by the 

University of Saskatchewan, Centre for Hydrology. The following six thesis chapters contain a 

review of pertinent scientific literature, study site and data descriptions, formal scientific 

research addressing the research questions, a summary of conclusions that can be drawn from 

this thesis, and a discussion of how the results fit within the larger context of prairie hydrological 

modelling research. This thesis is organized in a chapter format with the goal of Chapters 3, 4, 5, 

and 6 being converted into journal articles for scientific publication. A new set of objectives is 

set for each Chapter, which link back to the overall objectives and research questions of this 

thesis. Chapter outlines are as follows: 

Chapter 2: Literature Review. This chapter provides context for how prairie agriculture, 

wetlands, and hydrology have changed over time. A detailed review of the types of data, tools, 

and methods used to measure and model these dynamic systems is presented alongside results 
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from relevant research studies. Literature from across the PPR is reviewed and important 

research gaps are identified, which link directly to the above-mentioned research questions.  

Chapter 3: Study Site and Data. This chapter presents a detailed description of the Smith Creek 

Research Basin and highlights various available datasets, including field survey, meteorological, 

hydrometric, and geospatial data. A summary of previous research conducted in the SCRB is 

also provided.  

Chapter 4: Uncertainty in surface depression and wetland water storage capacity estimates in a 

Canadian Prairie basin. In this chapter, the role of DEM resolution and modification in reducing 

uncertainties in surface water storage capacity estimates for depressional wetlands is explored. 

Depressional wetland areas and storage capacity estimates from a high-resolution DEM modified 

to account for surface water drainage through culverts are compared against air-photo delineated 

wetland areas with storage capacities estimated from empirical volume-area scaling 

relationships. Results from this chapter are used in subsequent chapters to advance wetland 

representation and parameterization in a prairie hydrological model. This chapter answers 

research questions 1 and 2. 

Chapter 5: Development of a new prairie hydrological model with advanced depressional 

wetland representation. In this chapter, a new physically-based prairie hydrological model of the 

SCRB is developed using the Cold Regions Hydrological Modelling platform (CRHM). This 

new model includes key cold regions hydrological process representations and an advanced 

conceptual representation of wetland spill-and-fill hydrology. Two models were built using 

different data to parameterize wetlands; one with depressional wetlands derived from a high-

resolution DEM and the other with air-photo derived wetlands. Results from both models are 

compared against observations of soil moisture, snow depth, wetland pond levels, and basin 

streamflow. Model sensitivity to parameter uncertainty is assessed and a few uncertain 

parameters are calibrated. Since wetland depression delineation methods purposefully remove 

transient surface water storage along roadside ditches and in the main stream channel, CRHM-

simulated streamflow is routed through a culvert controlled reservoir using the Storm Water 

Management Model (SWMM) to simulate channelized and culvert restricted flow throughout the 

basin. This chapter answers research questions 3 and 4. 

Chapter 6: Diagnosing and predicting the effects of wetland management and climate change in a 

prairie basin. In this chapter, the hydrological model developed in Chapter 5 is used to evaluate 

the influence of wetland management scenarios and projected future climate change on the 

hydrology of the SCRB. Outputs from the Weather Research and Forecasting (WRF) regional 

climate model are bias-corrected to station observed meteorological variables and used to 

represent “current” and projected “future” climate conditions. Predicted changes in rainfall, 
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snowfall, snow accumulation and melt, evapotranspiration, sublimation, soil moisture, wetland 

pond levels, groundwater, and streamflow are presented and discussed. Five wetland drainage 

and six wetland restoration scenarios are evaluated against a control scenario for their influence 

on mean annual streamflow volume and seasonal peak discharge. Recommendations for future 

wetland management strategies that mitigate the impact of wetland drainage on streamflow are 

made. This chapter answers research questions 5 and 6.  

Chapter 7: Conclusions, synthesis, and future work. This chapter summarizes the strategic 

contributions of this thesis and places the results of each chapter within the larger context of 

prairie hydrological modelling research. A clear explanation of how the objectives of this thesis 

were achieved is presented and directions for future wetland policy development and further 

prairie hydrological modelling research are suggested. 
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2 LITERATURE REVIEW 

2.1 Overview 

An understanding of prairie agriculture, wetlands, and hydrology is needed to achieve the 

objectives stated in Chapter 1. This literature review provides context for how these aspects of 

the PPR have changed over time, along with an understanding of the tools available to measure 

and model these dynamic systems. Although this research will focus on the Canadian Prairies, 

literature from across the entire PPR is reviewed due to similarities in agriculture and hydrology 

throughout the region. 

In Sections 2.2 and 2.3, agricultural and hydrological aspects of the Canadian Prairies are 

reviewed to provide context for investigating the impacts of wetland management and climate 

change in the region. Hydrologic, climatic, and land use changes observed over the past half-

century in the PPR are then discussed in Section 2.4. In Section 2.5, the role of wetlands in 

prairie hydrology is reviewed with specific attention to wetland definitions, quantification 

methods, and loss over time. Hydrological modelling studies from the PPR that include discrete 

wetland representation and scenarios of change are reviewed and discussed in Section 2.6. A new 

convection-permitting climate model that could provide high-resolution future climate scenarios 

for this research is reviewed in Section 2.7. Finally, a summary of the research gaps identified in 

this literature review is provided in Section 2.8.  

2.2 Prairie agriculture 

The Canadian Prairies ecozone, defined by the National Ecological Framework for Canada 

(Ecological Stratification Working Group, 1996), spans approximately 46.6 million hectares 

across the southern parts of Alberta, Saskatchewan and Manitoba. 86% of the Prairie ecozone is 

considered farmland, and over half of it is seeded annually to agricultural crops. In 2012, the 

Canadian Prairies produced 76 million tonnes of food and fodder crops) and about $17.4 billion 

in farm cash receipts, which is 63% and 32% of national totals, respectively (Statistics Canada, 

2014). The main crops currently produced on the Prairies are wheat, oats, barley, tame hay, 

flaxseed, canola, mustard, lentils and peas (Statistics Canada, 2014). 

The agricultural settlement of the Canadian Prairies began in the late 1800s and accelerated in 

early 1900’s. The Dominion Land Survey was used to divide most of Western Canada into one-

mile by one-mile sections of land with road allowances every mile or two miles between 

sections, depending on the year of the survey (McKercher and Wolfe, 1986). Sections were 

parcelled off and sold to those who proposed to cultivate the land, and who cleared and “broke” 

the land to make it suitable for crop production. Dryland agricultural practices are the most 
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common across the Prairies, with a few areas of significant irrigation in southern Alberta, south-

central Saskatchewan, and southern Manitoba. This means that soil moisture and temperature are 

generally the most limiting factors to crop production across the region (Campbell et al., 1990). 

After a period of drought in the 1930s, farmers widely adopted summer-fallow (alternating crop 

and fallow years while tilling soils for weed control during fallow periods) as a way to increase 

soil moisture reserves (Awada et al., 2014). In the mid to late 1990s, conservation tillage took 

hold across the Prairies and remains the primary tillage practice throughout the region. 

Conservation tillage enables continuous cropping through the use of fertilizers, herbicides, snow 

management, crop rotations, and reduced or no tillage. Stubble and crop residues remain on the 

soil surface to reduce soil erosion, trap and retain wind-blown snow and retain soil moisture 

through the fall, over winter, and into the next crop year (Nicholaichuk et al., 1990).  

The Canadian Prairies agricultural landscape is best described according to soil-climate zones 

(Figure 2-1 and Table 2-1). Soils are predominantly Chernozemic and include Brown, Dark 

Brown, Black, and Dark Gray soils – defined according to their surface soil colour, organic 

matter content, mean annual water deficit and natural vegetation (CSSS, 2020). Soil types range 

from Brown and Dark-Brown in the southwestern portion of the Prairies to Black and Dark-Gray 

in eastern and northern portions. The Prairie climate ranges from semi-arid to sub-humid along 

the same geography. Before the land was broken for agriculture, natural vegetation differed 

according to soil-climate zones – ranging from short-grass prairie to aspen parkland and mixed-

wood forest (CSSS, 2020). As such, agriculture producers in each of these zones face different 

management issues.  

Table 2-1 Criteria for classifying Chernozemic soils (adapted from CSSS, 2020). 

Criteria Brown Dark Brown Black Dark Gray 

Mean Annual Water Deficit 19 to 38 cm 13 to 19 cm 6.5 to 13 cm 6.5 to 13 cm 

Typical % Soil Organic Matter1 2.5 to 3.5 3.5 to 5 5 to 8.5 3.5 to 5.5 

Dominant Natural Vegetation Short and 

mid-grass 

Prairie 

Mid-grass 

Prairie 

Aspen 

Parkland 

Aspen 

Parkland to 

Mixedwood 

Forest 

1. Values are for cultivated soils (Rostad et al. 1993. Saskatchewan Institute of Pedology Publication no M114) 
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Figure 2-1 Soil climate zone map of the Canadian Prairies (CSSS, 2020).  

During periods of drought and deluge on the Prairies, agriculture producers are forced to manage 

either “not-enough” or “too-much” water. Excess moisture conditions are more common in the 

Black and Dark Grey soil zones of eastern Saskatchewan and southern Manitoba and climate 

models predict this situation is likely to continue (Bedard-Haughn, 2009). To maintain viable 

crop production, it is common for producers to install surface ditches to move ponded water from 

surface depressions to nearby streams or road ditches (Brunet and Westbrook, 2012). This type 

of drainage, often called wetland drainage, allows farmers to seed crops earlier in the spring, 

reduce nuisance costs, and access more farmable acres (Cortus et al., 2011). Drainage is not the 

only option for managing excess surface water. Producers can also try to maximize infiltration 

through tillage and residue management, or they can seed deep-rooted high water-use plants such 

as alfalfa (Bedard Haughn, 2009), but these methods are not as cost-effective as drainage. Deep 

ripping or subsoil tillage has been found to enhance meltwater infiltration up to six-fold in the 

west-central Dark Brown region of Saskatchewan (Pomeroy et al., 1990), but its efficacy has not 

been tested in Black or Dark Grey soil zones. In recent years, advances in GPS technology and 

widespread adoption of no-till practices have made surface ditching the most efficient and cost-

effective way for agriculture producers to manage excess surface water (personal experience). 
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2.3 Prairie hydrology 

The Prairie Pothole Region (PPR) of North America (Figure 2-2) includes much of the Canadian 

Prairies and presents unique challenges for hydrological understanding. Millions of small 

depressions mark the land surface after the most recent glacial retreat. Many of the depressions 

are geographically isolated (Tiner, 2003) and internally drained, meaning that they do not 

normally connect to any natural drainage system (Labaugh et al., 1998). These depressions are 

capable of storing large volumes of surface runoff water (Hayashi et al., 2003) and help buffer 

downstream flooding during peak runoff events. Many prairie basins are internally draining 

(Hayashi et al., 2003) and do not normally contribute runoff to streamflow. Often, the term “non-

contributing areas” (Godwin and Martin, 1975) is used to describe the areas within a basin that 

do not contribute to streamflow in 1:2 year runoff events. However, the actual area of a basin 

that contributes runoff to streamflow is dynamic and complex – influenced by topography, 

antecedent soil moisture and pond storage conditions, the type, magnitude and intensity of the 

runoff event, and human alterations to the landscape (i.e., roads, ditches, and other 

infrastructure). Under wet conditions, the surface water storage capacity of depressions decreases 

as they fill with water, which leads to higher connectivity between depressions and increased 

likelihood of downstream flooding during future runoff events.  

 

Figure 2-2 Location of the Prairie Pothole Region within North America (Mann, 1974), 

including the Canadian Prairies and the U.S. Northern Great Plains. 
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The Canadian Prairie climate ranges from semi-arid in relatively warm southwestern Alberta to 

sub-humid in the cooler northern and eastern prairies of Saskatchewan and Manitoba. Annual 

potential evaporation typically exceeds precipitation (see mean annual water deficit, Table 2-1). 

The Prairies are prone to drought (Bonsal et al., 2013) and several multi-year droughts have 

negatively impacted agriculture in the last century (Masud et al., 2015). In recent years, however, 

widespread flooding has also inundated many prairie communities and caused billions of dollars 

in damage (Buttle et al., 2016; PBO, 2016). This drought and deluge cycle continues across the 

Prairies – from drought in the early 2000, to wet years and flooding since 2010 and back to 

drought again in 2021 – inspiring ongoing studies of prairie hydrological processes.  

Annual precipitation averages from less than 300 to 600 mm and annual potential 

evapotranspiration (ET) ranges from 600 to 900 mm across the Prairies (Burn et al., 2008). 

During the growing season (May 1 – September 30) rainfall averages between 214 and 362 mm 

and actual evapotranspiration ranges from 260 mm to 390 mm (Armstrong et al., 2015). Since 

potential ET typically exceeds precipitation, this semi-arid region is highly sensitive to climate 

change (Fang and Pomeroy, 2007).  Historically, frontal systems and convective storms have 

supplied spring and summer rainfall on the Prairies (Gray, 1970) and about one third of annual 

precipitation came from snowfall between 1961-1990 (Vincent and Mekis, 2006). Snow is 

redistributed across prairie landscapes by blowing snow processes and typically accumulates in 

local depressions and vegetated sites (Pomeroy and Gray, 1995; Pomeroy et al., 1993). 

Snowmelt, meltwater infiltration, and runoff are critical hydrological processes in the Prairie 

region. Infiltrating meltwater recharges soil moisture and groundwater reserves and surface 

runoff feeds reservoirs, lakes, and rivers (Norum et al., 1976). Prairie snowmelt occurs over 

frozen soils and over 80% of annual runoff can be generated during this time (Gray et al. 1985). 

The fraction of snowmelt that infiltrates a frozen soil depends on the state of the soil (Granger et 

al., 1984), which can be classified as unlimited, limited, or restricted, depending on its 

infiltration capacity (Gray et al., 1985). Soils with unlimited infiltration capacity allow all of the 

snowmelt water to infiltrate and no surface runoff is generated; these soils are coarse textured, 

cracked clays, or contain well-developed macropores. Restricted soils are impermeable to 

infiltration and all meltwater becomes surface runoff; these conditions exist in completely 

saturated soils or when an ice layer forms at the soil surface, which is common during mid-

winter melt events. Limited infiltration conditions occur over unsaturated soils; meltwater 

infiltrates and/or runs off depending on soil saturation during freeze-up (Gray et al., 1985). 

Meltwater that does not infiltrate during spring thawing becomes surface runoff and flows into 

local depressions and/or streams. 
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Surface depressions are prevalent across the agricultural areas of the Prairies and exhibit 

enormous influence on the generation of streamflow. In high runoff situations, the storage 

capacity of depressions can be exceeded and water will spill over into lower-lying areas through 

a “fill-and-spill” process (Shook and Pomeroy, 2011; Hayashi et al., 2016; Shaw et al., 2012; 

Spence and Woo, 2003)). Surface water connections are made between depressions during this 

time, causing the area contributing to runoff to be dynamic as surface water flowing between 

depressions connects and disconnects (Shaw et al., 2012; Shook et al, 2021). The area of a basin 

that contributes runoff to streamflow or to a terminal pond during any particular snowmelt or 

precipitation event is influenced by the basin’s depressional storage capacity and antecedent soil 

moisture conditions. These depressional storage dynamics govern the transformation of 

snowmelt water to streamflow on the Prairies (Shook et al., 2015). 

2.4 Changing prairie hydrology 

The main drivers of hydrological change on the Prairies are climate and land management. The 

processes of infiltration, runoff, and surface water storage are changing in response to these 

drivers and the impact can be seen in local streamflow records. Considerable resources have 

been deployed to try to understand and quantify these changes, which may be caused by either 

natural processes or human activity. This section presents recent shifts in the Prairie hydrological 

regime and reviews the processes governing those observed changes. 

2.4.1 Climate 

Mean annual air temperature increased 1.5⁰C on average across Canada in the last half-century 

(Vincent et al., 2007, 2015; Zhang et al., 2000, 2011). The strongest warming trends occurred 

over western and northwestern Canada where mean air temperature increased between 1.5 and 

3⁰C (DeBeer et al., 2015). In the Canadian Prairies, mean daily spring maximum air temperature 

increased 2⁰C during the 20th century (Zhang et al. 2000), with the greatest change occurring 

between 1950 and 1998 (Bonsal et al., 2013). Both minimum and maximum air temperatures 

have increased in the Prairies over the last half century (Millett et al., 2009; Zhang et al. 2000). 

Precipitation characteristics have also changed across the Canadian Prairies in the last century. 

Total precipitation has increased (Akinremi et al., 1999; Millet et al., 2009), with a shift to more 

rainfall and less snowfall (Akinremi et al., 1999; Mekis and Vincent, 2011; Vincent and Mekis, 

2006), particular in the spring and fall (Shook and Pomeroy, 2012), and the number of multi-day 

summer rainfall events has increased. These changes in climate have been linked to sub-regional 

trends in streamflow across the Canadian Prairies. In the Mixed Grassland and Cypress Upland 

ecoregions of the western and southern Prairies, analysis of more than a century of streamflow 

records revealed a drying trend, while in the Aspen Parkland ecoregion of the northern and 

eastern Prairies, a wet trend emerged (Whitfield et al., 2020). Trends in streamflow, however, 
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cannot solely be attributed to climate change. Widespread changes in agricultural practices have 

also occurred alongside these shifts in climate, including the adoption of conservation tillage and 

increased wetland drainage. 

In a site-specific study relevant to the research presented in this thesis, daily maximum 

temperature increased by 1.2⁰C and mean monthly temperature increased by 3.5⁰C in March 

from 1942 to 2014 at Yorkton and Langenburg, Saskatchewan. The annual rainfall fraction of 

precipitation at the same site increased from 68% to 78% over the same period, with significant 

changes occurring in the month of March. The number of multi-day rainfall events also increased 

by 50% (Dumanski et al., 2015).  

2.4.2 Infiltration and runoff 

Infiltration and runoff generation vary in response to climate and land management changes on 

the Prairies. Frozen soil infiltration processes govern spring snowmelt runoff generation, but as 

summer rainfall events increase in duration and intensity the processes causing maximum 

streamflow could switch from being snowmelt driven to rainfall driven (Burn et al., 2010). In 

semi-arid regions where ET typically exceeds rainfall, it is often assumed that all rainfall will 

infiltrate during the summer months when crops are growing (Granger and Gray, 1989). 

Evidence of a change in runoff generation processes was observed at the Smith Creek Research 

Basin, where rainfall and mixed precipitation events generated runoff leading to streamflow 

(Figure 2-3). Change point analysis revealed an increase in mean annual streamflow volume in 

1994 and 2010, while mixed precipitation and rainfall generated over half of runoff volumes 

between 2010 and 2014 (Dumanski et al., 2015). Over the same period, the runoff ratio (fraction 

of precipitation falling in a basin that becomes streamflow) increased 12-fold while streamflow 

volumes increased 14-fold and peak flows tripled. These changes were statistically significant 

and could not simply be attributed to shifts in the character of precipitation falling in the basin as 

annual precipitation depths had not increased significantly (Dumanski et al., 2015). The 

influence of wetland drainage was cited as a topic needing further investigation.   
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Figure 2-3 Observed runoff contributions to streamflow at SCRB (Dumanski et al., 2015). 

2.4.3 Surface water storage dynamics 

Surface water storage in the PPR is a dynamic hydrological process. The concepts of “connected 

area” and “contributing area” help explain surface water storage and runoff processes. 

Hydrologically-connected areas move water from one area to another within a basin (Bracken 

and Croke, 2007), whereas contributing areas connect and contribute runoff to the main stream 

(Stichling and Blackwell, 1957). Further, connected areas do not always contribute to 

streamflow, but contributing areas are always connected. These areas are not fixed and vary with 

meteorological, physiographic, and antecedent moisture conditions within a basin (Stichling and 

Blackwell, 1957).  

Various methods have been used to try to characterize connected and contributing areas in prairie 

basins. While these methods can be useful for basin management and planning, most do not 

reflect the dynamic nature of surface water storage in prairie basins.  For example, in the 1970s, 

the Prairie Farm Rehabilitation Authority (PFRA) established “effective drainage areas” (EDA) 

as portions of prairie basins expected to contribute runoff to streamflow during 1 in 2 year flood 

events, after Godwin and Martin (1975). EDAs were drawn as conceptual lines based on field 

examinations and anecdotal evidence from local farmers (Mowchenko and Meid, 1983). These 

areas are static, and do not reflect the dynamic nature of contributing areas within prairie basins. 

As such, the term “effective drainage area” only applies to those areas delineated by the PFRA.  

More recent attempts at characterizing surface water storage in prairie basins have proposed 

establishing statistical relationships between precipitation to streamflow (Ehsanzadeh et al., 
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2012; Spence, 2007) or measuring surface water connectivity (Bracken and Croke, 2007; Phillips 

et al., 2011). The hydrological processes governing the transformations of snowfall to 

streamflow across the Prairies are, however, non-stationary, which makes statistical calculations 

of streamflow probability based on precipitation alone nearly impossible (Shook et al., 2015). 

Pond memory introduces hysteresis into prairie basins and can influence surface water storage 

dynamics in the short term (0 to 1 years) and long term (up to 5 years), depending on depression 

size (Shook et al., 2011). Therefore, using physically-based hydrological models that consider 

hydrological processes, climate, and basin characteristics offers the best options for predicting 

streamflow responses in prairie basins (Shook et al., 2015). 

Wetland drainage affects surface water storage dynamics in prairie basins. Wetland drainage is 

achieved by creating surface water channels between wetlands and roadside ditches or streams 

(Brunet and Westbrook, 2012). These channels remove the natural “fill-and-spill” process by 

lowering depression spill levels and decreasing wetland storage capacity. Wetland drainage 

therefore increases runoff volume and allows previously non-contributing areas of a basin to 

contribute to stream flow (Fang et al., 2010). In the PPR, wetland loss estimates range from 40 to 

70% in Canada (Dahl and Watmough, 2007) to as high as 95% in the United States (Dahl, 2014; 

Davidson, 2014), with as many as 94 percent of wetlands located within or adjacent to 

agricultural lands or grassland (Dahl, 2014). Two examples of wetland loss associated with 

agricultural drainage in the eastern Canadian Prairies include wetland area loss from 24% to 11% 

of basin area between 1958 and 2009 in the Smith Creek Research Basin (Dumanski et al., 2015) 

and from 12% to 9% of basin area between 1968 to 2005 at Broughton’s Creek (Yang et al., 

2010). In the SCRB, agricultural drainage channel lengths simultaneously increased 780% from 

1958 to 2009 (Dumanski et al., 2015).  

Increasing agricultural commodity prices could lead to further expansion and intensification of 

agriculture, which could continue to threaten wetlands in agricultural regions (Rashford et al., 

2011). Increasing streamflow trends have been observed in agriculturally modified landscapes 

over the last half-century in the PPR without corresponding increases in precipitation (Miller and 

Nudds, 1996). Wetland drainage has been cited as a potential cause of wetland loss (Serran and 

Creed, 2015; Van Meter and Basu, 2015) and increased runoff ratios leading to floods in Canada 

and the U.S. (Dumanski et al., 2015; Miller and Nudds, 1996). In Canada, some refute this claim 

and suggest that precipitation alone influenced streamflow changes along the Assiniboine and 

Saskatchewan River Basins (Ehsanzadeh et al., 2012, 2014). These studies, however, included 

regulated basins, which could buffer the impact of wetland drainage on streamflow. The Smith 

Creek Basin (unregulated) was included in these studies but was cited as an exception. As such, 

further investigation of the causes of increased runoff ratios, annual streamflow volumes, and 

peak flows at Smith Creek is warranted.  
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2.5 Wetlands 

Wetlands play a key role in prairie surface water storage dynamics and provide ecosystem 

services in the PPR. In this section, wetland definitions are provided and their role in prairie 

hydrology is reviewed. Common wetland delineation methods are presented and the results of 

recent studies of wetland loss in the PPR are discussed. Hydrological modelling studies of the 

impact of wetland drainage and restoration on prairie hydrology are reviewed in Section 2.6.  

2.5.1 Definitions 

The terms depression, pond, and wetland are used in this thesis to distinguish between the form 

and function of surface water features in the PPR. Millions of small depressions exist on the land 

surface in the PPR due to recent glacial retreat. These depressions can hold ponded water, either 

briefly or for an extended period. If a depression maintains saturated soils or ponded water for a 

long time, it may develop wetland characteristics, including hydric soils, wetland vegetation, and 

higher likelihood of periodic or persistent ponded water (NWWG, 1997; Wakeley, 2002). As 

such, a surface depression may or may not also be a wetland, and a pond refers to the water 

stored in a depression or wetland (van der Kamp et al., 2016). Since surface depressions and 

wetlands both provide water storage capacity in a basin, these terms are often used 

interchangeably in hydrological research, which can cause confusion for readers (van der Kamp 

et al., 2016). Wetlands, however, provide distinct social and environmental benefits, including 

diverse plant species, wildlife and waterfowl habitat, and improved water quality (Golden et al., 

2017). So, where appropriate, a distinction between surface depressions and wetlands is provided 

throughout this thesis.  

The Stewart and Kantrud (1971) system for classifying wetlands in the PPR provides the most 

useful framework for identifying wetland types and understanding the impact agriculture has on 

them (van der Kamp et al., 2016). In this system, wetland classes are based on the presence or 

absence of vegetative zones and open water phases within wetlands. The names used to describe 

each wetland class refer to pond permanence within generally fixed wetland areas defined by 

vegetation characteristics. Ephemeral wetlands (Class I) hold water briefly in the spring prior to 

ground thaw, temporary wetlands (Class II) typically hold water for a few weeks after spring 

snowmelt and occasionally following heavy rainfall events, seasonal wetlands (Class III) 

normally maintain surface water through the spring and early summer but dry down in the fall, 

and semi-permanent wetlands (Class IV) frequently maintain surface water into the fall and 

winter (Stewart and Kantrud, 1971). Class I, II, and III wetlands are all recognized as potentially 

having cropland and tillage phases, which highlights the fact that small shallow wetlands are 

often cultivated through during dry periods in the PPR. Ephemeral and temporary wetlands are 

most numerous in the PPR, but seasonal and semi-permanent wetlands occupy the most wetland 

area (Stewart and Kantrud, 1971; EPA, 2015). Seasonal and semi-permanent wetlands are 
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formally defined as shallow and deep marsh-type wetlands, respectively, according to the 

Canadian National Wetlands Working Group (NWWG, 1997). Unfortunately, there is no formal 

objective criteria for distinguishing between ephemeral and/or temporary wetlands and small 

landscape depressions, which lack wetland vegetation in most years (van der Kamp et al., 2016). 

As a result, wetland inventories have a broad range of minimum size thresholds and often depend 

on the resolution of remotely sensed images. In this research, the term wetland broadly refers to 

wetlands of all classes, but when a specific classification could offer clarity or improve 

understanding, one is provided. 

2.5.2 Wetland loss and drainage 

As discussed above in Section 2.4.3, wetland loss is significant and widespread in the PPR. 

Agricultural development has been blamed for most of the wetland loss, but climate-related 

drying of wetlands may also play a role (Niemuth et al., 2014). Small, ephemeral, and seasonal 

wetlands are disappearing (Serran and Creed, 2015; Van Meter and Basu, 2015), while semi-

permanent wetlands and lakes are increasing in size (Dahl, 2014; McCauley et al., 2015). These 

changes, along with observed changes in wetland shapes and spatial arrangements (Van Meter 

and Basu, 2015), suggest wetland drainage and consolidation drainage are both prevalent in the 

PPR.  

Unfortunately, there is no standardized approach to estimating wetland loss (Dahl and 

Watmough, 2007) and a lack of consistent historical inventories or monitoring programs makes 

tracking wetland change difficult in the PPR. Combinations of historic air photos and multi-

spectral imaging have been used in Canada (Watmough and Schmoll, 2007) and the USA (Dahl, 

2014) to estimate wetland loss over time. To date, simulations of the effect of wetland restoration 

on streamflow in the PPR depended on historic air photos to parameterize hydrological models 

(Pomeroy et al., 2014; Yang et al., 2010; see section 2.6.2). Frequency distributions of wetland 

size are also known to follow power law distributions in the PPR (Zhang et al., 2009), so 

deviations from power law relationships have been used to quantify human impacts on prairie 

wetlands (Serran and Creed, 2015; Van Meter and Basu, 2015). A discussion of some specific 

wetland delineation challenges and methods is provided in the next section.  

2.5.3 Delineation 

Wetland delineation is one of the greatest challenges of wetland-related research in the PPR. 

Wetland areas are needed to populate wetland inventories and to track change across the PPR, 

whereas wetland storage capacities are needed to inform hydrological modelling efforts. Aerial 

photographs and satellite images are commonly used to delineate wetland boundaries based on 

the presence of surface water and/or wetland vegetation (Guo et al., 2017). Light Detection and 

Ranging (LiDAR) is becoming more popular for delineating inundated wetland areas and storage 
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capacities for hydrological modelling purposes. These remote sensing methods are challenged by 

the fact that wetland areas and storage capacities are constantly changing due to environmental 

factors (Vanderhoof et al., 2016), so every survey is influenced by the surface moisture 

conditions at the time of data collection. Combination approaches that use multiple data sources 

(i.e., LiDAR with multi-year satellite images and/or air photos; Wu et al., 2019) are improving 

wetland delineation results and making wetland inventories more time independent (Wu et al., 

2019). The spatial and temporal resolution of remote sensing images also continues to improve, 

which enables better tracking of wetland change and more accurate wetland inventories (Guo et 

al., 2017).  

2.5.3.1 Area 

Wetland inventories based on aerial photography are available on both sides of the international 

border in the PPR. The Canadian Wetland Inventory (CWI) was established in 2002 but remains 

incomplete across the majority of the PPR. Ducks Unlimited Canada (DUC) maintains the 

inventory and maps wetlands according to the Canadian Wetlands Classification System 

(NWWG, 1997) and the CWI Data Model (DUC, 2016). An interactive map of the CWI is 

available online (http://maps.ducks.ca/cwi/). In the United States, the National Wetland 

Inventory (NWI) was established in 1974. It covers most of the conterminous United States and 

data are freely available online (https://www.fws.gov/wetlands/Data/Mapper.html). The 

minimum mapping units for the CWI and NWI range from 0.02 to 1 ha (Fournier et al., 2007) 

and from 0.04 to 1.2 ha (Martin et al., 2012), respectively, depending on the resolution of the 

data used to delineate wetlands. CWI and NWI datasets are often outdated, but they cover broad 

spatial domains so they continue to be used as reference datasets against which the performance 

of new methods can be compared. 

Several new wetland delineation methods based on remote sensing data have emerged recently in 

the PPR. These methods show promise for replacing or updating national inventories, but none 

have been adopted. Medium-resolution satellite images (i.e., Landsat, Sentinel, Radarsat) have 

been used to successfully track temporal and spatial variations of wetland extent (De Vries et al., 

2017; Hird et al., 2017; Vanderhoof et al., 2016), but they are not capable of capturing small 

wetlands (< 0.2 ha) and therefore misrepresent wetland size distributions in the PPR (Vanderhoof 

and Lane, 2019; Wu et al., 2019). High-resolution satellite images (i.e., SPOT-5, WorldView-2, 

Quickbird-2, GeoEye-1) offer the ability to map inundation dynamics of small wetlands in the 

PPR (Vanderhoof and Lane, 2019), but the cost of obtaining these commercial images remains 

high. Fine-resolution aerial images (i.e., USDA National Agriculture Imagery Program; NAIP) 

and LiDAR data are more widely available in the U.S. than in Canada. A new Google Earth 

Engine approach offers an automated method of combining these datasets to delineate wetland 

areas and storage capacities across the complete size distribution that exists in the PPR (Wu et 

http://maps.ducks.ca/cwi/
https://www.fws.gov/wetlands/Data/Mapper.html
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al., 2019). This method, however, may not be viable in Canada due to reduced image availability 

and dependence on commercial providers of LiDAR services. High-resolution LiDAR-derived 

digital elevation models (DEMs) also require certain processing steps (discussed below) to 

ensure they offer accurate estimates of wetland storage capacity. 

2.5.3.2 Storage Capacity 

Wetland storage capacities are needed to parameterize hydrological models. Wetland storage 

capacity estimation is therefore a critical component of this thesis. Without LiDAR, wetland 

storage capacities can be estimated using empirically-derived volume-area scaling relationships 

established in the PPR by Hayashi and van der Kamp (2000), Wiens (2001), Gleason et al. 

(2007), and Wu and Lane (2016). When LiDAR is available, depression storage capacity above 

water surfaces can be calculated using simple GIS fill algorithms or more advanced vector-based 

(Minke, 2009; Wu and Lane, 2016) or raster-based (Jones et al., 2018; Wu et al., 2019) 

depression identification algorithms. The latter offer detailed information about individual 

depression depth, size, shape, elevation, and nested hierarchy with up to 150 times faster 

computing speed than vector-based algorithms (Wu et al., 2019). Since LiDAR sensors typically 

do not penetrate water surfaces, depression storage capacity below water surfaces must be 

estimated using volume-area scaling equations. As such, LiDAR offers more accurate storage 

capacity estimations when collected during dry conditions (Serran and Creed, 2015). LiDAR 

data are also often noisy over water surfaces and through wetland vegetation, so LiDAR-derived 

depressions are often paired with ancillary optical data to improve identification of wetlands or 

water inundated areas (Guo et al., 2017; Wu et al., 2019).  

DEM resolution and processing techniques (i.e., smoothing, coarsening, and conditioning) 

influence the accuracy of depression and subsequently wetland delineation (Li et al., 2011; 

O’Neil et al., 2019). Artifact depressions are abundant in high-resolution LiDAR-derived DEMs, 

but they can be removed by setting minimum depression size and depth thresholds (Lindsay and 

Creed, 2006; Li et al., 2011). The performance of this “knowledge-based” approach depends, 

however, on DEM quality, DEM processing techniques and the thresholds selected (MacMillan 

et al., 1993). In the PPR, minimum depression area and depth thresholds of 200 m2 and 0.1 m, 

respectively, are recommended for wetland identification (Li et al., 2011). Further, LiDAR 

vertical error should be used as the minimum depth threshold for depression identification in 

LiDAR-derived DEMs (Li et al., 2011; Wu and Lane, 2016). DEM smoothing increases wetland 

delineation accuracy (O’Neil et al., 2019; Li et al., 2011), but it also washes out fine-scale 

drainage features, which can lead to overestimation of depression storage capacity. DEM 

coarsening reduces file size and therefore computational demand, which can be significant for 

large basins, but it also inhibits drainage feature identification and leads to overestimation of 

depression storage capacities (Li et al., 2011). Despite these recommendations, various 
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depression area or depth thresholds have been applied in LiDAR-based wetland delineation 

efforts in the PPR – typically to match minimum thresholds of reference data (Table 2-2).  

Another challenge of delineating depressions in LiDAR-derived DEMs is the prevalence of 

artifact depressions that appear alongside roads where drainage infrastructure exists (i.e., culverts 

or bridges). DEMs are not capable of representing subsurface drainage structures, which leads to 

over-prediction of depression area and storage capacity in prairie basins where roads are 

abundant (O’Neil et al., 2019). Least-cost path breaching algorithms can enforce drainage paths 

through road embankments (Lindsay and Dhun, 2015), but they also breach depressions in the 

process, which is undesirable for depression identification. Whitebox GAT (Lindsay, 2016) 

contains an algorithm to breach roads at streams, but ancillary vector-based stream path 

information is not typically available at the scale required to be useful with high-resolution 

DEMs (Lindsay and Dhun, 2015). Few studies have explicitly addressed the issue of artifact 

depressions alongside roads in the PPR. A combination of semi-automated and manual road 

breaching techniques was used to delineate depression catchments in a 934 km2 basin in North 

Dakota (McCauley and Anteau, 2014) and depressions within 15 metres of roads were removed 

in the 4,500 km2 Beaverhill basin in Alberta (Serran and Creed, 2015). Otherwise, this issue is 

generally ignored in the literature. There have been no estimates of the impact of roads on 

depression storage capacity estimation in the PPR.  

Recent wetland delineation efforts comparing LiDAR-based methods with reference datasets in 

the PPR are outlined in Table 2-2. All LiDAR-based methods deployed similar DEM smoothing 

and filtering techniques. 1-m resolution DEMs were used with either no smoothing (Serran and 

Creed, 2015; Van Meter and Basu, 2015) or a 3x3 median smoothing filter (Wu and Lane, 2016, 

2017; Wu et al., 2019). Two studies resampled original 1-m DEMs to 3-m resolution (Serran and 

Creed, 2015; Wu et al., 2019) and two studies enforced minimum depression depths (Wu and 

Lane, 2016 and Wu et al, 2019). Minimum depression areas were typically set to match those of 

the reference data, which ranged between 100 and 500 m2. Aside from one study (Wu and Lane, 

2016), LiDAR-derived depressions covered twice as much basin area as the reference CWI or 

NWI datasets, which is not surprising since LiDAR-derived depressions represent fully 

inundated conditions and reference datasets do not (Wu and Lane, 2017). Median LiDAR-

derived depressions area is larger than NWI wetland size in all cases, likely due to similar 

factors. In every study, the number of LiDAR-derived depressions exceeded the number of 

reference wetlands. Over 80,000 more depressions were identified in the Beaverhill basin (Serran 

and Creed, 2015) and as few as 225 more were identified in the Pipestem River basin (Wu and 

Lane, 2017). This broad range of differences could be due to the range of minimum depression 

size thresholds used in each study and the fact that automated methods can resolve small 
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depressions or ephemeral-type wetlands (typically less than 2000 m2) that are difficult to visually 

identify in aerial images.  
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Table 2-2 Recent studies comparing LiDAR-based wetland delineation methods with reference datasets in the PPR. 

   DEM Wetlands 

Authors Location Methods 

Resolution 

(H:V)a (m) 

Smoothing 

filter 

Min. area 

or depth  

Median 

size (ha) 

Area 

(106 m2) 

% Basin 

area Count 

Serran and 

Creed (2015) 

Beaverhill,  

AB, Canada  

(4,500 km2) 

LiDAR 3m:0.15m none 200 m2 NA 1,110 25% 130,157 

CWI/SPOT 1:20,000 NA 200 m2 NA 678 15% 48,158 

Van Meter and 

Basu (2015) 

Des Moines Lobe 

IA, USA  

(31,075 km2) 

LiDAR/SURGGO 1m:NA none 400 m2 NA 3,860 12% 300,000 

NWI 1:24,000b NA 400 m2 NA 385 1% NA 

Wu and Lane 

(2016) 

Little Pipestem  

ND, USA 

(506 km2) 

LiDAR 1m:0.15m 
3x3 

median 
0.2 m 0.18 66 13% 12,402 

NWI 1:24,000 NA 400c m2 0.16 62 12% 8,091 

Wu and Lane 

(2017) 

Pipestem River 

ND, USA 

(2,770 km2) 

LiDAR 1m:0.15m 
3x3 

median 
500 m2 0.26 554 20% 33,241 

NWI 1:24,000 NA 500 m2 0.18 279.5 10% 32,016 

Wu et al. 

(2019a)  

Pipestem River 

ND, USA 

(2,770 km2) 

LiDAR 3m:0.15m 
3x3 

mediand 

100 m2, 

0.3 m 
0.20 NA NA 33,421 

Wu et al. 

(2019b)  

26 PPR Basins,  

ND, USA  

(16,576 km2)  

 

LiDAR 1m:0.15m NA NA NA 3,776 22.8% NA 

NAIP (6 yrs) 1m NA NA NA 1,353 8.2% NA 

NWI 1:24,000 NA 100 m2 0.12 1,763 10.6% 214,193 

JRC GSW 30 m NA 900 m2 NA 1,281 7.7% NA 
a Horizontal:Vertical DEM resolutions 
b 1:24,000 ~ 12.5 m 
b assumed based on other NWI minimums 
c filter applied to 1-m original DEM before resampled to 3-m
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2.6 Hydrological modelling in the PPR 

The following section provides scientific context for using hydrological models to investigate 

wetland drainage and climate change in the PPR. First, recent hydrological modelling studies 

with advanced wetland representation and improved model performance are reviewed. Then, the 

use of relevant models to simulate the influence of wetland loss and/or restoration on streamflow 

in the PPR is discussed. This section establishes the need to consider model sensitivity to 

uncertainties in wetland delineation and reviews a few specific challenges of hydrological 

modelling in the PPR. Knowledge gaps in the use of hydrological models to diagnose and predict 

the influence of wetland management and climate change on streamflow in the Prairies are 

identified.  

Hydrological modeling in prairie environments is complicated due to unique topographic and 

climatic factors. In cold regions such as the Canadian Prairies, blowing snow transport and 

frozen soil infiltration are important processes to simulate, as well as the dynamic nature of 

surface water storage and connectivity. Recent advancements in prairie hydrological modelling 

incorporate improved process understanding and more discrete representation of surface 

depressions and/or wetlands and their corresponding water storage capacities and connectivity 

(Evenson et al., 2016, 2018; Jones et al., 2019; Pomeroy et al., 2014). More advanced wetland 

discretization has improved model performance, but with increased model complexity comes 

increased computational expense – sometimes beyond what is practicable for either research or 

water management decision making (Evenson et al., 2016; Golden et al., 2017; Jones et al., 

2019; Muhammad et al., 2019). Others have reviewed various tools and approaches for 

incorporating wetlands into hydrological models (Golden et al., 2017, 2014; Jones et al., 2019), 

so the review presented here will focus on two models commonly used in the PPR.  

The majority of wetland-related hydrological modelling research in the PPR has employed either 

the Soil and Water Assessment Tool (SWAT; Gassman, 2007) or the Cold Regions Hydrological 

Modelling Platform (CRHM; Pomeroy et al., 2007). SWAT is a precipitation-runoff model 

developed by the USDA Agriculture Research Service. It is process-based, semi-distributed and 

runs on a daily time step (Evenson et al., 2016). SWAT depends on several empirical 

relationships, such as the SCS Curve Number for infiltration calculations, and therefore lacks 

physically identifiable parameters. It also does not include blowing snow redistribution or frozen 

soil infiltration capabilities and depends on temperature-index snowmelt methods. Despite these 

limitations, recent improvements in SWAT model structures offer advanced simulation of 

surface water storage dynamics in the PPR (see section 2.6.1.2). SWAT models rely heavily on 

calibration but are easily linked with sensitivity and uncertainty software (SUFI-2 and SWAT-

CUP). CRHM is a model with cold regions capability developed primarily at the University of 

Saskatchewan, Environment Canada, and the University of Wales. It is primarily physically-
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based, object-oriented, modular, and runs on variable sub-daily time steps. CRHM has blowing 

snow and frozen soil infiltration capabilities, can accommodate various frozen and unfrozen soil 

infiltration routines, and contains energy-balance snowmelt, soil moisture, depressional storage, 

and groundwater flow and storage routines, and Penman based actual evapotranspiration 

calculation methods. Both model platforms use hydrological response units (HRUs) to represent 

areas within a basin that exhibit similar hydrological behaviours. 

Both CRHM and SWAT models have successfully simulated prairie hydrology and the unique 

surface water storage dynamics of the PPR. Recent publications on this topic fall into two 

categories: 1) investigations of the influence of model structure (i.e., wetland representation) on 

model performance, and 2) simulations of wetland restoration and/or drainage scenarios and their 

corresponding influence on streamflow generation. The next two sections review literature in 

these categories and outline gaps in the research. Simple tables are provided to compare 

literature in each section.  

2.6.1 Model structure  

Increased discretization of wetlands has improved model performance in both CRHM and 

SWAT models of basins in the PPR. Models from both platforms evolved from single, 

“lumped,” wetland HRUs in each sub-basin (Fang et al., 2010; Yang et al., 2010) to fully-

discretized wetland representation in each sub-basin (Evenson et al., 2016, 2018; Pomeroy et al., 

2014). The more sophisticated models improved model performance and represented wetland 

water storage dynamics more accurately compared to original model versions. Model structures 

and wetland delineation methods differed across sites, which influenced model performance. 

These differences are outlined in Table 2-3 and discussed below.  

2.6.1.1 CRHM-PHM 

The original Prairie Hydrological Model configuration of CRHM (CRHM-PHM) was first 

constructed for the Smith Creek Research Basin (SCRB) (Fang et al., 2010; Pomeroy et al., 

2010). A new soil moisture balance/wetland module was introduced, which enabled depression 

storage within HRUs. The original CRHM-PHM accurately predicted peak streamflow timing 

and magnitude, but underestimated spring runoff volume and flow duration, whilst 

overestimating annual cumulative discharge. Inaccuracies in the original CRHM-PHM were 

attributed to overestimation of wetland storage volume and over-simplification of wetland 

storage dynamics (Fang et al., 2010). In a revised CRHM-PHM, a representative set of 46 

wetland HRUs per sub-basin was implemented based on recommendations by Shook and 

Pomeroy (2011). The representative 46 wetlands were selected at random from the size 

frequency distribution of wetlands in each sub-basin and then a sub-region of each sub-basin was 

simulated to maintain the actual ratio of upland to wetland areas. A scaling factor was then 
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applied to sub-basin streamflow based on the ratio of sub-region to sub-basin areas. The revised 

CRHM-PHM more accurately predicted daily streamflow discharge and annual flow volume; 

average root mean square difference (RMSD) decreased from 3.19 to 1.88 m3/s and model bias 

(error between simulated and measured flow volume) decreased from 1.9 to -0.14, respectively 

(Pomeroy et al., 2014). Both models were run without calibration for five hydrological years 

(2008-2012), with initial conditions reset in 2009, 2011, and 2012 based on observed data.   

In the original and revised CRHM-PHM models, publications state that wetlands were delineated 

according to Fang et al. (2010). In Fang et al. (2010), wetland areas are claimed to be derived 

from Ducks Unlimited supplied CWI polygons. Further analysis of these models for this thesis 

work revealed that wetland areas were instead derived from supervised classification of two 10-

m resolution SPOT5 satellite images performed by Guo et al. (2012). This was discovered 

because several wetland areas in the dataset were found to be only 100 m2, which is less than the 

minimum resolution of wetlands in the CWI dataset and the size of one pixel in the SPOT-5 data. 

Maximum depression storage capacity was calculated using a combination of cut-fill analysis on 

a 10-m resolution LiDAR-derived DEM and simplified volume-area-depth equations, following 

Hayashi and van der Kamp (2000). Depression area and volume were therefore overestimated in 

both models because surface drains cannot be identified in a 10-m resolution DEM, as discussed 

previously in Section 2.5.3. Culverts passing beneath roads were also not accounted for, and no 

minimum depression size or depth was enforced to eliminate artifact depressions from the 

dataset. Deeper evaluation of the revised CRHM-PHM model for this thesis work revealed errors 

in wetland selection that resulted in the inclusion of upland depressions in the 46 representative 

wetlands for each sub-basin, which caused double counting upland depressional storage capacity 

in the model. Given these factors, there is a need for improved wetland and depression 

delineation at SCRB and an updated CRHM-PHM model that can run continuously and more 

accurately simulate water balance variables within the system. Although not published in a peer-

review journal, the revised CRHM-PHM model was the first model used to simulate wetland 

restoration and drainage scenarios with a fully discretized wetland representation (see section 

2.6.2).  

2.6.1.2 SWAT 

The conventional SWAT model has been modified to include individual HRUs for every wetland 

within a basin and individual upland HRUs in every up-gradient wetland catchment area. In both 

Pipestem Creek and the Upper Assiniboine River Basin (UARB), the modified-SWAT model 

required over 50 times as many HRUs as the conventional-SWAT model (see Table 2-3). 

Increased computational demands limited model time domains (Evenson et al., 2016) and 

lengthened model run times from hours to weeks (Muhammad et al., 2019). Modified-SWAT 

models improved model performance efficiency (NSE) from 0.61 to 0.86 and from 0.58 to 0.80 
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in Pipestem Creek (Evenson et al., 2016) and UARB (Muhammad et al., 2019), respectively. At 

UARB, however, neither conventional nor modified SWAT models could adequately simulate 

peak flows (Muhammad et al., 2019), which was likely due to an under-representation of 

wetlands in both conventional and modified SWAT models.  

Wetland delineation methods varied between Pipestem Creek and the UARB. In Pipestem Creek, 

NWI wetlands were used to delineate wetland area and wetland water storage capacity was 

estimated from a 10-m National Elevation Database (NED) DEM according to Lane and 

D’Amico (2010). In the UARB, wetland area was delineated from a 30-meter resolution Landsat 

thematic map and storage capacity was estimated according to a volume-area relationship 

developed in the UARB by Wiens (2001). Pipestem Creek is less than one-seventh the size of the 

UARB, yet more than three-times as many wetlands were delineated for its modified-SWAT 

model by comparison. The inability of the UARB modified-SWAT model to simulate peak flow 

events and its generally weaker performance compared to the Pipestem Creek model highlights 

the importance of accurately representing wetlands across the complete size distribution in 

prairie basins. The coarse resolution satellite image used to delineate wetlands in UARB was 

collected during a dry climate period (year 2000) and is insufficient for parameterizing wetlands 

for hydrological modelling in the PPR. Both modified-SWAT models described here were used 

to simulate wetland drainage scenarios in their respective basins (see section 2.6.2).  

Recently, SWAT for Depression Storage and Flows (SWAT-DFS) was developed to incorporate 

high resolution LiDAR data into SWAT models (Evenson, Jones, et al., 2018). SWAT-DFS 

treats depressions and their upland catchment areas as single HRUs instead of separate HRUs as 

was previously required. In this model version, depressions and catchments were delineated from 

a high resolution LiDAR DEM according to a raster-based method similar to (Jones et al., 2018). 

Additional filtering was used to remove depressions assumed to be surface ditches (perimeter to 

area ratio, P:A < 0.3) and catchments with insufficient runoff (area < 1000 m2) (Evenson et al., 

2018). When compared with the modified-SWAT, SWAT-DSF successfully replicated 

streamflow observations and spatial and temporal patterns of wetland inundation, whereas 

modified-SWAT could only replicate streamflow and vastly over-predicted wetland inundation 

extent (Evenson et al., 2018). This study represents the first time remotely sensed surface water 

extent and streamflow measurements were both used to calibrate and verify parameter sets in the 

PPR. Unfortunately, depression delineation for this study did not account for culverts passing 

beneath roads in the DEM (Jones et al., 2018), so depression storage capacity was overestimated. 

SWAT-DFS was developed in the wetland-rich US Coastal Plain but holds promise for 

improving the capabilities of SWAT in the PPR. 
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Table 2-3 Recent SWAT and CRHM models focussed on improving model structure and wetland representation. 

  Models Wetlands 

Authors Location Name Structure HRUs 

Time 

domain 

SA or 

UA 

Area 

method 

Volume 

method Min size Count 

Pomeroy et 

al. (2014) 

Smith 

Creek, SK, 

Canada 

(393 km2) 

Original 

and 

revised 

CRHM-

PHM 

Lumped vs 

fully 

discretized  

35  

vs  

260 

Single years 

2007-2013 
No 

SPOT5 

and 10m 

LiDAR 

DEM 

Hayashi and 

van der 

Kamp 

(2000) 

100 m2 NA 

Evenson et 

al. (2016) 

Pipestem 

Creek, ND, 

USA 

(1672 km2) 

SWAT 

and 

Modified-

SWAT 

Lumped vs 

fully 

discretized 

1,217 

vs 

62,721 

C:2009-11 

V:2012-13 

SUFI-2 

and 

SWAT-

CUP 

NWI and 

10m NED 

DEM 

Lane and 

D’Amico 

(2010) 

400 m2 and 

100 m3 
13,025 

Muhammad 

et al. 

(2019) 

UARB, 

MB, 

Canada 

(~13,000 

km2) 

SWAT 

and 

Modified-

SWAT 

Lumped vs 

semi vs fully 

discretized 

271 vs 

971 vs 

15,235 

C:2005-09 

V:2010-12 

SUFI-2 

and 

SWAT-

CUP 

Landsat-

TM 

(AAFC 

circa2000) 

Weins 

(2001) 
900 m2 4,012 

Evenson et 

al. (2018) 

Greensboro 

Basin MD, 

USA 

(289 km2) 

Modified-

SWAT 

and 

SWAT-

DSF 

Individual 

wetland HRUs 

vs combined 

wetland/upland 

HRUs 

NA 

vs 

1,792  

C:2009-12 

V:2013-16 

SUFI-2, 

SWAT-

CUP, 

Landsat 

SWF 

LiDAR 

DEM 

Jones et 

al. (2018) 

Jones et al. 

(2018) 

P:A >0.3 and 

catchments  

< 1000m2 

1,792 

C – Calibration  

V – Verification 

P:V – Perimeter: Area ratio 
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2.6.2 Wetland restoration and drainage scenarios 

The influence of wetland drainage and/or restoration on streamflow in prairie basins has been 

investigated using hydrological models with both lumped and discretized wetland representation. 

Overall, wetland drainage has been shown to increase spring peak discharge (Pomeroy et al., 

2010, 2014; Perez-Valdiva et al., 2017; Evenson et al., 2018), spring streamflow volume 

(Pomeroy et al., 2010; Muhammad et al., 2018), and annual flow volume (Pomeroy et al., 2012, 

2014; Perez-Valdiva et al., 2017; Evenson et al., 2018; Muhammad et al., 2018). Wetland 

restoration, on the other hand, has been shown to reduce annual peak discharge (Pomeroy et al., 

2014; Yang et al., 2010), spring streamflow volume (Pomeroy et al., 2010), and annual flow 

volume (Pomeroy et al., 2012, 2014). Despite similar conclusions by recent hydrological 

modelling studies, results varied widely in response to different wetland scenarios and different 

accounts of “current” and “historic” wetlands in each basin. Key points describing each 

investigation are outlined in Table 2-4 and discussed below. 

Wetland scenarios were derived from air photo analysis in all but one of these recent modelling 

studies. In UARB, wetlands were delineated from a Landsat image collected during a dry period 

in the PPR. Wetland area was found to cover only 1.1% of the basin area, yet loss of that area 

was shown to increase winter streamflow by 55% and decrease summer streamflow by 15% over 

a 30-year model period (1981-2010) (Muhammad et al., 2018). Unfortunately, this study was 

also the only one in the PPR to include future climate change scenarios. Results suggested that 

climate would play a more dominant role in the future hydrology of the basin (~200% increase in 

winter streamflow) (Muhammad et al., 2018), but this claim is unsubstantiated due to poor 

wetland representation and inclusion of regulated sub-basins in the model calibration procedure. 

Climate change variables used in this study were also derived from the Canadian Regional 

Climate Model (CRCM), which is statistically downscaled and too coarse in spatial resolution to 

represent convective storms in the PPR (see Section 2.7). 

Wetland restoration scenarios have been simulated in three Canadian Prairie basins (Yang et al., 

2010; Pomeroy et al., 2012, 2014). Air photos from 1949, 1958, and 1968 were used to set 

historical wetland scenarios in Vermillion River Basin (VRB), Smith Creek Research Basin 

(SCRB), and Broughton’s Creek (BC), respectively. The difference between current and 

historical wetland area was modest in VRB and BC (2.5% and 1.4%, respectively) and much 

higher in SCRB (13%). These differences highlight the range of wetland loss across the PPR, but 

also raise questions about the surface moisture conditions at the time of air photo collection. Was 

1958 a wet year? Or are the basins just physically different? Model results varied according to 

the amount of wetland area that was restored. In VRB and BC, wetland restoration reduced daily 

peak discharge by 23.4% and 14%, respectively. In SCRB, where ten times more wetland area 

was restored relative to the basin size, simulated peak discharge decreased by 70% and 32% for 
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wet and dry years, respectively. Wetland storage capacity estimation methods differed between 

studies and likely have some influence over these results, however further investigation into the 

influence of those methods would be required.  

Wetland drainage simulations varied in approach and wetland delineation method across basins 

in the PPR. Complete wetland loss scenarios were considered in VRB, SCRB, and Pipestem 

Creek (Pomeroy et al., 2012, 2014; Evenson et al., 2018, respectively). Current wetland area, as 

a percent of total basin area, was 6.0, 11, and 10 percent for these basins, respectively. Complete 

wetland loss increased annual flow volume by 13% and 55% in VRB and SCRB, respectively, 

and spring streamflow by 17% in Pipestem Creek. Complete loss increased daily peak 

streamflow discharge by 13% in VRB and between 350% and 78% in wet and dry years, 

respectively, in SCRB. Significantly higher simulated annual and peak streamflow in SCRB 

cannot simply be attributed to greater wetland loss in SCRB, since SCRB and Pipestem Creek 

had similar current wetland areas. Further comparison of basin physiography and wetland 

storage capacity estimation methods is needed to better understand these differences. As 

discussed above (see Section 2.6.1.1), depression storage capacity was overestimated for the 

SCRB model, which would lead to greater streamflow response when storage capacity is 

removed. 

Wetland drainage scenarios were simulated for increasing percentages of wetland loss in VRB, 

SCRB, and Pipestone Creek. As expected, each level of increased drainage increased peak and 

annual flow volumes. At VRB and Pipestem Creek, draining wetlands above and below 1 ha and 

3 ha, respectively, was also considered. Draining larger wetlands showed the greatest impact on 

streamflow responses in both cases (Pomeroy et al., 2012; Evenson et al., 2018). Interestingly, 

smaller wetlands (< 3 ha) constituted ~95% of the wetland population, but only ~35% of wetland 

storage capacity in Pipestone Creek (Evenson et al., 2018). While this size distribution is likely 

similar across many prairie basins, it emphasizes the role of large wetlands in prairie hydrology. 

Evenson et al (2018) also considered draining wetlands greater than 30 m and 457 m (Euclidian 

distance) from the main stream in Pipestem Creek. Results were similar to the complete drainage 

scenario, suggesting that protection of wetlands near streams is not enough to maintain or reduce 

peak streamflows in that basin (Evenson et al. 2018). At Pipestone Creek, wetland drainage 

scenarios were developed by expanding the Effective Drainage Area (EDA) by up to 50% of the 

basin non-contributing area, according to topographic indicators (Perez-Valdiva et al., 2017). 

Results suggested that draining 50% of the non-contributing area would increase spring peak 

flows by 113%, and annual flow volumes by 98%.  

These results highlight the sensitivity of prairie hydrological models to wetland storage capacity 

estimation. While air photos offer historical accounts of wetland area, they depend on antecedent 
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moisture conditions, visual interpretation, and volume-area scaling. There is a need to evaluate 

wetland restoration and drainage scenarios in the PPR using new LiDAR-based wetland 

delineation methods.  



31 

 

Table 2-4 Recent wetland scenario models in the PPR. 

  Models Wetlands 

Authors 

Location 

(size) Name 

Wetland 

structure 

Scenario 

type 

(number) 

Scenario 

levels 

Model 

years 

Sensitivity 

Analysis 

Area 

method 

Volume 

method 

% 

Basin 

area 

Yang et al. 

(2010) 

Broughton’s 

Creek, MB, 

Canada 

(251 km2) 

Conventional 

SWAT 
HEW 

Restoration 

(6) 

2005 to 

1968  

C:1987-90 

V:1990-95 
No 

Air photos 

(1968 to 

2005) 

Volume = 

9,653.5*Area 

9.5 to 

12% 

Pomeroy et 

al. (2012) 

Vermillion, 

AB, Canada 

(size km2) 

CRHM-

PHM 

Fully 

discretized 

Loss and 

restoration 

(41) 

Complete 

loss to 

2004 to 

1949 

2005-09 

uncalibrated 
No 

Air photos 

(1949 to 

2004) 

Imported 

from SCRB  

0.0 to 

7.5 to 

9% 

Pomeroy et 

al. (2014) 

Smith Creek, 

SK, Canada 

(393 km2) 

CRHM-

PHM 

Fully 

discretized 

Loss and 

restoration 

(8) 

Complete 

loss to 

2008 to 

1958  

2008-13 

uncalibrated 
No 

Air photos 

(1958 to 

2008) 

Fang et al. 

(2010) 

0.0 to 

11 to 

24%  

Perez-

Valdivia et 

al. (2017) 

Pipestone 

Creek, SK, 

Canada 

(2242 km2) 

Conventional 

SWAT 
HEW 

Loss  

(4) 

Expansion 

of EDA 

C:1997-05 

V:2005-09 

SUFI-2 

and 

SWAT-

CUP 

Air photos 

(2000) 

Wiens 

(2001) 

11% to 

NA 

Evenson et 

al. (2018) 

Pipestem 

Creek, ND, 

USA 

(1672 km2) 

Modified 

SWAT 

Fully 

discretized 

Loss  

(5) 

Complete 

loss,  

+/- 3 ha, 

distance to 

stream 

C:2009-11 

V:2012-13 

SUFI-2 

and 

SWAT-

CUP 

Air photos 

(1980s) 

Lane and 

D’Amico 

(2010) 

~10a to 

0.0% 

Muhammad 

et al. (2018) 

UARB, MB, 

Canada 

(~13,000 

km2) 

Modified 

SWAT 

Fully 

discretized 

Loss and 

climate 

change 

(5) 

Complete 

loss to 

2000 

C:2005-09 

V:2010-12 

SUFI-2 

and 

SWAT-

CUP 

Landsat-

TM 

(AAFC 

circa2000) 

Wiens 

(2001) 

1.1 to 

0.0%  

a estimated based on Wu and Lane (2017,) where NWI < 500 m2 = 10%, but wetlands <100m3 were removed in Evenson et al. (2016) 

C – Calibration  

V – Verification 
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2.7 Climate models for prairie hydrological modelling 

Global climate models (GCMs) are widely used to understand the influence of GHG emissions 

on our recent and future climate. A standard set of GHG emissions scenarios, called 

representative concentration pathways (RCPs), are used to project climate change based on 

increases in net radiative forcing caused by GHGs. The Coupled Model Intercomparison Project 

Phase 5 (CMIP5; Taylor et al., 2012) uses these RCPs and a standard set of model simulations to 

evaluate GCM realism and provide projections of future climate change for the United Nations 

Intergovernmental Panel on Climate Change (IPCC). In a recent IPCC Fifth Assessment Report 

(AR5; IPCC, 2013), four RCPs were used to project climate change in the near term (to about 

2035) and long term (to about 2100): RCP2.6, RCP4.5, RCP 6.0, and RCP8.5. Each RCP label 

corresponds to a projected net radiative forcing, in W/m2, by 2100. RCP2.6 reflects the “best-

case” scenario, which would require immediate reduction in CO2 emissions and would keep 

global mean temperature rise below 2ºC by 2100. In contrast, RCP8.5 represents the “worst-

case” scenario, which assumes continued population growth and modest changes to global fossil-

fuel emissions by 2100. GCM climate projections are known to have large uncertainties, so mean 

values from multi-model ensemble simulations, such as CMIP5, are often used to communicate 

results and reduce uncertainty. Global mean annual temperature is expected to increase by 1.0ºC, 

1.8ºC, 2.2ºC, and 3.7ºC, for RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively, by 2100, based 

on CMIP5 mean projections from 1986-2005 to 2081-2100 (IPCC, 2013). The upcoming IPCC 

Sixth Assessment Report (AR6) will consider a new generation of emissions scenarios called 

Shared Socioeconomic Pathways (SSP), which are expected to include more plausible climate 

futures based on current and future energy-policy decisions (Peters and Hausfather, 2020).  

GCMs provide large-scale (> 100 km) climate projections but fail to represent regional or local-

scale weather patterns. Downscaling GCM projections is therefore required to generate forcing 

data for local-scale hydrological models. Downscaling approaches are either statistical or 

dynamical (Fowler et al., 2007). Statistical approaches rely on empirical relationships between 

observed and simulated climate, whereas dynamical approaches implement regional climate 

models (RCMs) to explicitly represent small-scale climate processes. RCMs run at finer spatial 

resolutions than GCMs and adopt boundary conditions from either GCMs or reanalysis data. 

Coarse resolution RCMs (>10 km) are still limited in their capacity to represent surface weather 

patterns due to parameterization of convective processes, which is known to introduce bias in the 

simulated hydrological cycle (Li et al., 2019). High resolution RCMs (< 4 km), on the other 

hand, can avoid bias by explicitly resolving convective processes and more accurately 

representing local topography. These convection permitting models (CPMs) have high 

computing costs, but offer more realistic representation of convective systems and better 

convective and orographic precipitation (Prein et al., 2015).  
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In the Canadian Prairies, dynamical downscaling using CPMs offers improved summer and 

winter precipitation. Dynamical downscaling produces physically connected weather variables 

(Fowler et al., 2007), which are critical for use with physically-based cold regions hydrological 

models. In winter, dynamically downscaled CPMs can represent fine-scale boundary-layer 

processes such as snow cover depletion, snowmelt, and blowing snow (Li et al., 2019). In 

summer, CPMs simulate fine-scale convective storms, which generate extreme local 

precipitation events and contribute the most precipitation on the Canadian Prairies (Li et al., 

2019).  

Given these advantages, the Weather Research and Forecasting Model (WRF; Version 3.6.1) 

was recently run at convection-permitting resolution over Western Canada to assess the 

hydroclimatic risks of high-end emission scenario RCP8.5 (Li et al., 2019). WRF was run at 4 

km spatial resolution for the period 2000-2015 with initial and boundary conditions derived from 

6-hourly 0.7º ERA-Interim reanalysis (Dee et al., 2011). Simulations included a retrospective 

simulation (CTRL, 2000-2015) forced with ERA-Interim a Pseudo Global Warming (PGW) 

simulation forced with ERA-Interim plus climate change signals from CMIP5 ensemble mean 

projection for RCP8.5. WRF-CTRL simulated air temperature and precipitation agreed with 

geographical distributions determined by Canadian daily analysis ANUSPLIN and Canadian 

Precipitation Analysis (CaPA), respectively, with few biases noted (Li et al., 2019). WRF-PGW 

simulations projected significant warming across Western Canada relative to CTRL, but overall, 

less than projected by the CMIP5 ensemble. WRF-PGW simulated precipitation showed little to 

no increase in total depths, but a higher frequency of high-intensity events across all seasons. In 

the Canadian Prairies, warmer temperatures and slightly decreased summer precipitation were 

projected, which may lead to future water shortages for agriculture (Li et al., 2019).  

Outputs from WRF-CTRL and WRF-PGW model runs include hourly time-series of weather 

variables that can be used to assess the impacts of climate change in Western Canada. WRF 

generated precipitation, air temperature, wind speed, specific humidity, and shortwave and 

longwave irradiance have already been used to evaluate the impact of future climate projections 

on hydrology in the Canadian Arctic (Krogh and Pomeroy, 2019) and the Canadian Rockies 

(Fang and Pomeroy, 2020). In both studies, the CRHM platform was used to build representative 

hydrological models and WRF variables were bias corrected to observations using a quantile 

delta mapping algorithm (Cannon et al., 2015). The Canadian Prairies are also known to be 

particularly sensitive to climate change (Fang and Pomeroy, 2007), so similar tools could be used 

to evaluate the influence of future climate projections on prairie hydrology. Previous attempts at 

assessing impacts of climate change on hydrology in the PPR used the statistically downscaled 

Canadian Regional Climate Model (CRCM) with SWAT hydrological models (Muhammad et 

al., 2018; Zhang et al., 2011). The former is too coarse in spatial resolution (~14 km) to capture 
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convective storms and the latter is too simple in cold regions hydrological process representation. 

A CRHM model with representative wetland storage dynamics forced with WRF projected 

weather variables could be a more informative way to simulate wetland drainage and/or 

restoration scenarios under future climate projections in the PPR.   

2.8 Summary 

Prairie agricultural practices are changing in response to changing climate conditions and other 

factors. During a recent wet period in the PPR, agriculture producers installed surface drainage 

ditches to remove water from landscape depressions and/or wetlands at an unprecedented rate – 

particularly in the Aspen Parkland Ecoregion of Canada. Commonly referred to as “wetland 

drainage,” this practice has been linked to increased peak and annual streamflow volumes across 

the PPR in both observational and hydrological modelling studies. Delineating wetlands is a 

significant challenge for research on wetland loss and impact thereof. Despite recent advances in 

satellite remote sensing technology, air photo interpretation is still commonly used to quantify 

current and historical wetland extent. Wetland storage capacity estimates for hydrological model 

parameterization depend on either empirically derived volume-area scaling relationships, or 

DEM filling algorithms, or a combination of the two when wetlands are partially filled with 

water at the time of remote survey. High resolution, LiDAR-based, DEMs can improve 

depression storage capacity estimates, but DEM processing techniques and minimum depression 

size filtering can impact results significantly.  

To date, only a few hydrological modelling studies in the PPR used DEMs to estimate wetland 

storage capacities. These studies all used 10-m resolution DEMs, which are too coarse to detect 

surface drainage ditches on farmland, and only one study breached roads to account for 

subsurface drainage infrastructure (i.e., culverts). As such, there is a need to assess the influence 

of culverts and/or bridges on depression storage capacity estimates from high-resolution, 

LiDAR-derived DEMs capable of resolving in-field agricultural surface water drains. Doing so 

would improve user confidence in wetland change simulations for prairie basins. Most 

hydrological modelling studies in the PPR used air-photos and volume-area scaling relationships 

to delineate wetland area and storage capacities. As LiDAR surveys and hydrological modelling 

studies become more practical in Canadian Prairie basins, a comparison or air-photo-based and 

LiDAR-based wetland delineation results is warranted. 

Previous hydrological model simulations of wetland drainage and/or restoration in prairie basins 

returned similar results in the fact that drainage increased peak and annual streamflow discharge 

while restoration decreased both. Wetland drainage exhibited greater increases than restoration 

decreases, but the relative impact of wetland drainage on streamflow discharge varied widely 

between studies. The range of simulated impacts is possibly tied to the level of “current” and 
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“historical” wetland area and storage capacity delineated in each basin. Results from complete 

drainage simulations at Smith Creek Research Basin (SCRB) were significantly greater than any 

other modelled basins, even though a similar “current” wetland area proportional to basin area 

was delineated in other basins. Given known errors in wetland delineation and parameterization 

methods for SCRB, specifically the impact on estimating depression storage capacity, an update 

to this model is needed to incorporate new knowledge and tools developed in recent years. A 

sensitivity analysis of an updated CRHM-PHM model for SCRB is also warranted, to better 

understand which parameters are driving simulated streamflow responses in CRHM-PHM.  

The influence of projected climate change on wetland-dominated prairie basin hydrology is not 

well studied. Only one study modelled both climate change and wetland drainage scenarios 

simultaneously. In that study, wetlands were poorly delineated and forcing data was obtained 

from the statistically downscaled Canadian Regional Climate Model (CRCM; ~14 km 

resolution). New research shows that dynamical downscaling of GCMs at convection permitting 

resolutions (< 4 km) produces more physically connected weather variables and better 

precipitation outputs. Recently, the Weather Research and Forecasting model (WRF; 4 km 

resolution) was run across Western Canada for the period 2001-2015, forced with ERA-Interim 

reanalysis. A Pseudo Global Warming (PGW) scenario was also produced, by which ERA-

Interim forcing was perturbed by climate change signals generated by CMIP5 ensemble mean 

projections for RCP8.5. Outputs from these WRF runs has been used as forcing in CRHM 

models to predict impacts of future climate on hydrology in the Canadian Arctic and Canadian 

Rockies. The same opportunity exists to predict the impact of future climate on hydrology in the 

Canadian PPR. An updated CRHM model for SCRB, forced with current and projected WRF 

weather variables, would offer the most scientifically advanced method of evaluating the 

influence of wetland management policies on future hydrology in the PPR. 

In summary, the literature review presented in this chapter brings forward the following research 

questions related to the purpose and objectives of this thesis:  

1) What effect do culverts and/or bridges have on wetland depression storage capacity 

estimates from a high-resolution DEM in an agriculturally dominated prairie basin? 

2) How do wetland depression storage capacity estimates from a high-resolution DEM 

compare with storage capacity estimates of air-photo derived wetlands? 

3) How can an existing prairie hydrological model be improved or modified to incorporate 

wetland depressions delineated from a high-resolution DEM, with the goal of using the 

model to evaluate wetland management scenarios? 
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4) What is the impact on model results if wetlands are parameterized using wetland 

depressions from a high-resolution DEM versus when wetlands are parameterized using 

wetlands from air-photo interpretation? 

5) How might projected future climate change influence the hydrology of wetland 

dominated prairie basins? 

6) What is the impact of wetland drainage and/or restoration on prairie streamflow 

generation under current and future climate conditions?  

Research questions 1 and 2 are tied to the first objective of this thesis, while questions 3 and 4 

are tied to the second objective and questions 5 and 6 are tied to the third objective. These 

questions are addressed in the remaining chapters of this thesis. 
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3 STUDY SITE AND DATA 

3.1 Strategy 

A case study approach is used in this thesis to investigate the influence of wetland drainage and 

climate change on streamflow in the PPR. In Chapters 4, 5, and 6, the Smith Creek Research 

Basin (SCRB) is used as the study site for investigations of wetland delineation techniques, 

hydrological model construction, and simulations of wetland management scenarios under 

current and future climate projections. The purpose of this chapter is to describe the SCRB in 

detail and highlight the various data available for the SCRB.   

The SCRB is data rich thanks to an intense field research program that took place between July 

2007 and September 2013. During that time, the University of Saskatchewan collaborated with 

Ducks Unlimited Canada (DUC), local basin authorities, and area farmers to collect data and 

conduct research within the SCRB. Several reports and publications have emerged from these 

research activities, including the development of a Prairie Hydrological Model (PHM) using the 

Cold Regions Hydrological Modelling platform (CRHM). Research from the SCRB has 

advanced the understanding of prairie hydrological processes, shifting climate regimes, and 

nutrient runoff dynamics in the Canadian Prairies.  

3.2 Site description 

The SCRB is located approximately 60 km southeast of Yorkton, Saskatchewan and lies within 

the Canadian PPR and the Canadian Aspen Parkland Ecoregion (Figure 3-1a). The SCRB 

contains the town of Langenburg within its boundary and is situated between the Rural 

Municipalities of Churchbridge and Langenburg (Figure 3-1b). The SCRB has a sub-humid 

continental climate dominated by cold region hydrological processes. Snow accumulates over 

winter, is redistributed by wind, and melts and runs off over frozen soils in the spring. Peak 

streamflow is typically driven by spring snowmelt, which accumulates in wetland depressions 

and roadside ditches before reaching the main stream channel. Mean annual precipitation (30-

years, 1981-2010) at the nearby Yorkton Airport (ECCC Climate ID: 4019080) is 449.3 mm, 

with 117.4 mm occurring as snowfall between October and April (ECCC, 2020). The mean 

number of days with snow cover (≥ 1 cm) is 139.1 and the mean monthly air temperature ranges 

from -16.7 ºC in January to +17.9 ºC in July. 

The total catchment area of the SCRB is approximately 400 km2 (Fang et al., 2010) based on 

automated basin delineation from a 50-m resolution DEM using “TOPAZ” (Garbrecht and 

Martz, 1997). Elevations range between 490 and 548 m.a.s.l and ground slope ranges from 2 to 

5%. Soils are predominantly Black Chernozems with loam texture and high organic matter (5-
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8.5%). Land use is primarily agricultural (74%), with some natural grasslands, wetlands, pasture, 

and woodlands remaining intact (AAFC, 2014). Agricultural land is seeded annually to cash 

crops, mostly cereal grains and canola. Gravel roads form a grid-like pattern across the SCRB to 

provide access to farmland and Highway 16 runs diagonally through the southern portion of the 

basin (Figure 3-1b). Like most basins in the PPR, thousands of small surface depressions hold 

ponded water and form wetlands in the SCRB, but wetland drainage is widespread in agricultural 

areas. During high runoff periods, local farmers will open and close culverts in roadside ditches 

to regulate flow and manage flooding within the basin.  

 

Figure 3-1 a) Location of the Smith Creek Research Basin (SCRB) within the Prairie Pothole 

Region (PPR) of North America (Mann, 1974), and b) the basin boundary, roads, and locations 

of rain gauges (RG), water level transducers (WL), USask meteorological station (USask) and 

WSC streamflow gauge 05ME007 (WSC).    

3.3 Observational data 

3.3.1 National archived station data 

A Water Survey of Canada (WSC) streamflow gauging station is located at the outlet of the 

SCRB (ID: 05ME007 – Smith Creek near Marchwell, Saskatchewan) (Figures 3-1a and 3-2). 

This station measures hourly stream stage at a culvert crossing under a grid road 2 miles north of 

Marchwell, Sk. A rating curve is used to convert stream stage to discharge based on manual 

measurements of streamflow velocity, channel cross-sectional area and depth, which are 

typically taken several times a year by the WSC. During periods of high flow, significant 

ponding can occur at the gauging station while streamflow is restricted to pipe-flow through the 

a) b) 
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culvert at the grid road (Figure 3-2b). During major flooding in 2011, for example, the gauging 

station was completely submerged and could only be identified by a whirlpool on the pond 

surface near the culvert. During another event in 1995, the road was cut open by a track hoe to 

relieve flooding in the basin. Streamflow data for high-flow periods are therefore highly 

uncertain as stage measurements and stage-discharge rating curves are inaccurate during these 

times. Daily mean streamflow data from 1975 to 2015 were downloaded from the WSC National 

Water Data archive: HYDAT.  

 

Figure 3-2 Photos of Water Survey of Canada (WSC) streamflow gauging station 05ME007 on 

a) 12 OCT 2011 and b) 02 MAY 2011. Photos by Nicole Seitz. 

The nearest ECCC meteorological station is located approximately 60 kilometers northwest of 

the SCRB at the Yorkton Airport (Climate ID: 4019080). Data from the Yorkton Airport were 

used to infill gaps in data collected from a field station installed in the SCRB by the University 

of Saskatchewan (USask) between 2007 and 2013 (details below). ECCC data were accessed 

online at climate.weather.gc.ca and included measurements of air temperature, wind speed, 

relative humidity, and precipitation at hourly intervals.  

3.3.2 USask meteorological station 

A meteorological field station (Figures 3-1b and 3-3) was installed by the USask Centre for 

Hydrology in the SCRB in July 2007 and removed in September 2013. The following 

measurements were collected at 15-minute intervals except for soil moisture and temperature 

which were collected hourly: 

• air temperature (ºC) 

• radiation (W/m2: incoming short, long, outgoing short, long, and net-all wave) 

• relative humidity (%) 

a) b) 
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• wind speed (m/s) and direction (º), 

• soil moisture (dimensionless and fractional number, 0-40 cm)  

• soil temperature (ºC: 0-20 cm) 

• snow depth (cm) 

• rainfall, and snowfall (mm).  

 

Figure 3-3 Photos of the USask meteorological field station on a) 12 NOV 2007 and b) 28 JUL 

2007. Photos by Nicole Seitz. 

USask met station data were quality controlled to ensure continuity and reduce errors. Data gaps 

caused by power outages and/or maintenance issues at the met station were infilled using data 

from the ECCC station at Yorkton. Linear regression was used to infill missing values for 

temperature, wind speed and relative humidity. Short (<4 hours), medium (4 hours to 48 hours) 

and long (>48 hours) gaps were infilled. Short gaps comprised only 7 hours of missing data, 

while medium and long gaps comprised 103 hours and 1,076 hours, respectively. Long gaps 

occurred over two periods where power outages occurred at the met station for 20 days in 

November 2007 and 25 days from late December into January 2009. Overall, there was less than 

3% missing data between 31 October 2007 and 30 September 2013 and no gaps occurred after 17 

January 2009. Data gaps for incoming solar radiation matched those of temperature, relative 

humidity, and wind speed, but missing values were infilled with estimated values based on 

Annandale et al. (2002) and Shook and Pomeroy (2011). Shook and Pomeroy (2011) found that 

the semi-empirical Annandale method of estimating daily incoming solar radiation based on 

daily air temperatures ranges performed well in the Canadian Prairies and developed a simple 

equation to interpolate daily to hourly values using only date and hour. Relative humidity values 

above 100% (due to supersaturation) were set to 100% and shortwave radiation values below 

zero were set to zero. For hydrological modeling purposes, vapour pressure was calculated from 

a) b) 
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air temperature and relative humidity. To generate forcing data for hydrological modelling, 15-

min interval air temperature, wind speed, relative humidity, and vapour pressure measurements 

were resampled to 1-hour intervals by taking the mean value of the previous hour’s 

measurements.     

Precipitation data from the Geonor T-200B type weighing gauge were resampled to 1-hour 

intervals prior to data cleaning or infilling by retrieving hourly values from the 15-min dataset. 

Power outages at the met station caused data gaps matching those noted above, which totalled 

approximately 1,100 hours. Power and/or maintenance issues at the Geonor also caused data 

gaps prior to 1 December 2007 and after 20 March 2013, totalling approximately 5,000 hours. 

overall, approximately 10% of precipitation data were infilled between 31 October 2007 and 30 

September 2013. During the summer of 2010, the Geonor was not filled with oil to prevent 

evaporation, so data were manually corrected to remove the evaporation signal. From 26 May 

2010 to 22 Oct 2010 interval precipitation values were de-accumulated, negative values set to 

zero, and then values were re-accumulated. The R package CRHMr (Shook, 2021) was used to 

fill short gaps (< 4 hours), clean data spikes (< 5 hours), remove data noise (jitter), and de-

accumulate the cleaned and filled precipitation data. Short gaps were filled by linear 

interpolation using the function weighingGauge1. Data spikes caused by gauge maintenance 

(emptying) were removed and filled by linear interpolation using the function weighingGauge2, 

with a spike threshold of 25 mm. A total of 11 data spikes were removed, each less than 5 hours 

in length. Data noise (jitter) was filtered using a neutral aggregating filter (Pan et al., 2016) 

contained in the function weighingGauge4, with a noise threshold of 0.1 mm and a service 

threshold of -10 mm. Long gaps in precipitation data were filled using double mass curve 

regression with evenly divided daily precipitation from the ECCC station at Yorkton. Finally, 

cleaned and filled precipitation data were de-accumulated into hourly values using the function 

weighingGaugeInterval. Snowfall amounts were not corrected for wind-undercatch at this stage 

of data processing.    

3.3.3 Field data and surveys 

Various types of field data were collected across the SCRB between July 2007 and September 

2013 (Figure 3-1b). Additional rain gauging stations and wetland water level recording stations 

operated briefly in the summer of 2007 and again through the entire growing season in 2008. 

Field surveys of soil and vegetation properties were conducted in 2007, 2008, and 2011 and 

snow surveys were conducted during winter snow accumulation and/or spring snowmelt in 2008, 

2009, 2011, and 2012. The following sub-sections describe these data collection and calculation 

procedures. Figures and tables summarizing these data are presented in Appendix A and 

photographs of these field sites can be found in Pomeroy et al (2010).  
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3.3.3.1 Rain gauges 

Ten rain gauging stations were installed in the SCRB in the summer of 2007. Rain gauge 

locations were designated “RG” and are shown in Figure 3-1b. Each station comprised of a 

tipping bucket rain gauge and a standard storage rain gauge. Tipping bucket rain gauges 

measured rainfall amount at 5-minute increments, which provided information regarding the 

spatial variability of rainfall events, while storage rain gauges measured rainfall accumulation 

over time with high accuracy. These rain gauge stations were operated during the growing 

season (May to October) of 2008 and early growing season of 2009. Rain gauge data revealed 

rainfall intensity and accumulation can vary across short (< 10 km) distances in the SCRB, with 

convective storms sometimes only hitting one or a handful of rain gauges. This has important 

implications for uncertainty in precipitation measurements at the main USask met station and the 

applicability of using that data to represent rainfall across the nearly 400 km2 basin.  

3.3.3.2 Wetland water levels 

Water level recording stations were installed in six wetlands and a small lake (Government Lake) 

in the summer of 2007. Water level station locations were designated “WL” and are shown in 

Figure 3-1b. The stations operated until “freeze-up” in the fall of 2007 before being removed and 

re-launched in the spring of 2008 and operated again until “freeze-up” in 2008. Each station was 

instrumented with an electronic pressure transducer and datalogger to record hourly water level 

measurements. Manual water level measurements were conducted in August and October in 

2007 and at weekly intervals from 30 April to 22 October in 2008. Manual measurements were 

used to correct automated measurements when errors occurred or when stations were adjusted. 

Manual and automated pond depth measurements, locations, and dates are presented in Table A-

2 and Figure A-2, respectively. Maximum inundated water areas for the wetlands with water 

level recorders are provided in Table A-3. 

3.3.3.3 Soil and vegetation properties 

Field surveys of soil and vegetation properties were conducted across four different land cover 

types in the SCRB – cropland (cultivated stubble with bare ground or standing stubble), 

grassland (including pasture), wetland (shrub and bush), and woodland (trees). Soil samples were 

collected from 18 transects in the fall of 2007, 8 transects in the fall of 2008, and 9 transects in 

the fall of 2011 (Table A-1). Vegetation height was measured at 18 transects in the fall of 2007 

and 8 transects in the fall of 2008. All transects were located near rain gauge (RG) stations, water 

level (WL) stations, or the USask meteorological field station (USask met) (Figure 3-1b). Five 

samples were taken 5-m apart across each transect and mean values were calculated. Soil 

samples were collected at 40-cm using a soil auger, shovel and plastic bag. Soil samples were 

transported to the Centre for Hydrology laboratories where soil moisture was analysed using the 
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gravimetric method using a soil drying oven. Bulk densities of 1.25 x 103 and 1.4 x 103 kg/m3 

were assumed for clay and loam textured soils based on field observations of soil type, 

respectively. All wetland samples, one grassland sample, and one woodland sample had clay soil 

textures, while the remaining samples exhibited loam soil textures. Oven temperature was 105 ºC 

for a minimum of 24 hours during soil sample drying.  

3.3.3.4 Snow water equivalent (SWE) 

Snow surveys were conducted along 18 transects during winter snow accumulation and/or spring 

snowmelt in 2008, 2009, 2011, and 2012. Transects were located near rain gauge (RG) stations, 

water level (WL) stations, or the USask meteorological field station (Figure 3-1b). Six transects 

were in crop stubble, five in grassland, two in woodland, three in wetlands, one in a roadside 

ditch, and one in the main river channel. Snow depth was measured approximately every 5 

meters at 25 points along each transect, except in woodland areas where measurements were 

taken every 5 meters across 10 points. Snow density was measured every fifth snow depth 

measurement. Snow depth was measured using a 1-m metal ruler and snow density was 

measured gravimetrically using an ESC30 snow sampling tube and weighing scale. Snow density 

(ρs, in kg/m3) was calculated using the following equation:   

𝜌𝑠 =  
1000 ∗ (𝑊𝑠𝑛𝑜𝑤 − 𝑊𝑡𝑎𝑟𝑒)

𝑑𝑠
 

where, Wtare is the weight of the empty snow tube (kg), Wsnow is the weight of snow tube with snow 

sample (kg), and ds is snow depth (m). Mean snow depth (ds, in m) and density (ρs, in kg/m3) 

measurements were then used to estimate the snow water equivalent (SWE, m) of the snowpack 

along each transect according to the following equation: 

𝑆𝑊𝐸 =
𝜌𝑠

𝜌𝑤
∗  𝑑𝑠 

where ρw is 1000 kg/m3, the density of water at 0⁰C. Snow survey dates, locations, and calculated 

SWE are presented in Table A-4.  

3.4 Geospatial data 

GIS datasets available at the SCRB include: a 1-m resolution LiDAR DEM, two SPOT-5 and 

one RapidEye satellite image(s), the Agriculture and Agri-Food Canada (AAFC) Annual Crop 

Inventory, a digitized road network, and historical inventories of open water, wetlands, and 

artificial drainage channels from Ducks Unlimited Canada (DUC). Each dataset is described in 

the following sub-sections and basin-scale images are presented in Figure 3-2.  
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3.4.1 LiDAR  

An airborne light detection and ranging (LiDAR) survey was conducted at the SCRB between 

14-16 October 2008 by LiDAR Services International Inc. (LSI), 2009). LSI then provided a 1-m 

resolution digital elevation model (DEM) of the SCRB (Figure 3-4a). Average LiDAR point 

spacing was 0.66 m with an average point density of 2.3 points per m2. The fundamental vertical 

accuracy was 9.8 cm in open terrain using RMSE x 1.9600 (ASPRS, 2015). 

     

      

Figure 3-4 Remotely sensed GIS data for the SCRB. a) 1-m resolution LiDAR DEM, b) SPOT-5 

classified land use from two images (5 July 2007 and 1 October 2008), c) SPOT-5 open water 

areas from 1 October 2008, d) RapidEye open water areas from 18 May 2011. 

a) b) 

c) d) 
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3.4.2 Satellite images 

Two 10-m resolution SPOT-5 satellite images were acquired for the SCRB – the first for 5 July 

2007 and the second for 1 October 2008. Both images were used to classify land uses within the 

basin for hydrological modelling by Fang et al. (2010) and Pomeroy et al. (2010, 2014). The 

summer image provided good separation of vegetated and non-vegetated areas, whereas the fall 

image provided good separation between cropland and natural vegetation. A pixel-based 

supervised classification technique was used to classify land uses in the studies mentioned above 

(Guo et al., 2012). Results of the supervised classification analysis were ground truthed against 

University of Saskatchewan field survey data, over 500 field samples by DUCs, and during a 

community meeting in Langenburg were local landowners and farmers provided input on the 

accuracy of the analysis. Overall, the SPOT-5 supervised classification image achieved 66.7% 

accuracy. The classified image is provided in Figure 3-4b and an image of open water areas only 

on 1 October 2008 is presented in Figure 3-4c. The image in Figure 3-4c is useful for identifying 

water-covered areas during the LiDAR survey, which occurred 2 weeks later.  

A 5-m resolution RapidEye satellite image was acquired during a major flood event in the SCRB 

on 18 May 2011. The image was used to construct a GIS layer of water-covered areas during the 

flood (Figure 3-4d). Ducks Unlimited Canada supplied this image.  

3.4.3 Road network data 

National Road Network (NRN) data were accessed via the Government of Canada Open Data 

Portal (open.canada.ca). Road network polylines were downloaded from the NRN GeoBase 

Series for Saskatchewan and ArcGIS was used to clip roads to the SCRB extent. Gravel roads 

form a grid-like pattern across the SCRB and Highway 16 runs at a diagonal across the southern 

portion of the basin (Figure 3-5).  

 

https://open.canada.ca/
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Figure 3-5 National Road Network data for the SCRB. 

3.4.4 Ducks Unlimited Canada datasets 

Ducks Unlimited Canada (DUC) provided Canadian Wetland Inventory (CWI) data for 1958, 

2000, 2009, and 2015. Open water and wetland area polygons were derived primarily from air 

photo interpretation and classified according to the CWI Data Model (DUC, 2016). DUC also 

supplied polylines of installed agricultural surface drainage ditches for each year and 155 

approximate culvert locations from field investigations. DUC classified wetlands according to 

their anthropogenic impact each year as shown in Table 3-1. “Intact” wetlands exhibit no 

evidence of human disturbance. “Restored” wetlands have been restored by DUC interventions. 

“Disturbed-cultivated” wetlands show evidence of cultivation for crop production but would 

retain water and support wetland vegetation if farming were discontinued. This classification 

results from farmers encroaching on wetland boundaries when water levels drop and/or wetland 

soils dry out due to climate-induced drying or partial drainage of wetlands. “Partly-drained” 

wetlands have artificially lowered water levels caused by surface water drainage, but otherwise 

retain water and support wetland vegetation. Farmers will sometimes “partly-drain” a wetland to 

expand or maintain farmable acres without completely draining the wetland. This practice is 

more common for large and/or deep wetlands. “Completely-drained” wetlands have completely 

lost their surface water storage capacity due to agricultural surface water drains installed to the 

full depth of the original wetland.  

Table 3-1 includes the total number of wetlands classified each year and the cumulative length of 

installed agricultural surface drainage channels. Total wetland area is influenced by antecedent 

moisture conditions when air-photo interpretation is used to delineate wetlands. 1958 was a 

notably wet year across the Prairies, whilst a major period of drought was beginning in the year 
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2000. It follows that total wetland areas decreased from 1958 to 2000 and then increased again in 

2009 when moisture conditions improved. The fraction of total wetland area deemed 

“completely-drained” each year provides a good indication of the impact of drainage on surface 

water storage capacities over time. The fraction of total wetland area deemed “completely-

drained” was 0%, 33%, 44%, and 45% in 1958, 2000, 2009, and 2015, respectively. From 2009 

to 2015, a decrease in “intact” wetland area corresponds (mostly) with an increase in “partly-

drained” wetland area. “Partly-drained” wetland areas retain some surface water storage 

capacity, but it is difficult to quantify without more details regarding drainage impact. Maps of 

intact wetlands and installed agricultural drains for 1958, 2000, 2009, and 2015 are provided in 

Figures 3-6 a, b, c, and d, respectively. DUC also publishes an interactive map of the CWI for 

the SCRB online at https://www.ducks.ca/initiatives/gis-mapping-applications/.  

Table 3-1 Ducks Unlimited Canada CWI data for 1958, 2000, 2009, and 2015. 

  Area (km2) 
Drainage 

channel 

length (km)  Number a Total Intact Restored 

Disturbed-

cultivated 

Partly- 

drained 

Completely

- drained 

1958 8030 84.0 75.9 0.0 1.2 6.9 0.0 56 

2000 7820 71.8 35.2 0.4 0.0 11.9 24.3 586 

2009 6837 85.1 23.0 1.4 7.3 15.7 37.6 1,049 

2015 6648 85.1 19.0 1.4 7.3 18.7 38.7 1,342 

a Number is the total number of wetlands minus completely drained wetlands 

 

 

 

https://www.ducks.ca/initiatives/gis-mapping-applications/
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Figure 3-6 Maps of the Canadian Wetland Inventory and installed agricultural drainage ditches 

for a) 1958, b) 2000, c) 2009, and d) 2015. GIS data supplied by Ducks Unlimited Canada. 

3.5 Previous studies of prairie hydrology at the SCRB 

The SCRB has served as the study site for several investigations of prairie hydrology conducted 

by the Centre for Hydrology at the University of Saskatchewan. Many of these studies advanced 

prairie hydrological modelling tools or improved our understanding of the behaviour of prairie 

wetland complexes. These include: hydrological modelling of spring snowmelt and runoff (Fang 

et al., 2010; Pomeroy et al, 2010), investigation and simulation of memory effects of wetlands 

(Shook at Pomeroy; 2011), simulation of wetland storage dynamics (Shook et al., 2013), 

hydrological modelling of wetland drainage and restoration scenarios (Pomeroy et al., 2014), and 

quantification of the effects of wetland complexes on basin connectivity (Shook et al., 2021). 

a) b) 

c) d) 
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Other studies include an evaluation of the impact of wetland drainage on downstream water 

quality (Brunet and Westbrook, 2012), characterization of hydrological regime changes in the 

basin (Dumanski et al., 2015), and investigation of the transformation of winter precipitation to 

spring snowmelt (Shook et al., 2015).  

Many of the above studies were reviewed in detail in Chapter 2. Briefly, the hydrological 

modelling studies all used wetlands delineated from air-photos and a 10-m DEM, which poorly 

characterized wetland areas and storage capacities. Although these studies advanced the 

conceptualization and representation of wetlands in prairie hydrological models, there remains a 

need to improve wetland characterization using higher resolution DEMs and more advanced 

geospatial analysis. Further, the above hydrological modelling studies also never ran 

continuously across the study period or explored any future climate scenarios – both topics that 

are addressed in this thesis. The non-hydrological modelling studies noted above each 

specifically highlighted the need for further hydrological modelling to better understand and 

capture prairie hydrological processes and explore the influence of wetland drainage and climate 

change on prairie streamflow generation. 

3.6 Conclusion 

The SCRB offers an ideal location to further progress in prairie hydrological modeling and 

evaluate the influence of wetland management and climate change on prairie hydrology. Thanks 

to an extensive field campaign between July 2007 and September 2013, the SCRB is probably 

the most comprehensively monitored basin the Canadian Prairies, if not the entire PPR, making it 

extremely desirable for prairie hydrological modelling research. Recent research conducted in 

the SCRB using these data has advanced our understanding of prairie hydrology, however some 

gaps remain with respect to wetland characterization and representation in hydrological models 

and the relative influence of wetland drainage and/or restoration on streamflow under changing 

climate conditions. This thesis aims to address these gaps by digging deeper into the data 

available for the SCRB and advancing the modelling techniques previously developed using data 

from the SCRB. The SCRB is somewhat unique in terms of the extent of wetland drainage that 

has been conducted and its location along the north-eastern fringe of the Canadian Prairies where 

the climate is typically cooler and wetter than the rest of the prairie region. As such, the results of 

the work conducted in this thesis may not apply directly to other portions of the Canadian 

Prairies, but they may help inform future hydrological modeling studies and/or general wetland 

management policy decisions across the region.  

  



50 

 

4 UNCERTAINTY IN SURFACE DEPRESSION AND WETLAND 

WATER STORAGE CAPACITY ESTIMATES IN A CANADIAN 

PRAIRIE BASIN 

4.1 Strategy 

The first step towards building a hydrological model capable of simulating wetland management 

scenarios is to accurately estimate wetland areas and surface water storage capacities. In this 

chapter, the process of delineating wetlands from a high-resolution digital elevation model 

(DEM) is explored, with the goal of reducing uncertainty in surface water storage capacity 

estimates in agriculturally dominated regions of the PPR. The role of DEM resolution and DEM 

modification to account for culverts, which allow surface water to flow beneath roads, is 

assessed and results are compared with wetlands delineated from air-photo interpretation. Results 

from this chapter are used in Chapter 5 to advance wetland representation and parameterization 

in a prairie hydrological model.  

This chapter is written in manuscript style and is intended for submission to the Agriculture 

Water Management Journal. Some aspects of the introduction, literature review, and site 

description sections of this thesis are repeated to provide context in a stand-alone journal article.  

4.2 Abstract  

Accurate surface water storage capacity estimates are needed to properly parameterize prairie 

hydrological models. Current models typically depend on air-photo delineated wetland areas and 

empirically derived volume-area scaling relationships to estimate surface water storage 

capacities in prairie basins. This method can be highly uncertain because air-photo delineated 

wetland areas are sensitive to surface moisture conditions at the time of data collection, small 

and/or ephemeral wetlands are often overlooked in air-photos, and empirical volume-area scaling 

relationships lose accuracy outside of the basin in which they were established. Where Light 

Detection and Ranging (LiDAR) data are available, automated depression delineation techniques 

can provide improved estimates of depressional wetland areas and surface water storage 

capacities, but artifact depressions must be carefully removed. In this study, a highly efficient 

raster-based depression filling algorithm was used to delineate surface depressions from three 

LiDAR-derived digital elevation models (DEMs), including a 10-m resolution DEM with roads 

intact, a 2-m resolution DEM with roads intact, and a 2-m resolution DEM with roads breached 

at known and assumed culvert locations. Road breaching was conducted manually in the 2-m 

DEM to remove artifact depressions that commonly form alongside roads where drainage 

infrastructure like culverts or bridges are known to exist. Results indicated that increasing DEM 

resolution from 10-m to 2-m did not significantly change surface depression area or storage 
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capacity estimates but breaching roads in the 2-m DEM decreased depression area by 29% and 

estimated depression storage capacity by 47%. Surface depressions delineated from the 2-m 

roads-breached DEM also covered 48% more area and held 53% more surface water than air-

photo delineated wetlands identified one year after the LiDAR survey was conducted. The 

implications of these results on prairie hydrological model parameterization and performance are 

discussed.   

4.3 Key points 

• Increasing DEM resolution from 10-m to 2-m without breaching roads did not 

significantly change surface depression area or storage capacity estimates  

• Breaching roads at known and assumed culvert locations in a 2-m resolution DEM 

reduced depression area by 29% and depression storage capacity by 47% 

• Depressions delineated from a 2-m roads-breached DEM covered 150% more surface 

area and held 150% more surface water than wetlands delineated from air-photos 

4.4 Introduction 

The Prairie Pothole Region (PPR) of North America spans approximately 800,000 km2 across 

the Canadian Prairies and mid-northern United States. The landscape is marked by millions of 

small depressions known as “prairie potholes” which form marsh-type wetlands under saturated 

or ponded conditions (van der Kamp et al., 2016). Much of the PPR has been converted from 

native prairie grassland, parkland, and wetland areas to agricultural areas for food production. 

During agricultural development, roads were built, land was cleared, and many wetlands were 

drained or filled to improve farming conditions. Wetland loss estimates in the PPR range from 40 

to 70% in Canada (Dahl and Watmough, 2007) to as high as 95% in the United States (Dahl, 

2014; Davidson, 2014). During a recent wet period in the PPR, particularly in the northern and 

eastern portions of the Canadian Prairies, rates of wetland drainage accelerated as producers 

worked to manage excess surface water conditions (DUC, 2015). Widespread flooding in the 

area has since fueled debate between policy makers, the public, and agriculture producers as to 

whether or not a wetland mitigation policy could prevent or reduce the impact of future extreme 

weather events. 

Hydrological models are useful tools for exploring the influence of wetland loss or restoration on 

streamflow in the PPR. However, model accuracy depends on the accuracy of the data used to 

parameterize the model as well as that of the forcing data. A major source of model uncertainty 

in the PPR lies in determining surface depression and/or wetland areas and their corresponding 

surface water storage capacities. Nearly every recent hydrological modelling study involving 
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wetlands in the PPR has used air-photo derived wetlands to parameterize wetland areas (Evenson 

et al., 2016, 2018; Fang et al., 2010; Perez-Valdivia et al., 2017; Pomeroy et al., 2010, 2014; 

Yang et al., 2010). Some studies used empirically derived volume-area scaling relationships to 

parameterize wetland water storage capacities (Muhammad et al., 2018, 2019; Perez-Valdivia et 

al., 2017; Yang et al., 2010), while others included 10-meter resolution digital elevation models 

(DEMs) to measure wetland water storage capacities more directly (Evenson et al., 2016, 2018; 

Fang et al., 2010; Pomeroy et al., 2010, 2014).  

As airborne Light Detection and Ranging (LiDAR) surveys become more accessible (particularly 

in Canada), high-resolution DEMs can provide more accurate estimates of depression and 

wetland storage capacities in prairie basins. Computationally efficient raster-based depression 

filling algorithms (Jones et al., 2018; Wu et al., 2019) are also accelerating the practice of 

delineating depressions and wetlands using high-resolution DEMs. Alongside these 

advancements, wetland and depression representation in hydrological models is becoming more 

spatially explicit. New models, such as SWAT for Depression Storage and Flows (SWAT-DSF; 

Evenson et al. 2018) use individual hydrological response units (HRUs) to represent individual 

depressions and their corresponding catchment areas. In the past, wetlands or depressions were 

often “lumped” together into one representative HRU (Fang et al., 2010, Yang et al., 2010). 

Since LiDAR signals typically do not penetrate water surfaces, DEMs constructed from LiDAR 

surveys contain partially inundated depressions. Depression filling algorithms are only capable 

of measuring storage capacities above existing water surfaces, so below-water-surface storage 

capacities must be estimated. Ancillary optical data is often paired with the DEM to help identify 

which depressions were partially filled during the LiDAR survey (Guo et al., 2017) and then 

empirically derived volume-area scaling relationships are used to estimate below-water-surface 

storage capacities. Two types of scaling relationships are commonly used in the PPR – direct 

volume-area scaling equations (Gleason et al., 2007; Wiens, 2001; Wu and Lane, 2016) or 

simplified volume-area-depth scaling equations (Hayashi and van der Kamp, 2000). The latter 

offers superior surface water storage capacity estimates if wetland pond depths can be estimated 

at the time of LiDAR survey. A third option, developed by Minke (2009), is to measure wetland 

surface areas at two elevation contours for each wetland in a LiDAR DEM and then use Hayashi 

and van der Kamp’s (2000) volume-area-depth equations to estimate pond depth and therefore 

wetland storage capacity. While this method potentially removes the need for wetland pond 

depth measurements, it is computationally expensive and difficult to generate closed elevation 

contours in flat terrain or when wetland pond levels are high. As such, wetland pond depth 

measurements taken alongside LiDAR survey offer the best method to approximate surface 

water storage capacities in prairie basins.  
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Depression storage capacity estimates are often overlooked in studies focussed on wetland 

delineation from high-resolution DEMs or remotely sensed images in the PPR. Typically, 

depression areas are compared with air-photo derived wetland areas from either the U.S. 

National Wetland Inventory (NWI) (Van Meter and Basu, 2015; Wu and Lane, 2016, 2017; Wu 

et al., 2019a,b) or the Canadian Wetland Inventory (CWI) (Serran and Creed, 2015). In these 

studies, LiDAR-derived depression areas often more than doubled NWI or CWI wetland areas 

because LiDAR-derived depressions represent fully inundated conditions and reference wetlands 

merely represent a snapshot in time. The number of depressions was also always higher than the 

number of wetlands because automated methods can resolve small/ephemeral wetlands (< 2000 

m2) that are difficult to visually identify in aerial images. Discrepancies between LiDAR-derived 

datasets and reference datasets were also influenced by minimum depression size or depth 

thresholds used during depression delineation. None of the above studies compared surface water 

storage capacity estimates between LiDAR-derived depressions and NWI or CWI wetlands. 

Perhaps this was because wetland volume depends on wetland area (Gleason et al., 2007; 

Hayashi and van der Kamp, 2000; Wiens, 2001) and LiDAR methods of calculating wetland 

volume agreed well with volume-area scaling equations (Lane and D’Amico, 2010; Minke, 

2009; Wu and Lane, 2016). However, as LiDAR-derived depressions start to be used to 

parameterize surface water storage in hydrological models, further understanding of how 

LiDAR-based estimates compare with air-photo based estimates is needed.  

When using DEMs to delineate depressions in the PPR it is important to remove artifact 

depressions from the results. Artifact depressions caused by noise in the LiDAR signal can be 

removed using a “knowledge-based approach,” whereby users set minimum depression size 

thresholds based on their knowledge of the landscape to ensure depressions are real (Lindsay and 

Creed, 2006). In the PPR, minimum depression area and depth thresholds of 200 m2 and 0.1 m, 

respectively, have been suggested for wetland identification (Li et al., 2011). At the very least, 

minimum depth thresholds should match LiDAR vertical error (Li et al., 2011; Wu and Lane, 

2019). To date, only 10-m resolution DEMs have been used to estimate depression storage 

capacity for hydrological modelling purposes in the PPR. In Pipestem Creek, minimum 

depression area and volume thresholds of 100m2 and 100m3 were set (Evenson et al., 2016, 

2018), whereas in the Smith Creek Research Basin no minimum threshold was set (Fang et al., 

2010; Pomeroy et al., 2010, 2014).  

Artifact depressions also appear alongside roads in DEMs where surface water drainage 

structures (i.e., culverts and bridges) exist to facilitate surface water drainage. LiDAR is not 

capable of detecting surface water drainage structures, so DEMs need to be altered to account for 

them. If the DEM is not altered, depression area and storage capacity will likely be over-

predicted in prairie basins where roads are abundant (O-Neil et al., 2019). Least-cost path 
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breaching algorithms can enforce drainage paths through road embankments (Lindsay and Dhun, 

2015), but they also breach depressions in the process, which is undesirable for depression 

identification. Some algorithms exist to breach roads at stream crossings (e.g., Whitebox GAT; 

Lindsay, 2016), but ancillary vector-based stream path information is not typically available at 

the scale required to be useful with high-resolution DEMs (Lindsay and Dhun, 2015). At best, an 

inventory of surface water drainage structures could be used to breach roads at the required 

locations using either manual or automated methods, but such inventories seldom exist in rural 

areas.  

Only a few studies focussed on delineating wetlands from high-resolution DEMs at basin scales 

have explicitly addressed the need to remove artifact depressions alongside roads in the PPR. 

McCauley and Anteau (2014) used a combination of semi-automated and manual road breaching 

techniques to delineate depression catchments and Serran and Creed (2015) removed depressions 

within 15 meters of roads. However, neither of these studies discussed the potential influence of 

roads on depression storage capacity estimates. In a wetland rich basin in the U.S. Coastal Plains 

with similar topography and land use as found in the PPR, Jones et al. (2018) noted that 

approximately 45% of depressional catchments delineated in their study intersected roads and 

that potentially 28% of the calculated surface water storage capacity in the basin was located 

within 3 m of a road. They suggested that as much as 28% of the total surface water storage 

capacity calculated in the basin was likely altered by surface water drainage structures like 

culverts – highlighting the need to properly account for roads and culverts when using high-

resolution DEMs to estimate the surface water storage capacity in agricultural basins. A better 

understanding of the potential to overestimate surface water storage capacities in prairie basins 

when using high-resolution DEMs and automated delineation methods is needed.  

Finally, an often overlooked, but important advantage of using high-resolution DEMs to 

delineate depressions in the PPR is that depression catchment areas can also be delineated. 

Catchment areas are used to parameterize hydrological models with spatially explicit wetland 

representation in the PPR. For example, SWAT-DSF (Evenson et al., 2018) uses coupled 

depression and catchment area measurements to parameterize individual HRUs. In contrast, a 

power-law relationship between depression and catchment areas (Shook et al., 2013) was used to 

parameterize a Cold Regions Hydrological Model (CRHM) of the Smith Creek Research Basin 

(Pomeroy et al, 2014). Unfortunately, this power-law relationship was derived from a small area 

of a 10-m resolution DEM with no adjustments for culverts or bridges and no minimum 

depression size. It is possible that this relationship could change if the DEM were breached at 

culvert and bridge locations, the resolution increased, and a minimum depression size threshold 

enforced.  
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Improving depression delineation results at the SCRB could provide more accurate depression 

area and storage capacity estimates for future hydrological modelling studies. The opportunity 

also exists at the SCRB to quantify the influence of culverts and bridges on depression 

delineation results from a high-resolution DEM in the PPR, and to compare the results with air-

photo derived wetlands that are part of the CWI. As such, a case study of the SCRB was used to 

achieve the following objectives. 

4.4.1 Objectives 

The overall goal of this chapter is to improve surface water storage capacity estimates in an 

agriculturally dominated prairie basin with the intent of using those surface water storage 

capacity estimates to parameterize a future hydrological model. To achieve this goal, the specific 

objectives of this chapter were to: 

1) determine the influence of increasing DEM resolution from 10-m to 2-m on depression 

area and storage capacity delineation  

2) determine the influence of breaching roads at known and assumed culvert locations in a 

2-m DEM on depression area and storage capacity delineation  

3) compare 2-m roads-breached depressions with air photo-derived CWI wetlands 

4.5 Study site and data 

4.5.1 Study site 

This study was conducted in the Smith Creek Research Basin (SCRB). The SCRB is located 

approximately 60 km southeast of Yorkton, Saskatchewan and lies within the Canadian PPR and 

the Canadian Aspen Parkland Ecoregion. SCRB has a sub-humid continental climate dominated 

by cold regions hydrological processes. The total catchment area of the SCRB is approximately 

400 km2 (Fang et al., 2010) based on automated basin delineation from a 50-m resolution DEM 

using “TOPAZ” (Garbrecht and Martz, 1993, 1997). Elevations range between 490 and 548 

m.a.s.l and ground slope ranges from 2 to 5% (Figure 4-1a). Soils are predominantly Black 

Chernozems with loam texture and high organic matter (5-8.5%). Land use is primarily 

agricultural (74%), with some natural grasslands, wetlands, pasture, and forest remaining intact 

(AAFC, 2014). 307.8 km of gravel roads form a grid-like pattern across SCRB and Highway 16 

runs 9.7 km diagonally through the southern portion of the basin (Figure 4-1b). Thousands of 

small surface depressions hold ponded water and form wetlands in the SCRB. However, wetland 

drainage is widespread in the agricultural areas. Between 2000 and 2015, agriculturally related 

surface drains more than doubled in length from 586 to 1342 km (DUC, 2016). During the same 

period, peak and annual streamflow discharge increased beyond levels expected solely from 

climate influence (Dumanski et al, 2015).  
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Previous studies involving surface depression and/or wetland delineation at SCRB used a 10-

meter resolution DEM with roads intact to support surface water storage capacity estimates. A 

“cut-fill” technique similar to depression filling was used to calculate surface water storage 

capacities for these studies, which included hydrological modelling of spring snowmelt and 

runoff (Fang et al., 2010; Pomeroy et al., 2010), simulation of memory effects of wetlands 

(Shook and Pomeroy; 2011), simulation of wetland storage dynamics (Shook et al., 2013), and 

hydrological modelling wetland drainage and restoration scenarios (Pomeroy et al., 2014). 

Depression delineation methods used in these studies are described in detail in Fang et al. (2010). 

As discussed above, surface water storage capacities were likely overestimated in all these 

studies because artifact depressions alongside roads were not removed from the depression 

delineation results. Nonetheless, the SCRB is an excellent site for prairie hydrological modelling 

development and research due to the wide range of data available at the site.  

 

Figure 4-1 a) Location of the Smith Creek Research Basin (SCRB) within the Prairie Pothole 

Region (PPR) of North America (Mann, 1974), and b) the basin boundary, roads, and locations 

of rain gauges (RG), water level transducers (WL), USask meteorological station (USask) and 

WSC streamflow gauge 05ME007 (WSC).    

4.5.2 Data 

Study data included several GIS layers (Figure 4-1 and 4-2) and a timely field survey of wetland 

water levels. A LiDAR survey conducted between 14-16 October 2008 by LiDAR Services 

International Inc. (LSI, 2009) was used to construct a 1-m resolution bare earth DEM of the 

SCRB (Figure 4-2a). Average LiDAR point spacing was 0.66 m with an average point density of 

a) b) 
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2.3 points per square meter and fundamental vertical accuracy of 9.8 cm in open terrain using 

RMSE x 1.9600 (ASPRS, 2014). Wetland water levels were measured in six wetlands of varying 

size on 15 October 2008. Water levels were measured manually with a ruler and depths ranged 

from 340 mm to 550 mm, with an average depth of 420 mm. Figure 4-1b shows the location of 

wetland water level surveys in the SCRB. A SPOT5 satellite image (Figure 4-2b) was collected 

on 1 October 2008, just 14 days before the LiDAR and wetland surveys, and supervised land use 

classification was used to produce land cover type and open water polygons, as outlined by Fang 

et al. (2010).  Ducks Unlimited Canada (DUC) supplied GIS layers of open water and wetland 

area polygons for the year 2009 (Figure 4-2c). These polygons were derived primarily from 

aerial photos and classified according to the Canadian Wetlands Inventory (CWI) Data Model 

(DUC, 2016) – hereafter referred to as CWI open water and wetland area polygons. DUC also 

supplied GIS layers of installed agricultural surface water drainage channels (ditches) (Figure 4-

2c) and 155 approximate culvert locations. Road network data (Figure 4-1b) was obtained from 

the Government of Canada open data portal (open.canada.ca).  

       

Figure 4-2 GIS data layers used in this chapter: a) 1-m resolution DEM b) 2008 SPOT5 

supervised land use classification, c) 2009 CWI wetland areas and agricultural drainage ditches. 

4.6 Methods  

To achieve the objectives of this chapter, roads were first breached at known and assumed 

culvert locations in the original 1-m resolution SCRB DEM. Basin and sub-basin delineation was 

then performed, followed by depression delineation in three versions of the DEM: 10-m roads-

intact, 2-m roads-intact, and 2-m roads-breached. Depression delineation results were compared 

with CWI air-photo derived wetland number, area, and storage capacity estimates. Further 

comparison of depressions and wetlands was then conducted by sub-basin, including tests of 

correlation with indicators of drainage activity. Finally, catchment areas of the 2-m resolution 

depressions were delineated and tested for power-law relationships at basin and sub-basin levels 

a) b) c) 

https://open.canada.ca/
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to compare with previous results from the 10-m DEM. The following sub-sections describe these 

methods in detail.  

4.6.1 Selective road breaching 

Roads were manually breached at known and assumed culvert locations in a 1-m resolution bare-

earth DEM using SAGA GIS Software (Conrad et al., 2015). “Show Cell Values” was turned on 

in SAGA and “Change Cell Values [Interactive]” was used to lower elevations across individual 

roads to match elevations in adjacent ditches or stream channels. 155 culvert locations were 

provided by DUC, and another 770 locations were identified through visual inspection of 

background satellite imagery in ArcGIS and the 1-m DEM.  

Road breaching was an iterative process. Depression identification and streamflow delineation 

results (described below) were overlain on satellite images in ArcGIS to assess the accuracy of 

assumed culvert locations. Roads were breached when a stream or ditch visibly continued 

beneath a road rather than diverging to a lower elevation. Where depressions were identified 

along roads, satellite images and the DEM were further investigated to determine if a culvert was 

likely to exist. If a culvert was visible in the satellite image, or if there was no evidence of 

standing water or prolonged soil saturation, and the DEM supported evidence of a culvert 

(greater than 0.6 m elevation change from ditch bottom to road shoulder, or scour at inlet/outlet), 

the road was breached.  

Road breaches were made 2-3 grid cells wide to prevent depression search algorithms from 

missing breached locations and to ensure breaches remained intact when the 1-m DEM was 

resampled to 2-m for further hydrological processing. Several iterations were required before 

“false depressions” – depressions adjacent to roads where culverts were likely to exist – were 

removed.  

4.6.2 Basin and sub-basin delineation 

The 1-m road-breached DEM was resampled to 2-m for basin, sub-basin, and stream channel 

delineation. A 2-m DEM file size was needed to reduce computation demand and allow the 

entire basin to be processed at once using WhiteboxTools (github.com/jblindsay/whitebox-tools). 

WhiteboxTools is a stand-alone command-line program and Python scripting API for geospatial 

analysis. WhiteboxTools was selected for this project because it contains advanced tools for 

spatial hydrological analysis, has parallel processing capabilities, and is open source. The 

functions: “breach depressions,” “d8pointer,” “flow accumulation,” “extract streams,” and 

“extract sub-basins” were used to delineate basin and sub-basin boundaries and the main stream 

channel. Breaching depressions during hydrological processing permits flow through depressions 

rather than around their perimeter or along parallel pathways, which occurs if depression-filling 

https://github.com/jblindsay/whitebox-tools
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algorithms are used. “Breach depressions” was only used for basin, sub-basin, and main stream 

delineation. It was not used during depression identification and delineation procedures.  

The main stream channel and the number of sub-basins feeding into it were delineated through 

trial and error. The flow accumulation threshold (number of upstream cells flowing into a 

downstream cell) was adjusted until a reasonable number of sub-basins for future hydrological 

modelling were delineated. Previous studies at SCRB (Pomeroy et al., 2010, 2014; Fang et al. 

2010) used five sub-basins, but one sub-basin covered the entire northern half of the basin and 

included a heavily drained agricultural area as well as large natural grassland and wetland areas. 

Here the goal was to increase the number of sub-basins in the upper half of the basin but keep the 

total number of sub-basins as low as possible to simplify future analysis and ensure 

computational efficiency in future hydrological modelling studies. In the end, nine sub-basins 

were delineated for the SCRB. The northern half of the basin was divided into four sub-basins, 

which placed the heavily drained agricultural area into one sub-basin and the more grassland and 

wetland areas into another three sub-basins. To ensure fair comparison between depression and 

wetland delineation results, the basin boundary delineated as described above was trimmed to 

match the boundary provided by DUC. 

4.6.3 LiDAR-derived depressions 

Depressions were delineated from three different DEMs of SCRB: 1) a 10-m resolution DEM 

with roads intact, 2) a 2-m resolution DEM with roads intact, and 3) a 2-m resolution DEM with 

roads breached as described above. The 10-m DEM was included for comparison with Fang et 

al. (2010). The 2-m roads-intact DEM was included to evaluate the benefits of using a high-

resolution DEM, capable of detecting fine-scale surface drainage ditches. The 2-m roads-

breached DEM was included to evaluate the impact of selectively breaching roads at culvert 

locations in a high-resolution DEM, while also resolving fine-scale surface drainage ditches.  

4.6.3.1 Area 

Depression areas and above-water-surface storage capacities were delineated using lidar, a 

raster-based depression filling algorithm described by Wu et al (2019). lidar is an open-source 

Python package designed to compute topological and geometric properties of surface 

depressions. It is computationally efficient and offers detailed output .csv files 

(github.com/giswqs/lidar). The lidar function “DelineateDepressions” was used on all three 

DEMs. No DEM smoothing was performed as it was found to wash out road breaches and 

surface drainage ditches in cropland areas. Across all output datasets, minimum depression size 

was set to 200 m2 and only depressions with maximum depth greater than or equal to 0.1 m 

(LiDAR vertical accuracy) were retained, following Li et al. (2011). Depressions representing a 

man-made lagoon near the town of Langenburg were also removed from all datasets.  

https://github.com/giswqs/lidar
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Due to LiDAR point scatter over water surfaces and through treed areas, some depression area 

polygons were incomplete or contained holes. To ensure existing water-covered areas were 

accounted for in each dataset, SPOT5 open-water polygons were merged with depression area 

polygons using the “union” function in ArcGIS. “Union” allows users to identify overlapping 

and non-overlapping polygon areas while retaining original attributes from both datasets. 

Polygon holes were more common in the 2-m resolution datasets. Since smoothing could not be 

performed, holes less than 100 m2 were eliminated from the 2-m datasets using ArcGIS function 

“eliminate polygon part.”   

4.6.3.2 Storage capacity 

Depression storage capacities were estimated using a combination of direct measurements for 

dry depressions and a volume-area-depth scaling relationship for partially inundated depressions. 

For dry depressions (i.e., those not intersecting SPOT5 open water areas), storage capacities 

were calculated explicitly using lidar. For partially inundated depressions (i.e., those intersecting 

SPOT5 open water areas), storage capacities were estimated using the Brooks and Hayashi 

(2002) interpretation of the Hayashi and van der Kamp (2000) simplified volume-area-depth 

equations. Wetland pond depth measurements taken during the LiDAR survey period allowed for 

the use of this volume-area-depth relationship rather than a simple volume-area relationship. As 

discussed in the introduction, incorporating pond depth measurements into volume-area scaling 

relationships offers better storage capacity estimates than volume-area scaling alone. The Brooks 

and Hayashi (2002) equation for estimating maximum depression volume based on fully 

inundated depression area and depth is provided in Equation 4-1. 

𝑉𝑚𝑎𝑥  =  
𝐴𝑚𝑎𝑥∗ 𝑑𝑚𝑎𝑥

1+2/𝑝
        [4-1] 

where Vmax is maximum depression volume (m3), Amax is maximum depression polygon area 

(m2), dmax is maximum depression depth (m), and p is a shape factor based on depression area. 

dmax was estimated by adding an average measured wetland pond depth of 42 cm to above-water-

surface depression heights calculated by lidar. For depressions less than 10 000 m2, p=1.72 was 

used, as estimated by Minke et al. (2010) for SCRB. For depressions between 10 000 m2 and 100 

000 m2 and for depression larger than 100 000 m2, p=3.3 and 6 were used, respectively, as 

discussed by Hayashi and van der Kamp (2000). This method is similar to Fang et al. (2010). 

4.6.3.3 Depression catchments and connectivity 

The relationship between depression areas and their corresponding catchment areas is important 

for hydrological model parameterization. This relationship is often used to route the appropriate 

amount of upland runoff to each depression represented in a model. Shook et al. (2013) 
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demonstrated that non-integer power-law scaling relationships exist between fully filled 

depressions and their catchment areas. They found the exponent of the least squares fitted power-

law relationship to be 0.72 from a 10-m resolution roads-intact DEM of small sub-basin in SCRB 

(~9 km2). Here, the effects of increasing DEM resolution and breaching roads on this 

relationship were explored using the entire SCRB as the study area. It was hypothesized that road 

breaching would increase catchment areas relative to depression areas and that results would 

vary by sub-basin depending on the number and size of depressions in each sub-basin. 

Depression catchment areas were delineated for depressions derived from both 2-m DEMs using 

ArcGIS Toolbox “Wetland Hydrology Analyst” (Wu and Lane, 2017). The ratios of individual 

depression areas to their corresponding catchment areas, DCAratio, were then calculated as 

follows: 

𝐷𝐶𝐴𝑟𝑎𝑡𝑖𝑜 = 𝐴𝑑𝑒𝑝 𝐴𝑐𝑎𝑡𝑐ℎ⁄   [4-2] 

where Adep is depression area (m2) and Acatch is catchment area (m2). Depression areas and 

catchment areas were then aggregated by sub-basin and assessed for power-law relation 

according to: 

𝑦 =  𝑚𝑥𝑏  [4-3] 

𝑙𝑛(𝑦) = 𝑙𝑛(𝑚) + 𝑏 ∗ 𝑙𝑛(𝑥) [4-4] 

where y is catchment area (m2), x is depression area (m2), b is a scale factor, and m is a constant. 

Following Shook et al. (2013), logarithmic plots of depression areas versus catchment areas were 

prepared for each basin and sub-basin. Each plot was then fit with a linear model according to 

Equation 4-4, analysed with least squares regression and tested for significance (p < 0.05). R2 

and p values were compared between sub-basins to evaluate the influence of drainage on power-

law relationships between depression and catchment areas.  

“Wetland Hydrology Analyst” was also used to calculate flow path lengths between depressions 

derived from both 2-m DEMs. Flow path length is the distance in meters along a downstream 

flow path between depressions. As such, flow path lengths could indicate agricultural drainage 

activity – with longer distances resulting from the removal of depressions. Minimum, mean, 

median, maximum, and total flow path lengths between depressions were calculated in ArcGIS 

for both 2-m DEMs and the results were compared to determine the influence of road-breaching 

on flow-path lengths. Since increased flow path length could indicate agricultural drainage 

activity, mean flow path lengths were calculated by sub-basin and tested for correlation with sub-

basin depression area fraction (described below in section 4.6.5). 
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4.6.4 Air-photo derived wetlands 

4.6.4.1 Area 

CWI open water and wetland area polygons were processed using ArcGIS. Boundaries between 

open water and wetland area polygons were dissolved to form single wetland polygons 

containing both features. This ensured fair comparison between CWI wetland areas and LiDAR-

derived depression areas, as depression area polygons typically contain both CWI open water 

and wetland polygons. Creating single wetland area polygons also ensured storage capacity 

estimates were made for complete wetland areas, rather than for multiple smaller areas within a 

larger wetland area. ArcGIS tools “merge,” “dissolve,” and “multipart to singlepart” were used 

to achieve this task. 

 

4.6.4.2 Storage capacity 

CWI wetland storage capacities were estimated using the Weins (2001) volume-area scaling 

relationships presented in Equations 4-5 and 4-6. The Weins (2001) relationship was chosen 

because it was derived in the Upper Assiniboine River Basin (UARB) of which the SCRB is 

part. It was also assumed that LiDAR data and pond depth measurements would be unavailable 

when CWI wetland areas are used to delineate surface water storage capacity for prairie 

hydrological model parameterization. The Weins (2001) equations are as follows: 

𝑉 = 2.85 𝐴1.22, if A ≤ 70 ha  [4-5] 

𝑉 = 7.1 𝐴 + 9.97, if A > 70 ha  [4-6] 

where V is the maximum wetland storage capacity (dam3) and A is CWI wetland area (ha) 

assumed to represent maximum wetland surface areas. Perez-Valdiva et al. (2018) and 

Muhammad et al (2018; 2019) recently used this method to estimate wetland storage capacities 

for hydrological models of basins in the Canadian PPR for which LiDAR data was not available.  

 

4.6.4.3 Agricultural drainage density 

CWI data included polylines of agricultural drainage ditches. These data were primarily 

delineated from air-photo interpretation by DUCs and were meant to identify surface water 

drainage channels created by farmers to drain wetlands and/or improve surface water runoff 

efficiency from farmland. The number of these drainage ditches, as well as their minimum, 

mean, median, maximum, and total length were calculated in ArcGIS. Drainage density (m/km2) 

was also calculated for each sub-basin by dividing the total length of ditches (m) in each sub-
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basin by the sub-basin area (km2). Drainage densities were then tested for correlation with sub-

basin wetland area fractions (described in the next section).  

4.6.5 Statistics and sub-basin comparisons 

LiDAR-derived depression and CWI aerial photograph wetland statistics were calculated by sub-

basin; including count, minimum, maximum, mean, median, and total polygon areas and storage 

capacities. The ArcGIS “split” tool was used to divide depression and wetland polygons by sub-

basin. Depression and wetland polygons on sub-basin boundaries were assigned to the sub-basin 

where the largest fraction of the polygon resided. “Split” was also used to divide auxiliary 

datasets by sub-basin; including SPOT5 land-use, installed agricultural drains, and flow path 

lengths.  

For comparison, fractions of each sub-basin area covered by either depressions or wetlands were 

calculated according to the following equations:   

𝐷𝐴𝐹𝑠𝑏 =  𝐴𝑑𝑒𝑝 𝐴𝑠𝑏⁄    [4-7] 

𝑊𝐴𝐹𝑠𝑏 = 𝐴𝑤𝑒𝑡 𝐴𝑠𝑏⁄   [4-8] 

where Adep is sub-basin depression area, Awet is sub-basin wetland area, Asb is sub-basin area, 

DAFsb is sub-basin depression area fraction, and WAFsb is sub-basin wetland area fraction. 

Depression and wetland fractional areas were then tested for correlation with three possible 

indicators of drainage activity: 1) the percent of each sub-basin seeded to annual crops (derived 

from the SPOT5 classified land use image), 2) the mean flow path length between depressions in 

each sub-basin, and 3) the observed sub-basin agricultural drainage density supplied by DUCs 

(length of installed drains per sub-basin area (m/km2)). Pearson’s correlation coefficient (R) was 

calculated for each pair with a 95% confidence interval indicating a significant relationship (p < 

0.05). CWI wetlands and LiDAR-derived depression area polygons were also visually compared 

in ArcGIS.  

All calculations described above in this section were conducted in RStudio (RStudio Team, 

2020).  

4.7 Results 

4.7.1 LiDAR-derived depressions 

4.7.1.1 Increasing DEM resolution 

Increasing DEM resolution from 10-m to 2-m had little effect on depression number, area, or 

storage capacity estimates. Depression numbers increased 4%, from 23,424 to 24,298, and total 

depression area decreased 6%, from 105 to 98.5 km2 (Table 4-1). Depression storage capacity 
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estimates increased 7% from 44.5 million to 47.4 million m3 (Table 4-2). Increasing DEM 

resolution only slightly reduced mean depression size, but greatly reduced median depression 

size, indicating a higher number of smaller depressions in the 2-m dataset compared to the 10-m 

dataset. Maximum depression size increased slightly in the 2-m dataset, likely due to more 

refined polygon boundaries and elimination of polygon holes less than 100 m2 in the 2-m dataset.  

4.7.1.2 Breaching roads in 2-m DEM 

Breaching roads at culvert locations in the 2-m DEM significantly changed depression number, 

area, and storage capacity estimates compared to leaving roads intact. Depression number 

increased by 14%, from 24,298 to 28,099, and total depression area decreased by 29%, from 98.5 

to 69.8 km2 (Figure 4-3 and Table 4-1). Depression storage capacity estimates decreased by 47% 

from 47.4 million to 23.8 million m3 (Table 4-2). The basin-scale impact of breaching roads in 

the 2-m DEM can be visualized in Figure 4-3. Depressions delineated adjacent to and up-

gradient from roads are visible in the 2-m roads-intact image on the left. On the right, where 

roads have been breached at culvert locations, those depressions are smaller and/or no longer 

exist. The red arrow in Figure 4-3 points toward a region of significant change in depression area 

caused by breaching roads in the 2-m DEM. Results from the 10-m DEM are not shown in 

Figure 4-3 as they are visually similar to results from the 2-m roads-intact DEM.  

Table 4-1 Summary of depression area statistics by DEM and percent change caused by 

increasing DEM resolution from 10-m to 2-m and by breaching roads in the 2-m DEM. 

DEM Number 

Min  

(m2) 

Mean 

(m2) 

Med 

(m2) 

Max 

(106 m2) 

Total 

(106 m2) 

% 

change 

10-m 23,424 200 4480 900 1.76 105 -- 

2-m roads-intact 24,298 200 4030 628 1.80 98.5 -6 

2-m roads-breached 28,099 200 2460 620 1.10 69.8 -29 

 

Table 4-2 Summary of depression storage capacity statistics by DEM and percent change caused 

by increasing DEM resolution from 10-m to 2-m and by breaching roads in the 2-m DEM. 

DEM 

Min 

(m3) 

Mean 

(m3) 

Med 

(m3) 

Max 

(106 m3) 

Total 

(106 m3) 

%  

change 

10-m 10 1900 115 1.30 44.5 -- 

2-m roads-intact 4 1950 68 1.38 47.4 7 

2-m roads-breached 4 848 64 0.69 23.8 -47 
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Figure 4-3 LiDAR-derived depression areas from a) a 2-m roads-intact DEM and b) a 2-m roads-

breached DEM. Red arrow highlights area of significant change. Sub-basin numbers shown in c). 

 

Breaching roads in the 2-m DEM decreased mean depression size by nearly half, but median 

depression size decreased only slightly, indicating smaller maximum depression sizes in the 

road-breached dataset, which are also reflected in Tables 4-1 and 4-2 and Figure 4-4. Figure 4-4 

presents depression areas from the 2-m roads-intact and 2-m roads-breached DEMs against their 

exceedance probabilities. Exceedance probability is used in Figure 4-4 to express the size 

frequency distribution of depression areas in the SCRB. Exceedance probability is the fraction of 

the total depression area that is greater than or less than a given depression size. This plot shows 

that road breaching shifts the distribution of depression areas to the left, indicating somewhat 

smaller depression sizes at the larger end of the distribution when roads were breached in the 2-

m DEM. Importantly, Figure 4-4 also shows that the distribution of depression sizes from the 

roads-breached DEM does not follow a power law relationship, which would plot as a straight 

line on this logarithmic graph. Others have argued that open water areas or wetlands follow a 

power law distribution in the PPR (Zhang et al, 2009; Serran and Creed, 2015; Van Meter and 

Basu, 2015). However, results presented here using nearly 30,000 depressions ranging in size 

from 200 m2 to 1.1 million m2 shows that the size distribution of depressions in the SCRB (and 

likely in other basins in the PPR) deviates from a power-law distribution across a wide range of 

scales. These results agree with an evaluation of remotely sensed water areas in the SCRB by 

Shook et al. (2015) who found that open water areas during a peak flooding event in 2011 also 

deviated from a simple power law relationship and instead were more accurately defined by a 

second order polynomial model. While others have argued that deviation from a power-law 

a) b) c) 
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distribution at the small end of the size distribution indicates preferential loss of small wetlands 

(Serran and Creed, 2015; Van Meter and Basu, 2015), results presented here suggest that is not 

an appropriate measure of wetland loss because the size distribution of depressions deviates from 

a power-law relationship across the entire size distribution.   

 
Figure 4-4 Logarithmic plot of depression area versus exceedance probability for depressions 

delineated from the 2-m resolution DEM with roads-intact (blue) and with roads-breached (red).  

4.7.1.3 Depression catchments and connectivity 

Depression catchment sizes and the relationship between depression and catchment areas varied 

marginally between the roads-intact and roads-breached 2-m DEMs. Depression catchments 

delineated from the roads-breached DEM had a larger minimum and smaller maximum size than 

catchments delineated from the roads-intact DEM (Table 4-3). Mean catchment size was smaller 

from the roads-breached DEM, but the median catchment size was larger – indicating fewer 

large catchment areas in the roads-breached dataset. More small catchments (and corresponding 

small depressions) were found alongside roads in the roads-breached dataset compared to the 

roads-intact dataset. This difference is highlighted in Figure 4-5 where a large depression and 

corresponding catchment area was delineated above a road intersection when roads were left 

intact (left) compared to many smaller depressions and corresponding catchment areas when 

roads were breached at the culvert locations show (right). Flow path lengths increased across all 

measures when roads were breached in the 2-m DEM (Table 4-3). This was expected as lower 

spill elevations created more small depressions with greater distance between them. Increased 

flow path lengths can also be seen in Figure 4-5.  
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Table 4-3 Catchment area, depression/catchment area ratio, and flow path statistics for 

depressions from both 2-m resolution DEMs. 

DEM Statistic Min  Mean Median Max Total 

2-m roads-

intact 

Catchment area (m2) 253 16,200 5,540 3.24 x 106 393 x 106 

DCAratio 0.001 0.17 0.15 0.98 0.25 

Flow path length (m) 4 48.4 31.0 962 1.32 x 106 

2-m roads-

breached 

Catchment area (m2) 336 14,000 5,900 2.04 x 106 393 x 106 

DCAratio 0.0004 0.16 0.14 0.98 0.18 

Flow path length (m) 4 53.7 33.8 1070 1.69 x 106 

 

          

Figure 4-5 Example depressions, catchments, and flow paths from a) a 2-m roads-intact DEM 

and b) a 2-m roads-breached DEM near a road intersection in SCRB. 

Shook et al. (2013) demonstrated that non-integer power-law scaling relationships exist between 

fully filled depressions and their catchment areas. They found the exponent of the least squares 

fitted power-law relationship to be 0.72 from a 10-m resolution roads-intact DEM of small sub-

basin in SCRB (~9 km2). This relationship was tested for both 2-m DEMs to see how it might 

change when DEM resolution increased from 10-m to 2-m and then roads breached at culvert 

locations. In Figure 4-6, the exponent (indicated by the slope of a linear model in log-log plots) 

decreased to 0.68 for the 2-m roads-intact DEM (left) and then to 0.66 when roads are breached 

(right). Road breaching also resulted in more scatter among catchment areas, particularly for 

small and mid-size depressions, which is reflected by a lower R2 value for the roads-breached 

results on the right. Significant power-law relationships (p < 0.001) were found between 

depression and catchment areas from both DEMs, likely due to large sample sizes. While it is 

easy to fit a linear relationship through a log-log plot, these relationships are useful for 

a) b) 
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hydrological model parameterization as they can be used to assign the appropriate amount of 

runoff to each depression represented in a model. These power-law relationships between 

depression and catchment areas were also found to vary by sub-basin in the 2-m roads-breached 

DEM, as discussed below in Section 4.7.3  

 

Figure 4-6 Logarithmic plots of depression areas versus catchment areas for a) a 2-m roads-intact 

DEM and b) a 2-m roads-breached DEM. 

4.7.2 CWI wetlands versus 2-m roads-breached depressions 

CWI wetland number, area and storage capacity were less than those of the 2-m roads-breached 

depressions. CWI wetland area was 47.1 km2 and total estimated storage capacity was 15.5 

million m3. A summary of mean, median, and maximum wetland area and estimated storage 

capacity is provided in Table 4-4. CWI wetland area was expected to be less than the 2-m roads-

breached depression area due to two factors: 1) significantly more small depressions are 

delineated by automated methods than is practical for wetlands delineated by manual 

interpretation, and 2) depressions represent fully inundated conditions whereas manually derived 

wetlands typically do not. CWI agricultural drainage ditch lengths delineated using air-photo 

interpretation (Table 4-4) were individually longer than flow path lengths delineated 

automatically between depressions from the 2-m roads-breached DEM (Table 4-3) (i.e., longer 

min, mean, median, and max lengths). However, the total flow path length delineated between 

depressions was significantly longer than the CWI agricultural drainage ditch lengths (1.69 x 106 

m versus 0.88 x 106 m, respectively). Differences between these measures were expected since 

the CWI ditch lengths are an interpretation of drainage activity, whilst the flow path length is an 

automated measure of overland flow path between depressions whether or not a man-made ditch 

a) b) 
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is present. Nonetheless, both are potential indicators of wetland drainage activity and are further 

analyzed at the sub-basin level in Section 4.7.3 below. 

Table 4-4 Summary statistics of CWI wetland number, area, and storage capacity estimates. 

 

Number Min Mean Med Max 

(106) 

Total 

(106) 

Area (m2) 6837 206 6890 3310 0.42 47.1 

Storage capacity (m3) -- 25 2261 741 0.28 15.5 

Agricultural drainage ditch length (m) 6600 10 128 91 0.0014 0.88 

The number of CWI identified wetlands was less than a quarter of the number of depressions 

delineated from the 2-m roads-breached DEM. Total CWI wetland area was approximately two-

thirds that of the 2-m roads-breached depression area. Mean and median wetland sizes in the 

CWI dataset were more than twice the size of those of the 2-m roads-breached depressions. 

Maximum wetland size was, however, smaller in the CWI dataset.  

Both datasets contained higher numbers of smaller wetlands than larger wetlands (Figure 4-7). 

The 2-m roads breached dataset contained over 25,000 depressions smaller than 5000 m2, while 

the CWI dataset contained less than 5000 wetlands smaller than 5000 m2. Of the 2-m roads-

breached depressions, 89% were smaller than 5000 m2 and 79% were smaller than 2000 m2. 

Those smaller than 5000 m2 covered 24.0 km2 (34% of depression area and 6% of basin area), 

whereas those smaller than 2000 m2 still covered 14.8 km2 (21% of depression area and 4% of 

basin area). Of the CWI wetlands, 66% were smaller than 5000 m2, but only 5% were smaller 

than 2000 m2. Those smaller than 5000 m2 covered 10.5 km2 (22% of wetland area and 3% of 

basin area), whereas those smaller than 2000 m2 covered only 2.19 km2 (5% of wetland area and 

1% of basin area).  

The inset images in Figure 4-7 highlight the divergence of these two datasets. Over half of the 

difference between 2-m roads-breached depression area (69.8 km2) and CWI wetland area (47.1 

km2) exists in depressions smaller than 2000 m2. When depression or wetland areas fall below 

2000 m2, depression numbers accelerate while wetland numbers remain flat or decline. The 

remaining difference between 2-m roads-breached depression area and CWI wetland area can be 

explained by the fact that depression areas represent fully inundated conditions, whereas 

manually derived wetland areas typically do not. These differences are visible in Figure 4-8, 

where 2-m roads-breached depressions (left) are compared with CWI wetlands (right). More 
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small areas are delineated on the left than on the right and some depression areas on the left are 

larger than wetland areas on the right.  

 

Figure 4-7 Size frequency distributions of a) 2-m roads-breached depression areas and b) CWI 

wetland areas. Inset figures highlight size distributions of areas less than 5000 m2. 

 

          

Figure 4-8 Comparison between a) 2-m roads-breached depressions and b) CWI wetlands.  

4.7.3 Sub-basin comparisons 

Depression area fraction, DAF, and wetland area fraction, WAF, were calculated for each sub-

basin to further compare depression delineation results with the CWI wetland inventory (Figure 

4-9). DAF decreased across all sub-basins when roads were selectively breached in the 2-m 

DEM (data points shift left, Figure 4-9). WAF was consistently lower than DAF in all sub-basins 

(smaller y-axis values), but it was most significantly and most strongly correlated with 2-m 

roads-breached DAF (p < 0.001). The strong correlation between 2-m roads-breached DAF and 

a) b) 
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WAF suggests road breaching is required to accurately represent wetland areas when using 

automated methods to delineate depressions from high-resolution DEMs. Figure 4-9 shows a 

clear separation between DAF in sub-basins 1, 2, and 4, and the remaining sub-basins. A more 

substantial decrease in DAF was also observed in sub-basins 3 and 5-9 when roads were 

breached. This separation led to further correlation testing between sub-basin DAF and WAF, 

and agricultural drainage density, mean flow path length, and cropland fractional area to see how 

these factors might be related (Figure 4-10). 

 

Figure 4-9 Correlations between 2-m roads-intact DAF, 2-m roads-breached DAF, and WAF. 

Agricultural drainage density (m/km2), mean flow path length (m), and cropland fractional area 

(%) are all potential indicators of agricultural drainage activity in the SCRB and in the Prairies in 

general. Drainage density was calculated from CWI polylines supplied by DUCs, mean flow 

path length was calculated using “WetlandHydrology Analyst” (Wu and Lane, 2017), and 

cropland fraction was calculated from the 2008 SPOT5 classified land use image. Sub-basin 

specific values of these drainage indicators were tested for correlation with sub-basin DAF and 

WAF and the results are presented in Figure 4-10. As expected, significant correlations existed 

between DAF and WAF and the proposed drainage indicators (p < 0.05). Correlations were the 

strongest (R > 0.8) for DAF from the roads-breached DEM (middle column), indicating that road 

breaching is required to capture the influence of the drainage activity on depression storage in 

the SCRB. DAF with roads-intact was still moderately correlated with drainage indicators, as 

was WAF, but neither as strongly nor as significantly as with the 2-m roads-breached DAF. 

These results confirm that depressions delineated from the 2-m roads-breached DEM effectively 

captured the distribution of wetland areas and the influence of agricultural activity on depression 

storage in SCRB.  
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Figure 4-10 Correlations between depression area fractions (DAF), wetland area fractions 

(WAF), and drainage density, mean flow path length, and cropland fractional area by sub-basin. 

Figure 4-11 shows the substantial decrease in DAF in heavily drained cropland areas when roads 

were breached in the 2-m DEM compared to the modest decrease in less drained grassland areas. 

The top images are from a heavily drained, predominantly cropland area in sub-basin 3, whereas 

the bottom images are from an undrained, predominantly grassland area in sub-basin 1. When 

roads were breached (left to middle) depression area decreased more in the cropland area (top) 

than in the grassland area (bottom). CWI wetland area (right) is included to show how 2-m 

roads-breached depressions compare visually with CWI wetlands in cropland and grassland 

areas. As discussed above, depressions from the 2-m roads breached DEM were more numerous, 

particularly small ones, and sometimes contained multiple wetlands within one depression 

because depressions represent fully inundated conditions. Also visible in Figure 4-11 are flow 

paths delineation from the 2-m DEMs. Flow paths from the 2-m roads-breached DEM compared 

well with the manually derived CWI drainage ditches in terms of location but were shorter 

because they were interrupted by small depressions. This represents the first comparison of 

automated flow path delineation with CWI interpreted agricultural drainage ditches. Note that 
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flow path vectors delineate potential downstream flow paths; whereas CWI interpreted drainage 

vectors only represent surface drainage channels installed by agriculture producers.  

 

  

Figure 4-11 Comparison of 2-m roads-intact LiDAR-derived depressions (blue), 2-m roads-

breached LiDAR derived depressions (orange), and c) CWI wetlands (black outline) in a heavily 

drained cropland area in sub-basin 3 (top row, a, b, and c, respectively) and a less drained 

grassland area in sub-basin 1 (bottom row, d, e, and f, respectively).   

Finally, the power-law scaling relationship between depression and catchment areas described by 

Equation 4-3 was tested by sub-basin for both 2-m DEMs. Table 4-5 lists the constant (b) and 

scale factor (m) values of power-law relationships determined for each sub-basin. The constant 

(b) increased slightly more than the scale factor (m) decreased when roads were breached, 

indicating that catchment areas increased relative to depression areas when roads were breached. 

These results were all found to be significant (p < 0.01), but R2 values decreased markedly when 

roads were breached in the 2-m DEM. R2 values also decreased more substantially in sub-basins 

with higher drainage activity (sub-basins 3, 5-9). Reduced R2 values could be a signal that 

wetland drainage activity interferes with a natural power-law relationship that exists between 

depression and catchment areas in the SCRB, but again it is easy to fit a linear relationship 

through a log-log plot and suggest that a power-law relationship exists when in reality it may not. 

a) b) c) 

d) e) f) 
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The relationships presented in Figure 4-6 all show smaller scaling factors than determined by 

Shook et al. (2013), which suggest that reducing DEM resolution may also influence the 

relationship between depression and catchment areas – with higher resolution returning smaller 

catchment areas relative to depression areas. Most importantly, Figure 4-6 shows that the 

relationships between depression and catchment area differ between sub-basins in the SCRB and 

as such, future hydrological models of the SCRB should be parameterized accordingly.  

Table 4-5 Constants, scale factors, and R2 values of power-law relationships between depressions 

and their catchment areas by sub-basin for 2-m roads-intact DEM and 2-m roads-breached DEM. 

 2-m roads-intact 2-m roads-breached 

Sub-basin Constant (m) Scale factor (b) R2 Constant (m) Scale factor (b) R2 

1 4.2 0.67 0.70 4.4 0.66 0.66 

2 3.9 0.69 0.71 4.0 0.69 0.67 

3 4.2 0.70 0.52 4.4 0.69 0.41 

4 4.2 0.68 0.62 4.2 0.67 0.58 

5 4.1 0.67 0.58 4.4 0.64 0.47 

6 4.1 0.70 0.55 4.3 0.68 0.47 

7 4.3 0.67 0.52 4.8 0.61 0.34 

8 4.2 0.67 0.55 4.5 0.64 0.39 

9 4.1 0.66 0.52 4.8 0.57 0.29 

 

4.8 Discussion 

Increasing DEM resolution from 10-m to 2-m without breaching roads had little effect on total 

depression area or storage capacity delineation results in the SCRB. The 2-m resolution DEM 

produced more accurate depression boundaries and improved drainage feature identification, but 

still over-estimated total depression area and storage capacities due to numerous artifact 

depressions appearing alongside roads. Simply increasing DEM resolution to improve depression 

delineation results, as suggested based on field scale studies in the PPR (Li et al., 2011), did not 

improve results at the basin scale in the SCRB. Lack of improvement in depression delineation 

results with increased DEM resolution was due to the presence of road embankments throughout 

the basin. In the relatively flat terrain of the SCRB, roads had a significant influence on 

depression area and storage capacity results. In areas of the PPR with more varying terrain and/or 

fewer roads, increasing DEM resolution may still improve depression delineation results.   

Breaching roads at known and assumed culvert locations in the 2-m resolution DEM decreased 

depression area and storage capacity delineation results by 29% and 47%, respectively. While it 

was anticipated that breaching roads would remove some artifact depressions alongside roads, 

the magnitude of change in depression area and storage capacity was unexpected. Figures 4-3, 4-
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5, and 4-11 show that breaching roads at culverts often reduced the size of depressions up to a 

mile (1.6 km) up-gradient of culvert locations. This was a much larger area of impact than 

expected, which can likely be explained by the low relief topography in the SCRB. In areas of 

the PPR with more topographic relief, the influence of roads on depression delineation results 

could be far less since artifact depressions would be more concentrated around road 

embankments. Breaching roads along the main stream channel in the SCRB also removed a 

significant amount of transient surface water storage capacity from the total depression storage 

capacity calculated for the basin. Approximately one-quarter of the 47% reduction in depression 

storage capacity caused by road breaching occurred along the main stream channel. During 

periods of high runoff in the SCRB, culverts along the main stream channel can throttle 

streamflow and create temporary backwater conditions, but this type of storage was excluded 

from the final depression storage capacity calculations because it did not fit the definitions of 

depression or wetland storage outlined for this chapter.  

The act of breaching roads at known and assumed culvert locations prior to automated 

depression filling produced better depression delineation results than if artifact depressions were 

simply removed from alongside roads after the fact. While others have employed that technique 

in the PPR (Serran ad Creed, 2015), the flat terrain and numerous roads in the SCRB would have 

led to the exclusion of more depressions than necessary or left the spill elevation of remaining 

depressions higher than reality. Road breaching was, however, a time-consuming endeavour 

(40+ hours) and the absence of a complete culvert database was the biggest limitation of the 

study presented in this chapter. Since road breaching was a manual process, errors were 

inevitable. However, the process was systematized as much as possible as described in Section 

4.6.1. Without detailed knowledge of culvert locations, sizes or invert elevations, roads were 

always breached to the depth of the adjacent ditch. Culverts are sometimes slightly higher or 

slightly lower than the ditch bottoms due to sediment build up, erosion, or improper installation. 

Estimated vertical error of road breach elevations was +/- 10 cm, which is still within the vertical 

accuracy of the LiDAR survey data. False positives for assumed culvert locations were likely 

more common than false negatives due to the repeated comparison of depression delineation 

results with CWI wetland polygons and satellite images from a later date than when the LiDAR 

survey was conducted, which likely showed more surface ditching than was completed in 2008. 

Depression area and storage capacity results were possibly underestimated by up to 20% due to 

an overestimation of culvert locations. Complete culvert surveys, including location, size and 

invert elevation are suggested for future applications of this method – these data also potentially 

enable the use of automated road breaching techniques.   

CWI wetlands provided an appropriate point of reference for understanding depression 

delineation results. The size distributions of wetlands and depressions were different, as 
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expected, since depression filling algorithms represent fully inundated conditions and can detect 

ephemeral or temporary wetlands that are difficult to identify in air-photos (Wu and Lane, 2017). 

Previous comparisons of automated depression delineation results against reference NWI or CWI 

wetlands in the PPR found depressions covered approximately twice as much area as NWI or 

CWI wetlands (Serran and Creed, 2015; Van Meter and Basu, 2015; Wu and Lane, 2017; Wu et 

al., 2019). That statistic held true for depressions delineated from the 2-m roads-intact DEM 

presented here, but not for the 2-m roads-breached DEM, where depression area was only one-

and-a-half times that of CWI wetland area. CWI estimated wetland storage capacity was 

approximately two-thirds that of the 2-m roads-breached depressions. This is the first study to 

quantify the difference in storage capacity between automated depression delineation results and 

CWI or NWI wetland delineation results. This may be because depression and wetland volume 

are closely tied to depression or wetland area, or because surface water storage capacity 

estimates have been overlooked while prairie hydrological model advances focussed on more 

discrete wetland representation.  

Depressions derived from high-resolution DEMs with roads breached at culvert locations 

arguably provide more accurate estimates of wetland areas and storage capacities than air-photo 

derived wetlands. Automated depression delineation techniques make it easy to identify wetlands 

across the entire size distribution that exists in the PPR, including small wetlands (< 2,000 m2) 

that are difficult and time consuming to identify in air-photos. Wetland areas interpreted from 

air-photos are also sensitive to the surface moisture conditions at the time of aerial survey, 

whereas depression-filling algorithms always return fully inundated depression areas. These fully 

inundated depression areas and their storage capacities are more useful for hydrological 

modelling than air-photo based estimates of wetland area and the use of volume-area scaling 

relationships to estimate wetland storage capacities. For hydrological modelling, the surface 

water storage capacity of depressions under fully inundated conditions is needed to properly 

simulate the “fill-and-spill” behaviour that controls surface water runoff in the wetland 

dominated PPR. Since DEM-derived depressions often generate thousands more depressions 

than air-photo delineated wetlands as shown here, modellers using these data may be forced to 

balance the benefits of adding more discrete wetland representation to a model against associated 

increases in model complexity. Evenson et al. (2016; 2018) approached this issue by 

implementing minimum depression size thresholds to represent wetlands in their models, while 

Shook et al. (2021) recently proposed that many small depressions could be represented using a 

single unit when small depressions are numerous in large basins. There is no “right way” to 

represent wetlands in prairie hydrological models, but typically more is better within the bounds 

of model complexity and every basin likely has a different optimal solution. 



77 

 

An added benefit of using depressions delineated from high-resolution DEMs to represent 

wetlands in hydrological models is the opportunity to calculate depression catchment areas. In 

this chapter, power-law scaling relationships were established between depression and catchment 

areas for the different sub-basins of the SCRB. Results suggest that road breaching impacts these 

relationships and that they were different for each sub-basin, which has important implications 

for hydrological modelling. Consider a 2000 m2 depression in the 2-m roads-intact DEM. In sub-

basins 1 and 3, the average catchment area for that depression would be 2.58 km2 and 3.24 km2, 

respectively, by plugging the values from Table 4-5 into Equation 4-3. If the depression is 0.1 m 

deep, it would take 78 or 62 mm of precipitation to fill the depression before it would spill over 

and send runoff downstream (assume impermeable catchment surface for simplicity). Now 

consider the same 2000 m2 depression in the 2-m roads-breached DEM. In sub-basins 1 and 3, 

the average catchment area for that depression would be 3.79 km2 and 4.76 km2, respectively. It 

would now take only 53 or 42 mm of precipitation to fill the depression before it would start 

contributing runoff downstream. This example highlights the importance of breaching roads and 

then re-calculating the power-law relationships between depression and catchment areas in each 

sub-basin of the SCRB. If the intended use of these relationships is hydrological model 

parameterization, performing these steps would ensure more accurate streamflow contributions 

and timing from each sub-basin.  

In summary, the results presented in this chapter hold significant meaning for how hydrological 

models are parameterized in the PPR – particularly for investigations of agricultural drainage and 

wetland management. A model parameterized using depressions delineated from a high-

resolution DEM, with or without roads breached at sub-surface drainage structures, could have 

significantly different results than a model parameterised using wetlands derived from historical 

air-photos. Given that CWI wetlands were found to cover less area and have lower storage 

capacities, one could expect a model parameterized using this dataset to produce higher peak 

flows and larger annual flow volumes than a model parameterized using depressions delineated 

from a high-resolution DEM with roads breached at culverts locations. For investigations of the 

influence of wetland management on streamflow, a model parametrized with depressions from a 

DEM with roads intact could overestimate the influence of wetland drainage or restoration on 

streamflow because surface water storage capacity is overestimated in the model. Similarly, a 

model parameterized with CWI wetlands could underestimate the influence of wetland drainage 

or restoration on streamflow because surface water storage capacity in the model is 

underestimated. Whether or not the same results would be expected in other basins in the PPR is 

somewhat unclear, but perhaps the results presented in this chapter could be generalized to an 

area of the PPR recently classified as the Pothole Till region by Wolfe et al. (2019) based on 

clustering of basins with similar climate, geological, topographic, and land-cover data. Results 
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presented here may be less applicable in the western portion of the PPR, where wetlands are 

fewer and the climate drier.  

Unfortunately, LiDAR surveys are not as widely available in the Canadian portion of the PPR as 

they are in the United States due to differences in funding for national programs. In the absence 

of LiDAR, however, hydrological models will likely continue to be parameterized using CWI 

wetland areas and simple volume-area scaling relationships. Some components of wetland policy 

may also continue to depend on air-photo interpretation of wetlands across the PPR. It is 

therefore important to identify potential differences in model results based on whether a model is 

parametrized with depressions delineated from a high-resolution DEM or with wetlands 

delineated from air-photos. This sort of direct comparison has yet to be conducted in the PPR. 

Future hydrological modelling work at SCRB could include this type of analysis, which would 

certainly add important information to the ongoing debate around wetland policy in agricultural 

areas of the PPR. An important consideration for future hydrological modelling at the SCRB is 

that neither the DEM depressions nor CWI wetlands datasets presented in this chapter include 

any representation of temporary surface water storage that occurs upstream of culverts during 

high flow conditions in the SCRB or the impact of gate closures and openings on culverts with 

gates. Representing that type of temporary culvert-restricted storage and flow could be important 

for future streamflow modelling success in the SCRB.  

4.9 Conclusion 

The study presented in this chapter is the first to quantify the influence of roads on depression 

area and storage capacity estimates from a basin-scale, LiDAR-derived DEM in the PPR. 

Breaching roads at known and assumed culvert locations in a 2-m resolution DEM was found to 

reduce depression area by 29 percent and estimated depression storage capacity by 47 percent 

compared to depressions delineated from a 2-m resolution DEM with roads intact. Depressions 

from the 2-m roads-beached DEM covered 48 percent more area and held 53 percent more 

surface water than CWI wetlands. These results suggest that recent prairie hydrological models 

parameterized using either depressions delineated from “roads-intact” DEMs or air-photo 

derived wetlands from CWI or NWI datasets likely over- and under-estimated the surface water 

storage capacity in the basin, respectively. Results from this study are expected to hold true in 

the recently defined Pothole Till region of the Canadian Prairies (Wolfe et al., 2019), but regions 

with lower road density and/or higher topographic relief may show different results. A detailed 

culvert inventory for the SCRB (including location, size, and invert elevation) would have 

benefited this study greatly. It is therefore recommended that future LiDAR surveys be 

accompanied by culvert surveys, particularly if the intended use of the LiDAR data is to produce 

a DEM from which to calculate surface water storage capacities for hydrological model 

parameterization. Accurate representation of surface water storage capacities in prairie 
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hydrological models is critical to the success of wetland management scenarios simulations in 

the PPR. Future hydrological modelling work at the SCRB will include, 1) a new model 

parameterized with depressions delineated from the 2-m roads-breached DEM, 2) a comparison 

of model results when CWI wetlands are used to parameterize surface water storage capacities, 

and 3) an evaluation of the influence of wetland management scenarios on streamflow under 

current and future climate conditions. Importantly, when roads were breached in the 2-m DEM to 

more accurately estimate depression storage areas and capacities, any temporary surface water 

storage that existed upstream of culverts in roadside ditches or along the main stream channel 

was removed. Future modelling work at the SCRB may need reintroduce this temporary surface 

water storage and develop innovative ways to represent culvert-controlled storage and flow 

throughout the basin.  
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5 DEVELOPMENT OF A NEW PRAIRIE HYDROLOGICAL 

MODEL WITH ADVANCED DEPRESSIONAL WETLAND 

REPRESENTATION 

5.1 Strategy 

The overall purpose of this thesis is to determine the influence of wetland drainage and climate 

change on the hydrology of a prairie basin. Achieving this goal requires a hydrological model 

that can demonstrably capture relevant processes, simulate various wetland management 

scenarios, and run with future climate projections. In Chapter 4, steps were taken to reduce the 

uncertainty in depressional storage capacity estimates in a prairie basin so that those estimates 

could be used to better represent wetland characteristics in a hydrological model. In this chapter, 

results from Chapter 4 were used to build a new hydrological model with improved 

representation of landscape depressions, including wetlands. This new model was built using the 

Cold Regions Hydrological Modelling platform by revising and updating previous Prairie 

Hydrological Models for the SCRB. The impact of representing wetlands using either DEM-

derived depressions or air-photo derived wetlands on simulated streamflow was evaluated, with 

DEM-derived depressions producing better model results, as expected. The new model showed 

sensitivity to saturated hydraulic conductivity and routing length parameters, which were 

subsequently calibrated to improve peak streamflow timing and discharge rates. With knowledge 

that transient surface water storage in roadside ditches and along the main stream channel had 

been removed during depression delineation in Chapter 4, CRHM-simulated streamflow was 

later routed through an external culvert controlled reservoir using the Storm Water Management 

Model (SWMM) to explore the utility of linking hydrologic and hydraulic models to better 

represent streamflow in the study basin. This combined CRHM-SWMM modelling approach 

further improved streamflow simulations and could represent an important advancement for 

prairie hydrological modelling. The CRHM-SWMM model developed in this chapter includes 

advanced hydrological process representations unique to cold regions and is suitable for 

hydrological simulations of wetland management and climate change scenarios, which are 

presented in Chapter 6.  

This chapter is written in manuscript style and is intended for submission to Journal of 

Hydrology. Some content from previous chapters of this thesis is repeated here to provide 

context for a stand-alone journal article. However, when possible, the reader is referred to 

previous sections of this thesis. At 64 pages, this chapter is much longer than would be feasible 

for a single journal article, so future effort to publish this chapter will require careful selection 

and refinement of the material presented here.  
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5.2 Abstract 

A new physically-based prairie hydrological model of the Smith Creek Research Basin was 

developed using the Cold Regions Hydrological Modelling platform (CRHM). Key cold regions 

hydrological processes were represented in the model and an advanced conceptual representation 

of wetland spill-and-fill hydrology was implemented using depressional wetlands derived from a 

2-m resolution DEM with roads breached at culvert locations to provide accurate surface water 

storage capacity estimates. The model was run continuously for 6 years (2008-2013) and showed 

appropriate simulation of snow accumulation and melt, soil moisture, and wetland pond levels 

compared to observations. Model results were compared against those from a similar model 

parameterized using surface water storage estimates based on Canadian Wetland Inventory 

(CWI) air-photo delineated wetlands. Simulated streamflow from the DEM model version 

returned lower model bias (MB; 0.04 vs 0.28), higher Nash-Sutcliffe Efficiency (NSE; 0.14 vs -

0.25) and higher Kling-Gupta Efficiency (KGE; 0.60 vs 0.37) than the CWI model version – 

suggesting that the DEM version better represented wetland characteristics in the SCRB. A 

model sensitivity analysis and subsequent calibration of routing length and saturated hydraulic 

conductivity parameters was performed for the DEM model, which improved simulated 

streamflow statistics, but peak discharge remained drastically over-estimated. Since road 

breaching at culvert locations in the DEM removed transient surface water storage capacity from 

roadside ditches and along the main stream channel, thus underestimating potential dynamic 

water storage, this was recognized as a missing component in the hydrological model. CRHM 

simulated streamflow was therefore routed through a culvert-controlled storage reservoir using 

the Storm Water Management Model (SWMM) to explore the potential of linking hydrologic 

and hydraulic models to improve streamflow simulation. Reservoir maximum depth and culvert 

specifications replicated observed conditions at the basin outlet and optimal reservoir volume 

was found nearly equal to the storage capacity that had been removed from roadside ditches and 

the main stream channel. CRHM-SWMM simulated streamflow better replicated peak flows in 

the SCRB, with NSE and KGE statistics improving to 0.61 and 0.74, respectively, for the DEM 

model while MB remained the same. This combined CRHM-SWMM approach to simulating 

streamflow in a flat, wetland dominated, agricultural basin with high road density is an important 

advancement for hydrological modelling in the Prairie Pothole Region (PPR) of North America, 

where hydrological models have historically shown limited success. Implications for future 

modelling of wetland management and climate change scenarios to inform wetland policy 

development in the Canadian Prairies are discussed.  

5.3 Key Points 

• Prairie hydrological modelling was advanced by incorporating depressional wetlands 

delineated from a high-resolution DEM into a new prairie hydrological model 
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• The new model, parameterized with depressional wetlands, outperformed a similar model 

version parameterized with air-photo derived wetlands 

• It is important to represent culvert-controlled surface water storage in roadside ditches 

and along stream channels when simulating prairie streamflow; further exploration of 

linking hydrologic and hydraulic models is warranted   

5.4 Introduction 

The Prairie Pothole Region (PPR) of North America spans approximately 800,000 km2 across 

the Canadian Prairies and mid-northern United States. The landscape is marked by millions of 

small depressions known as “prairie potholes,” which form marsh-type wetlands under saturated 

or ponded conditions (van der Kamp et al., 2016). Much of the PPR has been converted from 

native prairie grassland, parkland, and wetland areas to agricultural areas for food production. 

During agricultural development, roads were built, land was cleared, and many wetlands were 

drained or filled to improve farming conditions. Wetland loss estimates in the PPR range from 40 

to 70% in Canada (Dahl and Watmough, 2007) to as high as 95% in the United States (Dahl, 

2014; Davidson, 2014). During a recent wet period in the PPR, particularly in the northern and 

eastern portions of the Canadian Prairies, rates of wetland drainage accelerated as producers 

worked to manage excess surface water conditions (DUC, 2016). Widespread flooding in the 

area has since fueled debate between policy makers, the public, and agriculture producers as to 

whether or not a wetland mitigation policy could prevent or reduce the impact of future extreme 

weather events. 

Hydrological models can be useful tools for exploring the influence of wetland drainage or 

restoration on streamflow in the PPR. However, current models do not adequately represent 

wetland size distributions or their surface-water storage capacities. Most current models use air-

photo derived wetlands to parameterize wetland areas and then use either empirically-derived 

volume-area scaling relationships (Perez-Valdivia et al., 2017; Yang et al., 2010) or 10-m 

resolution digital elevation models (DEMs) (Evenson et al., 2016, 2018; Fang et al., 2010; 

Pomeroy et al., 2010, 2014) to estimate wetland water storage capacities. This approach is 

problematic for a three reasons: 1) Air-photo derived wetland inventories depend on the time of 

year of the aerial photography and often fail to capture small ephemeral wetlands, which hold 

water temporarily but may not express visible wetland characteristics, 2) Wetland water storage 

capacity estimates based on empirical volume-area scaling relationships may not be accurate 

outside the area in which the relationship was derived, and 3) 10-m resolution DEMs are too 

coarse to identify most mechanically installed surface water drainage ditches in prairie 

landscapes and lack the resolution required to consider the influence of roads and roadside 

ditches on automated depression delineation results. Excluding small ephemeral wetlands from 
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hydrological models prevents evaluation of their hydrological functions at basin-scales, while 

errors in estimating wetland storage capacities in hydrological models directly affect the results 

of simulated wetland drainage or restoration scenarios. As such, new approaches to wetland 

delineation need to be incorporated into prairie hydrological models to ensure accurate 

predictions of the influence of wetland management scenarios on basin hydrology.  

Recent research has improved wetland spatial and hydrological process representations in prairie 

hydrological models. Based on recommendations by Shook and Pomeroy (2011), a new 

generation of models incorporates large numbers of individual wetlands into model structures to 

better represent the cascading “fill-and-spill” hydrological process that occurs between wetland 

depressions and controls surface-water runoff in prairie basins (Jones et al., 2019). Examples of 

these models include a modified version of the Soil Water Assessment Tool (modified-SWAT, 

Evenson et al., 2016) and an updated version of the Prairie Hydrological Model configuration of 

the Cold Regions Hydrological Modelling platform (CRHM-PHM, Pomeroy et al., 2014). The 

modified-SWAT model represents wetlands using spatially explicit wetland hydrological 

response units (HRUs), whilst the CRHM-PHM model uses conceptual networks of 46 wetland 

HRUs and scaling factors to represent wetland spatial relationships and runoff contributions to 

sub-basin streamflow. Both models demonstrated improved performance compared to previous 

model versions that used single “lumped” HRUs to represent wetlands (Evenson et al., 2016; 

Pomeroy et al., 2014). While this generation of models has advanced wetland spatial and 

hydrological process representation, their utility in evaluating the influence of wetland 

management scenarios on basin-scale hydrological processes remains limited due to inadequate 

wetland delineation, as noted above.   

New wetland delineation methods offer a path forward for prairie hydrological modelling. 

Emerging techniques use high-resolution LiDAR DEMs and advanced geospatial analysis to 

identify and characterize wetland depressions in low-relief landscapes like the Canadian Prairies 

(Chapter 4; Jones et al., 2018; Serran and Creed, 2015; Wu et al., 2016, 2018). These methods 

capture the complete size distribution of wetlands that exist in prairie basins and measure 

important structural attributes of wetland depressions, including catchment areas, water storage 

capacities, and surface flow paths. These new methods can be computationally expensive and 

may require local knowledge of surface water drainage infrastructure (Chapter 4) but integrating 

the results into prairie hydrological models is needed to advance the representation of wetland 

characteristics and thus produce more reliable models for wetland management scenario 

simulations. A new version of the SWAT model, SWAT-DSF (DSF for depression storage and 

flows; Evenson et al., 2018) was recently developed using wetland depressions derived from a 

high-resolution DEM following Jones et al. (2018). While this was an important advancement 

for wetland representation in hydrological models, SWAT-DSF was established in the U.S. 

Coastal Plains and therefore lacks important cold-region specific hydrological process 

representations that are needed to adequately simulate the hydrology of Canadian Prairie basins. 
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Recent work by Ameli et al. (2017; 2019) in the Canadian Prairies has incorporated depressional 

wetlands derived from a high-resolution DEM following Serran and Creed (2015) into a coupled 

groundwater-surface water interaction model with explicit wetland representation. While these 

studies provided new understanding of wetland subsurface-surface hydrological connectivity 

(Ameli et al., 2017) and the importance of wetland location on flood attenuation (Ameli et al., 

2019), these models did not consider cold region-specific processes as they only ran for 4- and 8-

month periods beginning on 1 April and 1 March, respectively. Prior to the work reported here, 

there are no cold region-specific prairie hydrological models that incorporate wetland 

depressions delineated from a high-resolution DEM using advanced geospatial analysis and can 

run continuously for multiple years.  

In this chapter, the CRHM platform is used to establish a new hydrological model of the Smith 

Creek Research Basin (SCRB). The CRHM platform offers physically-based representations of 

important cold region hydrological processes, including wind redistribution of snow, snow 

sublimation, energy balance snowmelt, and infiltration into frozen soils (Fang et al., 2010; 

Pomeroy et al., 2007). CRHM has demonstrated success simulating hydrological processes in 

several Canadian Prairie basins, including South Tobacco Creek (Mahmood et al., 2017), the La 

Salle River basin (Cordeiro et al., 2017), the Vermillion River Basin (Pomeroy et al., 2012), and 

the SCRB (Fang et al., 2010; Pomeroy et al., 2010, 2014). The most recent study of the SCRB 

(Pomeroy et al., 2014), included conceptual networks of 46 wetland HRUs to simulate the 

dynamic and hysteretic nature of wetland “fill-and-spill” hydrology, following Shook and 

Pomeroy (2011) and Shook et al. (2013). Shook and Pomeroy (2011) demonstrated that the 

relationship between depression storage and streamflow contributing area is non-linear and 

hysteretic in prairie basins and they showed that a set of conceptual wetlands could be used to 

simulate this relationship, if the synthetic wetlands represent the size distribution of wetlands that 

exists in a basin and their connectivity. Shook et al. (2013) verified the use of conceptual wetland 

networks to simulate the hysteretic behaviour of wetland complexes and suggested that as few as 

1 set of 46 wetlands could be used in a semi-distributed prairie hydrological model like CRHM. 

While Pomeroy et al. (2014) successfully incorporated conceptual networks of 46 representative 

wetlands into CRHM, there were limitations in the wetland delineation method used and the 

model performance compared to observed streamflows. 

The new model presented in this chapter, hereafter referred to as CRHM-SC2021 (DEM 

version), incorporates conceptual networks of 46 representative wetland depressions delineated 

from a 2-m resolution DEM with roads breached at known and assumed culvert locations. In 

Chapter 4, this type of road breaching was shown to reduce depression area and storage capacity 

estimates by 29 and 47 percent compared to depressions delineated from a 2-m DEM with roads 

intact, however it also revealed depression area and storage capacities 1.5 times greater than 

Canadian Wetland Inventory (CWI) air-photo derived wetland areas with empirically derived 

storage capacities. CWI offers the opportunity to deploy prairie wetland hydrological models 
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across the Canadian Prairies, but its limitations for wetland parameterisation in hydrological 

models need to be explored. To better understand the implications of relying on CWI data and 

empirical volume-area scaling relationships to represent wetlands in prairie hydrological models, 

a second version of CRHM-SC2021 was developed using CWI data (CRHM-SC2021; CWI 

version) and model results were compared between CWI and DEM versions of CRHM-SC2021. 

Following model comparison, a sensitivity analysis of the DEM model version was conducted, 

and a few highly uncertain parameters were subsequently calibrated. Additional hydraulic 

routing of CRHM-simulated streamflow was also explored to better represent the influence of 

culvert-restricted flow in the SCRB, which is separate from wetland “fill-and-spill” hydrology. 

Research presented in this chapter builds on over a decade of research at the SCRB aimed 

towards advancing prairie hydrological modelling and improving wetland hydrological process 

understanding at basin-scales. 

Considering ongoing debate around wetland policy in the Canadian Prairies, the main purpose of 

this chapter is to advance prairie hydrological modelling through improved representation of 

wetland characteristics in a prairie hydrological model. The secondary purpose is to establish a 

hydrological model that can be reliably used to evaluate wetland management scenarios in future 

modelling studies.  

The specific objectives of this chapter are to: 

1) Establish a cold regions prairie hydrological model that incorporates wetland depressions 

delineated from a high-resolution DEM and includes advanced representation of wetland 

spatial arrangements and hydrological processes 

2) Evaluate the model performance against observations of winter snow accumulation, 

seasonal soil moisture trends, wetland pond depths, and basin streamflow. 

3) Compare the model performance against a similar model parameterized using air-photo 

derived wetland areas and an empirical volume-area scaling relationship. 

5.5 Study site and data 

5.5.1 Study site 

The SCRB is located approximately 60 km southeast of Yorkton, Saskatchewan and lies within 

the Canadian PPR and the Canadian Aspen Parkland Ecoregion (Figure 5-1a). The SCRB 

contains the town of Langenburg within its boundary and is situated between the Rural 

Municipalities of Churchbridge and Langenburg. The SCRB has a sub-humid continental climate 

where cold regions processes dominate the hydrological cycle (see Section 5.6.1). Mean annual 

precipitation (30-years, 1981-2010) at the nearby Yorkton Airport (ECCC Climate ID: 4019080) 

is 449.3 mm, with 117.4 mm occurring as snowfall between October and April (ECCC, 2020). 

The mean number of days with snow cover (≥ 1 cm) is 139.1 and the mean monthly air 
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temperature ranges from -16.7 ºC in January to +17.9 ºC in July. The total catchment area of the 

SCRB is 393.5 km2, based on automated basin delineation from a 2-m resolution DEM with 

roads breached at culvert locations (Chapter 4). Elevations range between 490 and 548 m.a.s.l 

and ground slope ranges from 2 to 5%. Soils are predominantly Black Chernozems with loam 

texture and high organic matter (5-8.5%). Land use is primarily agricultural (74%), with some 

natural grasslands, wetlands, pasture, and woodlands remaining intact (AAFC, 2014). In 

agricultural areas, crops such as wheat, barley, oats, canola, and some pulses are seeded annually 

each spring and harvested in the late summer or early fall. Gravel roads form a grid-like pattern 

across the SCRB, and Highway 16 runs diagonally through the southern portion of the basin 

(Figure 5-1b). The SCRB is a wetland-dominated basin, but extensive networks of surface 

drainage ditches have been installed in agricultural areas to drain wetlands and improve farming 

conditions. The SCRB is prone to excess surface water issues and farmers throughout the basin 

often resort to opening and closing culverts in roadside ditches to regulate flows and manage 

downstream flooding.  

 

Figure 5-1 a) Location of the Smith Creek Research Basin (SCRB) within the Prairie Pothole 

Region (PPR) of North America (Mann, 1974), and b) the basin boundary, roads, and locations 

of rain gauges (RG), water level transducers (WL), USask meteorological station (USask) and 

WSC streamflow gauge 05ME007 (WSC).  

5.5.2 Observed data 

The SCRB was a site of intense field survey and monitoring by the University of Saskatchewan 

between July 2007 and September 2013. During that time, a meteorological field station was 

installed in the basin by the University of Saskatchewan (SCmet, Figure 5-1b). The USask met 
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station recorded measurements of air temperature, radiation (incoming and outgoing short and 

long-wave), relative humidity, wind speed and direction, soil moisture (0–40 cm), soil 

temperature (0–20 cm), snow depth, rainfall, and snowfall within the basin. Precipitation was 

measured using a Geonor-T-200B weighing gauge with Alter-shield. Supplementary 

meteorological data (hourly air temperature, relative humidity, and wind speed; daily 

precipitation) were downloaded for the nearest Environment and Climate Change Canada 

(ECCC) station located at the Yorkton Airport located approximately 60 km northwest of the 

SCRB (climate.weather.gc.ca, Climate ID: 49808). Meteorological data cleaning and infilling 

procedures used to generate hydrological model forcing data are provided in Chapter 3, Section 

3.3.2.  

A Water Survey of Canada (WSC) streamflow gauging station is located at the basin outlet (ID: 

05ME007 – Smith Creek near Marchwell, Saskatchewan). This station measures hourly stream 

stage at a culvert crossing under a grid road 2 miles north of Marchwell. A rating curve is used to 

convert stream stage to discharge based on manual measurements of streamflow velocity, 

channel cross-sectional area, and depth, which are typically taken several times a year by the 

WSC. During periods of high flow, significant ponding can occur at the gauging station while 

streamflow is restricted to pipe-flow through the culvert at the grid road. During major flooding 

in 2011, for example, the gauging station was completely submerged and could only be 

identified by a whirlpool on the pond surface near the culvert. Streamflow data for high-flow 

periods are therefore highly uncertain as stage measurements and stage-discharge rating curves 

become inaccurate. Daily mean streamflow data for the field study period were downloaded from 

the WSC National Water Data archive: HYDAT, which is available through the Government of 

Canada Open Data Portal (WSC, 2018).   

Various field data were also collected across the SCRB during the field study period from 2007-

2013. Seven wetland water level recording stations operated briefly in the summer of 2007 and 

again through the entire growing season in 2008. Water level stations recorded hourly data in 

seven wetlands, where weekly manual measurements were also made (Table A-2, Figure A-2). 

Field surveys of soil and vegetation properties were conducted across four different land cover 

types – cropland (with cultivated or standing stubble), grassland (including pasture), wetland 

(including shrub and bush), and woodland (trees). Soil samples were collected from 18 transects 

in the fall of 2007, 8 transects in the fall of 2008, and 9 transects in the fall of 2011 (Table A-1). 

Vegetation height was measured at 18 transects in the fall of 2007 and 8 transects in the fall of 

2008. Snow surveys were also conducted along 18 transects during winter snow accumulation 

and/or spring snowmelt in 2008, 2009, 2011, and 2012. Snow depth and density were used to 

estimate snow water equivalent (SWE) (Table A-4). All transects were located near rain gauge 
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(RG) stations, water level (WL) stations, or the USask meteorological field station (SCmet), 

which are shown in Figure 5-1b. 

5.5.3 Geospatial data 

GIS datasets used in this chapter are presented in Figure 5-2. A number of these datasets were 

generated in Chapter 4, so where applicable a section number is provided in the following data 

descriptions as reference to the corresponding methodology.  

         

             

Figure 5-2 GIS data used in this chapter. a) 2-m resolution roads-breached DEM, b) 2008 SPOT5 

supervised land use classification, c) sub-basins, roads and main stream channel, d) depressions 

derived from the 2-m roads breached DEM, and e) 2009 Canadian Wetland Inventory (CWI) 

wetlands, f) sub-basin identification numbers. 

5.5.3.1 Basin and sub-basin boundaries 

Basin and sub-basin boundaries were delineated as described in Chapter 4, Sections 4.5.1 and 

4.5.2. Nine sub-basins were delineated from a 2-m resolution DEM with roads breached at 

known and assumed culvert locations (Figure 5-2f). Basin and sub-basin delineation were 

a) b) c) 

d) e) f) 
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achieved using WhiteboxTools (github.com/jblindsay/whitebox-tools), while road breaching was 

conducted manually using SAGA (Conrad et al., 2015). The total area of the SCRB is 393.5 km2, 

with sub-basins ranging in size from 8.7 to 82.6 km2 (Table 5-1).  

Table 5-1 Summary of sub-basin areas, road lengths, DEM depression and CWI wetland area 

fractions, and DEM depression and CWI wetland estimated storage capacities. 

Sub-

basin 

ID 

Sub-

basin 

area  

(km2) 

Road 

length 

(km) 

DEM 

Depression 

 area fraction 

(DAFsb) 

CWI 

Wetland  

area fraction 

(WAFsb) 

Depression 

storage 

capacity  

(106 m3) 

Wetland 

storage 

capacity  

(106 m3) 

1 40.9 29.3 0.27 0.23 4.16 3.10 

2 33.4 24.1 0.26 0.17 3.08 1.88 

3 82.6 55.4 0.12 0.10 2.90 2.91 

4 64.2 40.0 0.23 0.17 5.26 3.86 

5 36.3 30.5 0.17 0.10 1.79 0.97 

6 52.1 41.9 0.15 0.08 2.76 1.33 

7 34.8 33.9 0.13 0.06 1.47 0.54 

8 40.4 63.1 0.15 0.06 2.15 0.74 

9 8.7 6.73 0.13 0.05 0.26 0.13 

Total 393.5 325 0.18 0.12 23.8 15.5 

 

5.5.3.2 Land use 

Land use data were obtained from the pixel-based supervised classification of two SPOT-5 10-m 

resolution multispectral satellite images collected on 5 July 2007 and 1 October 2008 (Guo et al., 

2012; Figure 5b). The summer image was primarily used to separate vegetated and non-

vegetated features and the fall image was used to separate cropland and natural vegetation. Seven 

land use types were generated during supervised classification of the SPOT-5 images including 

fallow, stubble, grassland/pasture, wetland including shrubs, open water, woodland and 

town/road. For the study presented in this chapter, fallow and stubble areas were combined into a 

single cropland type since fallow areas were small and were likely included in crop rotations the 

following year. Results of the supervised classification analysis were ground truthed against 

University of Saskatchewan field survey data, over 500 field samples by DUCs, and during a 

community meeting in Langenburg where local landowners and farmers provided input on the 

accuracy of the analysis. Overall, the SPOT-5 supervised classification image achieved 66.7% 

accuracy.   

https://github.com/jblindsay/whitebox-tools
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5.5.3.3 Roads 

Road network data were obtained from the Government of Canada Open Data Portal 

(open.canada.ca). Total road length in the SCRB was found to be 325 km using GIS analysis. 

Table 5-1 summarizes road length by sub-basin and Figure 5-1b and 5-2c show road locations in 

the SCRB.   

5.5.3.4 DEM depression and CWI wetland inventories 

Depressions and wetlands used in this study were delineated as described in Chapter 4, Sections 

4.5.3 and 4.5.4. Depression and wetland areas as a fraction of sub-basin areas and their estimated 

storage capacities are presented in Table 5-1. Table 5-2 provides a summary of depression and 

wetland numbers, areas, and storage capacities.  

Depression areas and above-water-surface storage capacities were delineated from a 2-m 

resolution roads-breached DEM using a raster-based depression-filling algorithm called lidar 

(Wu et al. 2019). Minimum depression size was 200 m2 and only depressions with maximum 

depth greater than or equal to 0.1 m (LiDAR vertical accuracy) were retained in the dataset, 

following Li et al. (2011). Dry depressions were defined as those that did not intersect open 

water in the SPOT-5 satellite image taken 2 weeks prior to the LiDAR survey, which occurred 

on 14-16 October 2008. Wet depressions were defined as those that did intersect SPOT-5 open 

water classified areas. Storage capacities of dry depressions were calculated explicitly using 

lidar, whilst storage capacities of wet depressions (above and below water surface volumes) 

were estimated using the Brooks and Hayashi (2002) interpretation of the Hayashi and van der 

Kamp (2000) simplified volume-area-depth equations. When pond depth is available, this 

method offers better storage capacity estimates than volume-area scaling alone. The Brooks and 

Hayashi (2002) equation for estimating maximum depression volume based on fully inundated 

depression area and depth is provided in Equation 5-1. 

𝑉𝑚𝑎𝑥  =  
𝐴𝑚𝑎𝑥∗ 𝑑𝑚𝑎𝑥

1+2/𝑝
        [5-1] 

where Vmax is maximum depression volume (m3), Amax is maximum depression polygon area 

(m2), dmax is maximum depression depth (m), and p is a shape factor based on depression area. 

dmax was estimated by adding an average measured wetland pond depth of 42 cm to above-water-

surface depression heights calculated by lidar. For depressions less than 10 000 m2, p=1.72 was 

used, as estimated by Minke et al. (2010) for SCRB. For depressions between 10 000 m2 and 100 

000 m2 and for depression larger than 100 000 m2, p=3.3 and 6 were used, respectively, as 

discussed by Hayashi and van der Kamp (2000). This method is similar to Fang et al. (2010). 
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Ducks Unlimited Canada (DUC) provided Canadian Wetland Inventory (CWI) data for the 

SCRB for the year 2009. These data include polygons of wetland areas and polylines of installed 

agricultural surface water drainage ditches. Wetland areas and drainage ditches were derived 

primarily from air-photo analysis and wetlands were classified according to the CWI Data Model 

(DUC, 2016). DUC further classified wetlands as “intact,” “restored,” “disturbed-cultivated,” 

“partly-drained,” or “completely-drained” according to their anthropogenic impact. For this 

study, only “completely-drained” wetlands were removed from the CWI dataset, as they no 

longer provide surface water capacity. “Disturbed-cultivated” and “partly-drained” wetlands 

were retained in the dataset because they continue to offer surface water storage capacity. 

“Disturbed-cultivated” wetlands are classified as such because they show evidence of cultivation 

for crop production, whilst “partly-drained” wetlands have artificially lower water levels caused 

by surface water drainage. CWI wetland storage capacities were estimated using the Weins 

(2001) volume-area scaling relationships presented in Equations 5-2 and 5-3. The Weins (2001) 

relationship was chosen because it was derived in the Upper Assiniboine River Basin (UARB) of 

which the SCRB is part. It was also assumed that LiDAR data and pond depth measurements 

would be unavailable when CWI wetland areas are used to delineate surface water storage 

capacity for prairie hydrological model parameterization. The Weins (2001) equations are as 

follows: 

𝑉 = 2.85 𝐴1.22, if A ≤ 70 ha  [5-2] 

𝑉 = 7.1 𝐴 + 9.97, if A > 70 ha  [5-3] 

where V is the maximum wetland storage capacity (dam3), and A is CWI wetland area (ha) 

assumed to represent maximum wetland surface areas. Perez-Valdiva et al. (2018) and 

Muhammad et al (2018; 2019) recently used this method to estimate wetland storage capacities 

for hydrological models of basins in the Canadian PPR for which LiDAR data was not available.  

Table 5-2 Summary of depression and wetland areas and estimated storage capacities in the 

SCRB. 

   Area Storage capacity 

Source Type Number (106 m2) (106 m3) Estimation method  

DEM Depressions 29,099 69.8 23.8 
Hayashi and van der 

Kamp (2000) 

CWI Wetlands 6,837 47.1 15.5 Weins (2001) 
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5.6 Methods 

To advance hydrological modelling in the PPR, a new model of the SCRB was built using the 

Cold Regions Hydrological platform (CRHM). The new model, CRHM-SC2021, was first 

conceptualized during geospatial analysis conducted in Chapter 4. The CRHM platform was then 

used to assemble a Prairie Hydrological Model (PHM) of the SCRB that included the necessary 

process algorithms with some minor adjustments to improve process representations. Next, basin 

physiographic parameters were established based on geospatial analysis conducted in Chapter 4. 

Process algorithms were parameterized using data from field surveys, previous modelling work, 

and knowledge of hydrological processes in the Canadian Prairies. Two versions of the model 

were built – one using depressions delineated from a 2-m resolution roads-breached LiDAR 

DEM to represent wetlands (DEM version) and another using CWI wetlands to represent 

wetlands (CWI version). Both model versions were initialized from measured conditions and run 

for 6 years (2008-2013) without calibration using meteorological data collected from a field 

station installed in the basin. Model performance was evaluated against observations of winter 

snow accumulation, seasonal soil moisture trends, wetland pond depths, and basin streamflow. 

The influence of representing wetlands using depression areas and storage capacities derived 

from a high-resolution DEM versus using CWI wetland areas and estimated storage capacities 

was assessed by comparing model results. With the DEM version showing better results than the 

CWI model, but still unsatisfactory simulation of peak streamflow, a model sensitivity analysis 

was conducted for the DEM model version using the VARS-TOOL for Global Sensitivity 

Analysis (Razavi, 2019). Subsequent calibration of a few highly uncertain parameters was 

conducted to improve streamflow simulations, but peak streamflow discharge remained 

problematic. With knowledge that surface water storage capacity had been removed from 

roadside ditches and along the main stream channel during depression delineation, reintroduction 

of that transient storage capacity was explored by routing CRHM simulated streamflow through 

a culvert-controlled storage reservoir using the Storm Water Management Model (SWMM; 

Rossman, 2015). This combined hydrologic-hydraulic model approach improved simulated 

streamflow timing and peak discharge rates compared to observed streamflow and revealed that 

including culvert-controlled streamflow in prairie hydrological models could represent an 

important advancement for hydrological modelling in the PPR. The following sub-sections 

provide details of these steps.  

5.6.1 Conceptual model 

A conceptual model of important winter, spring, and summer hydrological processes in the 

SCRB is presented in Figures 5-3a, b, and c, respectively, and described in detail below.  

The hydrology of the SCRB is typical of most basins in the Canadian Prairies. The Canadian 

Prairies is a cold region where soils freeze, and snowfall accumulates during long winter periods 
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(Nov-Feb). Winter snowfall accounts for approximately one third of annual precipitation across 

the Prairies, but spring snowmelt historically generates up to 80% of annual streamflow volume 

(Gray Landine, 1988a). Winter snow cover is frequently modified by wind redistribution of snow 

and sublimation of blowing snow (Pomeroy et al., 1990). During high winter wind events, snow 

is transported from aerodynamically smoother surfaces (i.e., roads, fallow fields, or fields with 

short post-harvest stubble) to more vegetated surfaces or topographic depressions (i.e., 

grasslands, woodlands, wetlands, ditches or stream channels). Mid-winter snowmelt is 

infrequent, but when it does occur meltwater will re-freeze at the soil surface and form an ice-

lens (Gray et al., 2001), which restricts infiltration and quickens runoff during subsequent melt 

events. Spring snowmelt (Mar-Apr) typically occurs over a 2–3-week period during which time 

meltwater either infiltrates into or runs off over frozen soils. Infiltration into frozen soils is 

controlled by the soil moisture content prior to ground freeze and can be classified as either 

unlimited, limited, or restricted (Gray et al., 1985). Meltwater that does not infiltrate runs off 

over frozen soils and collects into nearby topographic depressions, thus initiating the “fill-and-

spill” hydrological process (discussed below).  

 

 

a) 
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Figure 5-3 A conceptual model of the key hydrological processes occurring in the SCRB, during 

a) winter, b) spring, and c) summer. 

Rainfall occurs primarily in the spring and early summer in the SCRB and a recent shift towards 

more multi-day rainfall events has increased the fraction of streamflow generated by rain-on-

snow and rainfall runoff. Between 1975 and 2010, rain-on-snow events accounted for 

approximately 10% of streamflow discharge, but between 2011 and 2014, rain-on-snow 

generated 27% of streamflow discharge and contributed to extensive flooding in the basin. 

Similarly, between 1975 and 1994, rainfall runoff accounted for only 3% of streamflow 

discharge, but between 2011 and 2014 rainfall runoff contributed to 31% of streamflow 

c) 

b) 
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discharge (Dumanski et al., 2015). Accurate representation of soil moisture conditions and 

rainfall infiltration and runoff processes is therefore needed to run the model continuously for 

multi-year simulations. The SCRB has deep soils with good water-holding capacity and high 

unfrozen infiltration rates. As such, rainfall-runoff is typically generated via saturation excess 

rather than infiltration excess, although the latter can occur during extreme rainfall events caused 

by convective storms. Below the root zone exists several meters of low permeability glacial till 

that restricts deep groundwater recharge. Perched groundwater tables can form under extremely 

wet conditions, however groundwater contributions to streamflow are generally negligible. Smith 

Creek historically flows intermittently in response to spring snowmelt or extreme summer 

rainfall events and then dries up each summer due to lack of baseflow.  

During the growing season (May-Aug), actual evapotranspiration (ET) typically exceeds rainfall 

(Armstrong et al., 2008) and crops depend on soil moisture reserves from snowmelt infiltration 

to fulfill their yield potential. Dryland agriculture (i.e., no irrigation) is practised across the 

SCRB, with annual crops such as wheat, oats, barley, and canola dominating the landscape. 

Evaporation from open water and saturated surfaces occurs freely and from vegetation is 

controlled by plant stomata and dependent on soil moisture conditions (Granger and Gray, 1989). 

Crops are typically seeded in the late spring (May), grow to their maximum height by mid-July, 

reach maturity by mid- to late-August, and are harvested in September or October. After harvest, 

crop stubble is typically left standing in fields to trap and retain wind-blown snow, which will 

replenish soil moisture reserves the following spring. Conservation tillage, including zero- or no-

tillage, is practiced widely across the SCRB, which enables continuous cropping and preserves 

installed surface water drainage ditches in farmer’s fields.  

The SCRB has low topographic relief and generally lacks well-defined drainage pathways. The 

land surface is populated with thousands of small depressions that provide significant surface 

water storage, but also interrupt the flow of surface water towards the basin outlet. Depressions 

have topographically defined catchment areas from which surface water runoff collects. Some 

depressions hold ponded water long enough to become wetlands (i.e., develop hydric soils and 

wetland vegetation), while others are ephemeral and are frequently used for crop production. 

During periods of high runoff, the water storage capacity of surface depressions can be exceeded, 

causing runoff to spill over into depressions at lower elevations before eventually flowing into 

roadside ditches or tributaries of Smith Creek. This “fill-and-spill” process (Spence and Woo, 

2003) controls surface water runoff and streamflow generation in the SCRB. As surface water 

connections form between depressions, roadside ditches, and the main stream channel, the area 

that contributes flow to the basin outlet expands and then contracts as those connections are 

broken. Depression water balance variables are influenced by variations in climate, adjacent land 

use, relation to up-gradient depressions, antecedent moisture conditions, groundwater exchange, 
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and depression size and depth (Hayashi et al., 2016). As a result, surface water storage in the 

SCRB is dynamic and hysteretic (Shook and Pomeroy, 2011). Accurate simulations of the 

influence of depression storage in the SCRB thus requires good representation of existing 

depression networks and their associated hydrological processes.  

The depression storage capacity in agricultural areas of the SCRB has been substantially altered 

by the installation of surface water drainage ditches. These ditches serve to accelerate surface 

water runoff processes by reducing or eliminating depression storage capacities in farmer’s fields 

and creating opportunities for channelized flow (Brunet and Westbrook, 2012). The ditches are 

typically narrow and shallow and follow existing drainage pathways since farmers opt for 

efficient installation. As such, identifying these ditches and measuring the storage capacity of 

affected depressions required a high-resolution DEM and advanced geospatial processing 

techniques (Chapter 4). The analysis conducted in Chapter 4 returned important information to 

parameterize wetland depressions in a new hydrological model for the SCRB – including 

depression catchment areas, surface flow path lengths between depressions, and maximum 

depression storage capacities. The sequence of drainage activity in farmland is typically to drain 

one or more depressions from a higher elevation into a depression at a lower elevation and then 

into roadside ditches or other drainage channels that carry surface water to the main stream 

channel. As mentioned above, culverts in roadside ditches are often manually opened and closed 

during extreme runoff events to regulate the flow of water throughout the basin.  

In summary, the key hydrological processes required to simulate the hydrology of the SCRB 

include precipitation phase, wind redistribution of snow, snow sublimation, snowmelt, 

infiltration into frozen and unfrozen soils, crop growth, evapotranspiration, soil moisture 

balance, surface water storage in depressions or wetlands, and runoff routing. 

5.6.2 Forcing data preparation 

Hourly data from the USask meteorological field station were used to construct a continuous 

time series of weather forcing data from 31 October 2007 to 30 September 2013. Data included 

air temperature, wind speed, relative humidity, and precipitation. A detailed description of data 

cleaning and filling procedures is provided in Chapter 3, Section 3.3.2.  

5.6.3 Cold regions hydrological modelling platform 

The Cold Regions Hydrological Modelling platform (CRHM) was used to set up a new 

hydrological model of the SCRB. CRHM is a modular, process-based, object-oriented 

hydrological modelling platform developed specifically for use in cold regions such as the 

Canadian Prairies (Pomeroy et al., 2007). Many decades of hydrological research conducted in 

the Canadian Prairies were involved in the development of CRHM. CRHM therefore contains 
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several prairie-specific, physically-based hydrological process algorithms that support its 

applicability in this environment, including wind redistribution and sublimations of snow, energy 

balance snowmelt, and infiltration into frozen soils. CRHM consists of a library of component 

modules that users can assemble to create purpose-built hydrological models. Each module 

represents basin descriptions, observations or physically-based hydrological process algorithms. 

Hydrological response units (HRUs) are used in CRHM to divide a basin into areas with similar 

physiographic characteristics and therefore similar hydrologic behaviours. Users assign a single 

set of parameters, state variables and fluxes to each HRU and CRHM calculates mass and energy 

balance variables according to the assembled hydrological process algorithms (modules).  

5.6.3.1 Module configuration 

A similar set of CRHM modules have been assembled to simulate hydrological processes in 

basin across the Canadian Prairies (Cordeiro et al., 2017; Fang et al., 2010; Mahmood et al., 

2017; Pomeroy et al., 2010, 2014). Aptly named “Prairie Hydrological Model” (PHM) 

configurations of CRHM, these modules represent key hydrological processes in prairie 

environments including precipitation phase, wind redistribution of snow, snow sublimation, 

snowmelt, infiltration into frozen and unfrozen soils, crop growth, evapotranspiration, soil 

moisture balance, surface water storage in depressions or wetlands, and runoff routing. For this 

study, the same PHM configuration used by Pomeroy et al. (2014) to simulate hydrological 

processes in the SCRB was used, with some additions following Cordeiro et al. (2017). A 

flowchart of the modules assembled for CRHM-SC2021 is provided in Figure 5-4 and further 

descriptions of each module are presented in Appendix B, Table B-1.  

Key modules adopted from Pomeroy et al. (2014) include the albedo model of Gray and Landine 

(1987), the Prairie Blowing Snow Model (Pomeroy and Li, 2000), the Energy Balance Snowmelt 

Model (Gray and Landine, 1988), Gray’s snowmelt infiltration into frozen soils (Gray et al., 

1985), Ayers’ rainfall infiltration based on soil texture and ground cover (Ayers, 1959), Penman-

Monteith actual evapotranspiration from unsaturated surfaces (Monteith, 1965), Priestley-Taylor 

evaporation from saturated surfaces (Priestley and Taylor, 1972), soil moisture balance including 

surface-water groundwater interactions and surface water storage in depressions and wetlands 

(Dornes et al., 2008; Fang et al., 2010; Leavesley et al., 1983) and a Muskingum streamflow 

routing model (Chow, 1964). Modules incorporated from Cordeiro et al. (2017) include 

“Volumetric” and “K_Estimate”. “Volumetric” calculates volumetric soil moisture prior to 

ground freeze for Gray’s snowmelt infiltration expression, which enables continuous model runs 

and maintains continuity of mass across the model period. “K_Estimate” uses Darcy’s Law to 

estimate vertical and lateral flow velocities for the soil module based on the Brooks and Corey 

(1966) relationship for unsaturated hydraulic conductivity (Fang et al., 2013).  
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Figure 5-4 Flowchart of physically-based hydrological modules assembled for CRHM-SC2021 

(adapted from original version by Xing Fang in Cordeiro et al., 2017). Colored arrows in the 

flowchart represent the following input/output variables: radiation (Red), observed weather 

(blue), calculated solid or vapour phase water (green), and calculated liquid phase water (black). 

Dotted arrows indicate macros used to modify parameter values.  

5.6.3.2 New Prevent-Refreeze macro 

A unique feature of the CRHM platform is that it allows users to write simple scripts called 

macros that can be used to test new algorithms or modify certain components of existing 

algorithms within the CRHM module library. For example, crop growth has been simulated 

using a macro in the PHM models described above. In this study, a new macro was introduced to 

refine initiation of Gray’s frozen soil infiltration routine (Gray et al., 1985) in the Prairie 

Infiltration module.  This model switches between frozen and unfrozen algorithms for infiltration 

to frozen soils by assuming soils are completely frozen when snow water equivalent (SWE) 

exceeds 25 mm. Typically this switch occurs in the late fall and at the end of snowmelt on the 

Canadian Prairies. However, occasionally a large snowfall event can occur in the spring after the 
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snowpack has melted and soils have begun to thaw. To prevent the Prairie Infiltration module 

state switching back to frozen soil infiltration when spring snowfall occurs, a new “Prevent Re-

freeze” macro was written.  Prevent_Refreeze allows the user to select a date after which the 

frozen soil routine in Prairie Infiltration is disabled and snowmelt is allowed to infiltrate 

completely if there is available capacity in the soil profile. The new Prevent_Refreeze macro 

code is provided in Appendix B. In this study, Prevent_Refreeze was activated on May 1 each 

year.  

5.6.4 Model Structure 

5.6.4.1 Sub-basins 

CRHM’s “representative basin (RB)” structure was used in this study to discretize the SCRB into 

nine sub-basins identified in Section 5.5.3.1, Figure 5-2f.  For large basins like the SCRB, RBs 

serve to divide a basin into its sub-basins, group together unique sets of HRUs that represent 

each sub-basin, and then execute the same modules on each RB to simulate basin-scale 

hydrological processes (Fang et al., 2010). Then, streamflow output from each RB was routed 

along a main stream channel that connected all sub-basins as shown in Figure 5-5. Each sub-

basin contained 52 HRUs – 6 HRUs corresponding to cropland, grassland, woodland, roads, 

roadside ditches, and the main stream channel and another representative set of 46 wetland 

HRUs – resulting in a total of 468 HRUs. As discussed in the introduction, representative sets of 

46 wetland HRUs can represent the non-linear and hysteretic nature of wetland “fill-and-spill” 

hydrology (Pomeroy et al., 2011), and can therefore be used in place of explicit wetland 

representation. The next sections describe how wetland and non-wetland HRUs were delineated 

and how the conceptual networks of 46 representative wetland HRUs were incorporated into the 

model structure for each sub-basin. 

                        

                                 

Figure 5-5 Sub-basin routing sequence in CRHM-SC2021. 

5.6.4.2 Hydrological response units (HRUs) 

HRU areas were generated in ArcGIS using the SPOT-5 supervised classification image (Figure 

5-2b) as the base layer. Road network, main stream, and depression or wetland layers (Figures 5-

2 c, d, and e) were then overlain on the SPOT-5 supervised classification image and the “erase” 

1 3 5 7 9 

2 4 6 8 
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tool was used to separate roads, the main stream, and depression or wetlands from the SPOT-5 

land use areas. Roads were buffered by 20-m on either side of centre to account for a 10-m wide 

road with two 15-m wide ditch allowances (Retzlaff et al., 2007). The main stream was buffered 

by 10-m on either side of centre to include channel slopes and riparian areas in the stream HRU 

and to determine which wetlands were “connected” to the main stream. Following (Lane et al., 

2012), depressions or wetlands within 10-m of the main stream were deemed “connected,” so 

their areas and storage capacities were added to the stream HRU. Finally, the ArcGIS tool 

“split” was used to separate HRU areas by sub-basin. HRU areas are presented by sub-basin for 

DEM (depressions) and CWI (wetland) versions of SC2021 in Table 5-3. 

Table 5-3 HRU areas by sub-basin for CRHM-SC2021. Values outside parenthesis are for the 

DEM Model and values inside parenthesis are for the CWI Model. HRU areas for roads and 

ditches were the same in both models.  

Sub-

basin 

ID 

HRU area (m2)  

Road Cropland Grassland Woodland Wetlands Ditch Stream Total 

1 0.3 
14.3 

(15.0) 

5.1 

(5.3) 

9.3 

(9.9) 

11.2 

(9.2) 
0.9 

0.1 

(0.4) 
41.1 

2 0.3 
7.5 

(7.9) 

5.6 

(6.1) 

10.6 

(12.4) 

8.5 

(5.5) 
0.7 

0.1 

(0.4) 
33.2 

3 0.6 
58.2 

(60.2) 

2.7 

(2.8) 

9.3 

(9.2) 

9.1 

(7.0) 
1.7 

1.0 

(1.3) 
82.6 

4 0.4 
28.1 

(29.9) 

4.1 

(4.4) 

15.4 

(16.9) 

14.2 

(10.4) 
1.2 

0.6 

(1.0) 
64.1 

5 0.4 
17.8 

(19.1) 

3.0 

(3.2) 

8.2 

(9.0) 

6.0 

(3.5) 
0.9 

0.2 

(0.4) 
36.5 

6 0.5 
 29.0 

(30.7) 

2.3 

(2.5) 

11.1 

(12.6) 

7.8 

(4.2) 
1.3 

0.2 

(0.3) 
52.1 

7 0.4 
 22.7  

(21.6) 

3.0 

(3.1) 

4.4 

(5.3) 

4.3 

(2.1) 
1.0 

0.2 

(0.2) 
34.8 

8 0.8 
 21.5 

(23.3) 

1.3 

(1.5) 

8.6 

(10.0) 

6.0 

(2.4) 
1.9 

0.2 

(0.3) 
40.4 

9 0.1 
5.0  

(5.3) 

0.4 

(0.5) 

1.8 

(2.1) 

1.1 

(0.5) 
0.2 

0.2 

(0.2) 
8.7 

Total 3.8 
202.9 

(214.0) 

27.5 

(29.3) 

78.7 

(87.3) 

68.2 

(44.9) 
9.7 

2.8 

(4.5) 
393.5 

 

HRUs were arranged as presented in Figure 5-6. Runoff from cropland, grassland, and woodland 

HRUs flowed through a sequence of 46 wetland HRUs (Figure 5-7) and then into the ditch HRU 

where it was met by runoff from the road before draining into the main stream HRU.  

 



101 

 

 

                

 

                                                     

Figure 5-6 HRU routing sequence in CRHM-SC2021. 

5.6.4.3 Wetland HRUs 

Nine sets of 46 representative wetland HRUs (one set for each sub-basin) were used to simulate 

the dynamic and hysteretic nature of wetland “fill-and-spill” hydrology in the SCRB, following 

Shook and Pomeroy (2011), Shook et al. (2013), Pomeroy et al. (2014), and Shook et al. (2020). 

Each set of 46 wetland HRUs were arranged according to the conceptual network shown in 

Figure 5-7. This conceptual arrangement was derived from the relative frequencies of wetlands 

present at each Horton-Strahler streamflow level in Sub-basin 9 of the SCRB (Shook and 

Pomeroy, 2011). While this arrangement was derived from a 10-m DEM, the relative frequencies 

and connectivity of wetlands was expected to be the same from a 2-m DEM and consistent 

across all 9 sub-basins. Each set of 46 depressions or wetlands were selected from the size 

frequency distribution of depressions or wetlands in each sub-basin (Chapter 4, Section 4.7.2) 

using a proportionate stratified random sampling technique, which ensured the mean and median 

wetland sizes, and the size frequency distribution of wetlands was represented in each sub-basin 

– the latter as recommended by Shook and Pomeroy (2011). Recent work by Shook et al. (2021) 

showed that wetland spatial arrangements can be important in these conceptual networks if a 

single large wetland (> 30% of total depression area) is included in the representative sample and 

is located near the basin outlet. In the DEM model version, sub-basins 4, 5, 6, 7 and 8 included 

single depressions with 32%, 35%, 43%, 37%, and 51% of total depression area, respectively. 

This occurred because priority was given to selecting a size distribution of depressions that 

represented the mean and median depression size in each sub-basin so that the total depression 

storage capacity in the basin would be well represented. In sub-basin 8, the largest depression 

(51% of depression area) was located only one HRU back from the outlet, which could 

potentially cause gatekeeping behaviour in the model.  A review of model behaviour in sub-basin 

8 did not show evidence of gatekeeping so depression sizes were not resampled to align with 

Shook et al., 2021. In the CWI model version, all wetland HRUs were less than 30% of the total 

wetland area in each sub-basin. Depression and wetland areas used to parameterize depression 

Cropland Grassland Woodland Road 

46 Depressions 

or Wetlands Ditch Stream 



102 

 

and wetland versions of CRHM-SC2021 are presented in Appendix B. The size distribution of 

depressions contained thousands more small depressions compared to the size distribution of 

wetlands, which caused a higher number of small depressions in the sample for each sub-basin. 

Following Pomeroy et al. (2014), a sub-region of each sub-basin was simulated, and the resulting 

streamflow was scaled-up to represent sub-basin streamflow. A detailed description of the use of 

sub-regions and their related scaling factors is provided in Appendix B.  

 

Figure 5-7 Arrangement of depression or wetland HRUs in CRHM-SC2021, from Shook and 

Pomeroy (2011). 

5.6.5 Model parameters 

Model parameters were initially set using a deduction, induction, and abduction reasoning 

approach (Pomeroy et al., 2013). Where possible, parameters were obtained from measured 

values or geospatial analyses (i.e., soil and vegetation properties, depression and wetland areas 

and estimated depths, runoff distribution to downstream HRUs, and some routing lengths). Other 

parameters were either extracted from previous versions of the PHM at the SCRB (Fang et al., 

2010; Guo et al., 2012; Pomeroy et al., 2010, 2014) or estimated based on literature from within 

the Canadian Prairies. Parameters with high uncertainty are noted in the following sections and 

later become the subject of model sensitivity and parameter calibration exercises.  
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5.6.5.1 Snow accumulation, redistribution and melt module parameters 

Modules used to simulate snow accumulation, redistribution, and melt include Observation, 

PBSM, Walmsley Wind, Albedo, and EBSM. Table 5-4 provides a summary of model 

parameters affecting snow accumulation, redistribution, and melt. Precipitation phase was 

estimated in the Observation module using (Harder and Pomeroy, 2013). Snow accumulation and 

redistribution were simulated using PBSM (Pomeroy and Li, 2000). Upwind fetch lengths 

(Fetch, m) were assigned values of 3000, 2000, 1000, 500, 300, 300, and 300, for road, cropland, 

grassland, woodland, ditch, stream, and wetland HRUs. Fetch lengths were slightly longer than 

those used by Fang et al. (2010) and Pomeroy et al. (2010, 2014) due to the inclusion of a road 

HRU and knowledge that cropping patterns typically follow a 1-mile square sequence (1600 x 

1600 m), over which prevailing northwest winds would travel approximately 2000 m. Over-

winter vegetation height, stalk density, and stalk diameter were calculated from post-harvest 

vegetation survey measurements (Appendix A, Table A-1). Vegetation heights (Ht_veg, m) were 

assigned values of 0.001, 0.1, 0.4, 6, 0.4, 0.7, 1.4 for road, cropland, grassland, woodland, ditch, 

stream, and wetland HRUs. Stalk densities (N_S, stalks/m2) were 1, 320, 320, 100, 100, 100, and 

100, respectively. Stalk diameters (A_S, m) were 0.001, 0.003, 0.003, 0.001, 0.001, and 0.01, 

respectively.  

Table 5-4 Parameters for snow accumulation, redistribution, and melt modules. 

Module Parameter Road Cropland Grassland Woodland Ditch Stream Wetlands 

PBSM 

Fetch (m) 3000 2000 1000 500 300 300 300 

Ht veg (m) 0.001 0.1 0.4 2 0.4 0.7 1.4 

N_S  1 320 320 100 100 100 100 

A_S 0.001 0.003 0.003 0.01 0.001 0.001 0.01 

distrib varied varied varied varied varied varied varied 

Walmsley 

Wind 

h (m) 5 5 5 -1 -2 -2 -2 

L (m) 40 100 100 100 40 40 40 

A 3.0 4.4 4.4 4.4 3.0 3.0 4.4 

B 2 1.1 1.1 1.1 2 2 1.1 

Albedo 

decay 

Albedo bare 0.85 0.85 0.85 0.85 0.85 0.85 0.85 

Albedo snow 0.11 0.18 0.17 0.15 0.11 0.11 0.11 

EBSM 
Fg  0.1 0.1 0.1 0.1 0.1 0.1 0.1 

LAI (m2/m2) 0.001 0.001 0.001 0.4 0.001 0.001 0.001 

 

PBSM requires HRUs to be arranged from least to greatest aerodynamic resistance (i.e., shortest 

to tallest vegetation) and uses a parameter called “distrib” to assign a fraction of the total mass of 

suspended snow within a sub-basin to each downwind HRU.  “distrib,” however, does not 

account for HRU size. “distrib” parameters were therefore set based on logic – lower fraction to 

cropland and grassland HRUs and higher fraction to woodland, wetland, ditch and stream HRUs 
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– then values were divided by HRU areas proportional to sub-basin size. This ensured that small 

wetland HRUs did not accumulate unrealistic, deep snowpack compared to large wetland HRUs. 

As such, “distrib” values varied widely across HRUs.  

Wind speeds for all HRUs were adjusted based on topographic variability using (Walmsley et al., 

1989). Input variables to Walmsley’s wind speed change calculation include the height of the 

terrain object above the surrounding terrain (h), the upwind length at half-height (L), and two 

coefficients (A and B) that represent the type of terrain for which wind speed is being adjusted. 

Positive h values increase wind speed over an elevated terrain feature, and negative h values 

decrease wind speed through valley bottoms or terrain depressions. Cropland, Grassland, 

Woodland and Wetland HRUs were assigned coefficients related to three-dimensional rolling 

terrain, while Road, Ditch and River HRUs were assigned coefficients related to two-

dimensional hills or ridges. Terrain feature height (h) was set at 5 m for Road, Cropland, and 

Grassland HRUs, -1 m for the Woodland HRU, and -2 m for Ditch, Stream, and Wetland HRUs. 

The upwind length at half height (L) was set at 100 m for Crop, Grassland, and Woodland HRUs 

and 40 m for Road, Ditch, Stream, and Wetland HRUs.  

Over-winter albedo decay was estimated using Gray and Landine (1987). Fresh snow albedo was 

set to 0.85 for all HRUs, while bare ground albedo was set to 0.11, 0.18, 0.17, 0.15, 0.11, 0.11, 

and 0.11 for road, cropland, grassland, woodland, ditch, stream, and wetland HRUs, respectively. 

Snowmelt was calculated using EBSM (Gray and Landine, 1988), where the fraction of radiation 

transfer to ground heat flux (Fg) was assigned a value of 0.1 for all HRUs. Minimum leaf area 

index (LAI) values of 0.001 were assigned for all HRUs except woodland, which was assigned a 

value of 0.4, typical of aspen trees in the winter.  

5.6.5.2 Soil infiltration module parameters 

The Prairie Infiltration module includes both frozen and unfrozen soil routines. Table 5-5 

provides a summary of key parameters affecting both frozen and unfrozen soil routines. The 

frozen soil routine (Equations 5-1 and 5-2; Gray et al., 1985) depends on the Volumetric module 

to calculate the volumetric soil moisture content on a given day prior to ground freeze each year 

(set_fallstat, Julian). For this study, set_fallstat was set for 1 November. Soil type was set as 

loam for Cropland, Grassland, and Woodland HRUs and clay for Road, Ditch, Stream, and 

Wetland HRUs based on soil survey data. Soil porosity, wilting point, field capacity and 

available water content are set internally in CRHM based on soil type. The threshold for a major 

snowmelt event to trigger the frozen soil infiltration routine (Major, mm/day) and the maximum 

number of infiltration days (infDays, days) were set to default values of five and six, 

respectively. Snowmelt that occurred prior to a major snowmelt event was allowed to infiltrate.  
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𝐼𝑁𝐹 = 5(1 − 𝜃)𝑆𝑊𝐸0.584         [5-4] 

𝐼𝑁𝐹𝑝𝑜𝑡 = 𝐼𝑁𝐹/𝑖𝑛𝑓𝐷𝑎𝑦𝑠       [5-5] 

where INF is cumulative infiltration (mm), θ is the average pre-melt volumetric soil moisture 

content in in the top 300 mm of soil, INFpot is the daily infiltration potential (mm/day), and 

infDays is the number of days over which infiltration of snowmelt is expected to occur.   

The unfrozen soil routine (Ayers, 1959) depends on groundcover type and soil texture to set 

maximum infiltration rates. Groundcover types were set to “small grains,” “good pasture” and 

“forested” for cropland, grassland, and woodland HRUs, respectively. “Small grains” were 

chosen to reflect the types of crops grown in the east-central region of the Canadian Prairies 

(primarily wheat and canola) and “good pasture” was chosen to simulate high grassland 

infiltration rates based on (van der Kamp et al., 2003). Groundcover for ditch, stream, and 

wetland HRUs was set to “poor pasture”. Soil texture was set to “medium over medium” for 

upland HRUs (crop, grass, woodland) and “medium/fine over fine” for ditch, stream, and 

wetland HRUs based on soil type from survey data. Groundcover and soil texture for the road 

were set to “bare soil” and “fine over fine” to limit infiltration as much as possible. Resulting 

unfrozen maximum infiltration rates from these combinations of groundcover and soil texture are 

presented in Table 5-5.  

Table 5-5 Parameters for the soil infiltration module. 

Routine Parameter Road Cropland Grassland Woodland Ditch Stream Wetlands 

 Soil type Clay Loam Loam Loam Clay Clay Clay 

 set_fallstat (Julian) 305 305 305 305 305 305 305 

Frozen Major (mm/day) 5 5 5 5 5 5 5 

 infDays (days) 6 6 6 6 6 6 6 

 
Groundcover Bare 

Good 

pasture 

Good 

pasture 
Forest 

Poor 

Pasture 

Poor 

pasture 

Poor 

pasture 

Unfrozen Soil texture Mf/m M/m M/m M/m Mf/m Mf/m Mf/m 

 Max infil rate (mm/hr) 1.3 10.2 12.7 15.2 2.5 2.5 2.5 

Soil Texture: Mf/m = medium/fine over fine, M/m = medium over medium  

5.6.5.3 Soil module parameters 

The soil module in CRHM calculates soil moisture balance, depressional storage, groundwater 

storage, surface runoff, and subsurface and groundwater discharge (Fang et al., 2013). This 

module was revised from an original soil moisture balance routine developed by (Leavesley et 

al., 1983) and modified by Pomeroy et al. (2007), Dornes et al. (2008) and Fang et al. (2010). 

Figure 5-8 provides a conceptual representation of the control volumes in the soil module, which 
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include a depression storage layer, two soil layers, and a groundwater layer. Figure 5-10 also 

shows the hydrological fluxes computed in the soil module. Inputs to the soil module include 

overland flow, rainfall, or snowmelt. Surface water first infiltrates into the recharge layer and 

any excess moves directly into the lower layer prior to soil saturation. Saturation-excess or 

infiltration-excess water is stored in the surface depression storage layer until its maximum 

capacity is reached. When depression storage capacity is exceeded, overland flow occurs in the 

form of surface runoff. Evaporation occurs first from the depression storage layer and then only 

from the recharge layer. Evapotranspiration (ET) occurs from either the recharge layer only or 

both soil layers depending on the presence or characteristics of plant roots. In either case, 

evapotranspiration is restricted to plant available soil moisture (Armstrong et al., 2010). Vertical 

and lateral flows in the soil and groundwater layers are calculated based on Darcy’s law using 

the Brooks and Corey (1964) relationship for unsaturated hydraulic conductivity. Subsurface and 

groundwater discharge occur as lateral flow from the soil layers and groundwater layer, 

respectively. Soil drainage and groundwater recharge occur as vertical flow from the recharge 

layer to the lower layer and from the lower layer to the groundwater layer, respectively. 

 

Figure 5-8 Conceptual representation of the soil module used in CRHM with surface depression 

storage, two soil layers, and a groundwater layer.  
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Soil module parameters were set using a combination of measured data and literature values. A 

summary of key parameters used in this study are presented in Table 5-6. In CRHM, the control 

volume of each layer is defined as the maximum amount of water that can be stored in that layer. 

Maximum depression storage (Sdmax, mm) was set to 0 mm for Road, Cropland, Grassland, 

Woodland, and Ditch HRUs so that depression storage was represented entirely in Stream and 

Wetland HRUs. Maximum depression storage for Stream HRUs was calculated as the maximum 

storage capacity of “connected” wetlands divided by the sum of the stream channel area and the 

area of the “connected” wetland. “Connected” wetlands were defined as those within 10 m of the 

main stream channel, following Lane et al. (2012). For Wetland HRUs, maximum depression 

storage amounts were calculated individually by dividing the maximum storage capacity of each 

representative wetland (46 for each sub-basin) by its maximum surface area. Wetland HRU 

delineation and selection for each model is discussed above in Sections 5.4.3.3 and 5.6.3.1, 

respectively. 

For the soil layers, maximum soil moisture (soil_moist_max, mm) and maximum recharge soil 

moisture (soil_rechr_max, mm) were determined using the following equation extracted from the 

Volumetric module:  

𝑠𝑜𝑖𝑙_𝑚𝑜𝑖𝑠𝑡_𝑚𝑎𝑥 = 𝑠𝑜𝑖𝑙_𝐷𝑒𝑝𝑡ℎ ∗ (𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 − 𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡)/1000,      𝑜𝑟   

𝑠𝑜𝑖𝑙_𝑟𝑒𝑐ℎ𝑟_𝑚𝑎𝑥 = 𝑟𝑒𝑐ℎ𝑟_𝐷𝑒𝑝𝑡ℎ ∗ (𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 − 𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡)/1000  [5-6] 

where soil_Depth (m) is the combined depth of both soil layers, rechr_Depth (m) is the depth of 

the recharge layer, and soil porosity and wilting point are fractions set internally in CRHM based 

on soil type. More details about how to set soil moisture parameters in CRHM when using the 

Volumetric model are also provided in Appendix B. Loam soil porosity and wilting point were 

0.451 and 0.110, respectively, and clay soil porosity and wilting point were 0.482 and 0.215, 

respectively. soil_Depth is defined in CRHM as the depth of the soil column from the soil 

surface to the bottom of the root zone. As such, soil_Depth was set to 1.0 m for all HRUs, which 

is consistent with average values for various prairie agricultural crops and grasses (Fan et al., 

2016; AAF, 2016) and within the range suggested by Armstrong et al. (2010) for use in CRHM 

with the Penman-Monteith model for estimating ET in prairie landscapes. rechr_Depth was set at 

0.15 m, which is similar to the depth of half the root mass for prairie agricultural crops (Fan et 

al., 2016) and consistent with values used by Armstrong et al. (2010). Evapotranspiration (ET) is 

allowed from both soil layers in all HRUs except for the Road, where ET was only allowed from 

the recharge layer. Maximum groundwater storage (gw_max) was set to 300 mm.  
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Table 5-6 Parameters for the soil module. 
Parameter Road Cropland Grassland Woodland Ditch Stream Wetlands 

Sd max (mm) 0 0 0 0 0 varied varied 

soil_Depth (m) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

soil_rechr_max (mm) 40 51 51 51 40 40 40 

soil_moist_max (mm) 267 341 341 341 267 267 267 

gw_max (mm) 300 300 300 300 300 300 300 

Ks upper (m/s) 1.28 x 10-6 2.45 x10-6 2.45 x10-6 2.45 x10-6 1.28 x 10-6 1.28 x 10-6 1.28 x 10-6 

Ks lower (m/s) 1.28 x 10-8 2.45 x10-8 2.45 x10-8 2.45 x10-8 1.28 x 10-8 1.28 x 10-8 1.28 x 10-8 

Ks gw (m/s) 1.28 x 10-9 1.28 x 10-9 1.28 x 10-9 1.28 x 10-9 1.28 x 10-9 1.28 x 10-9 1.28 x 10-9 

Pore size distrib (λ) 11.4 8.52 8.52 8.52 11.4 11.4 11.4 

Ground slope (%) 0 2 2 2 0 0 0 

 

Subsurface and groundwater vertical flow (recharge) and lateral flow (discharge) were estimated 

using Darcy’s Law with the Brooks and Corey (1964) relationship for unsaturated hydraulic 

conductivity. The Brooks and Corey (1964) relationship requires saturated hydraulic 

conductivity (Ksat) and pore size distribution based on soil type. Ksat for the upper soil layer 

(Ks_upper, m/s) was set using lookup table values based on soil type. For HRUs with clay soils 

(road, ditch, stream, and wetlands), Ks_upper was set to 1.28 x 10-6 m/s. For upland HRUs 

(cropland, grassland, and woodland), Ks_upper was set to 2.45 x 10-6 m/s, which is the lookup 

table value for clay/loam soils. This value was selected based on a handful of clay soil 

observations at otherwise predominantly loam soil survey sites for upland HRUs (Appendix A, 

Table A-1). Ksat for the lower soil layers (Ks_lower, m/s) were set two orders of magnitude 

lower than those for the upper soil layers. Ksat in the groundwater layers were then set another 

order of magnitude lower than the lower soil layer and to values consistent with clay soil types. 

Similar magnitudes of decreasing Ksat with depth were found in the literature for glacial till 

soils. Hayashi et al. (1998) cite values in the order of 10-6 m/s near the soil surface, 10-8 m/s for 

the underlying oxidized till and 10-9 or 10-10 m/s in the deeper unoxidized till, while Parsons et al. 

(2004) reported values from 10-4 to 10-8 in the top meter of soil under a wetland site. Pore size 

distribution (λ) was also set using lookup table values based on soil type, with values of 11.4 and 

8.52 for HRUs with clay and clay/loam soils, respectively. For lateral flow rates, Darcy’s law 

also requires ground slope, which was estimated at 2 percent based on soil classification data. 

Ksat parameters are typically difficult to estimate because Ksat varies widely across space and 

time. To better understand the influence of Ksat on model results, Ks_upper and Ks_lower were 

included in the model sensitivity analysis.   

5.6.5.4 Crop growth macro parameters 

Vegetation growth was simulated in cropland and grassland HRUs using the “Grow_Crop” 

macro. Key parameters for the “Grow_Crop” macro are presented in Table 5-7. “Grow_Crop” 

requires Julian dates for seeding (JCrop_Start), maturity (JCrop_Mature), and harvest 
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(JCrop_Harvest) as well as growth rates (Crop_Grow_Rate, m/day) and initial vegetation heights 

(Init_Crop_Ht, m). For cropland HRUs, seeding, maturity and harvest dates were set as 15 May, 

1 July, and 15 Sept, which ensured crops were at their maximum height and ET in July and that 

harvest occurred 120 days after seeding as is typical for annual crops on the Prairies (AAF, 2016; 

SaskSeed, 2021). For grassland HRUs, vegetation growth started on 1 May, reached maximum 

height on 1 June, and became dormant on 15 October. Growth rates (Crop_Grow_Rate) were 

calculated as the difference between post-harvest vegetation height (Init_Crop_ht) and maximum 

vegetation height (Htmax) divided by the number of days between seeding (JCrop_Start) and 

maturity (JCrop_Mature). Growth rates were then divided by the number of sub-basins in the 

model since “Grow_Crop” is a macro that runs iteratively by sub-basin. Initial vegetation heights 

(Init_Crop_Ht) for cropland and grassland HRUs were set at 0.1 and 0.4 m based on vegetation 

surveys. Maximum cropland and grassland vegetation heights (Htmax, m) are linked to the 

“Evaporation” module, and both were set to 1.0 m (SaskSeed, 2021).  

5.6.5.5 Evaporation module parameters 

The Evaporation module allows users to select different evapotranspiration routines for each 

HRU. Table 5-7 presents key parameters used in the Evaporation module. Penman-Monteith 

(PM) (Monteith, 1965) was used to calculate ET from unsaturated surfaces (i.e., road, cropland, 

grassland, and woodland HRUs) and Priestley-Taylor (PT) (1992) was used to calculate 

evaporation from saturated surfaces (i.e., ditch, stream, and wetland HRUs). Vegetation heights 

at full growth (Ht_max, m) were set to 0.001, 1.0, 1.0, 6.0, 0.4, 0.7, and 1.4 for road, cropland, 

grassland, woodland, ditch, river, and wetland HRUs, respectively. Woodland vegetation height 

was assigned as the average height of shrubs and trees measured during field surveys. Vegetation 

height in the ditch HRU was set the same as end-of-season grass height measurements. Stream 

and wetland HRUs were also assigned vegetation heights based on survey measurements. 

Minimum stomatal resistance (rcs, s/m) values for the P-M method were set at 50 s/m for 

cropland, grassland, and woodland HRUs, respectively. Armstrong et al. (2010) used 50 s/m in 

their evaluation of evapotranspiration routines in the Canadian Prairies and recommended it as a 

reasonable reference value.  

Table 5-7 Parameters for evaporation and crop growth modules. 

Parameter Road Cropland Grassland Woodland Ditch River Wetlands 

evap_type PT PM PM PM PT PT PT 

Ht_init (m) 0.001 0.1 0.4 6 0.4 0.7 1.4 

Ht_max (m) 0.001 1.0 1.0 6 0.4 0.7 1.4 

rcs (s/m) - 50 50 50 - - - 

Start (Julian) - 135 121 - - - - 

Mature (Julian) - 182 152 - - - - 

Harvest (Julian) - 258 288 - - - - 
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5.6.5.6 Runoff distribution and routing module parameters 

The Muskingum routing module (Chow, 1964) was used to route surface runoff between HRUs 

and between sub-basins. Muskingum routing depends on parameters that can be measured during 

site visits or from GIS analysis and it has been successfully used in previous CRHM PHMs 

(Cordeiro et al., 2017; Fang et al., 2010; Mahmood et al., 2016; Pomeroy et al., 2014).  Within 

each sub-basin, surface runoff from cropland, grassland, and woodland HRUs was routed to 

depression or wetland HRUs based on depression or wetland catchment size. Power law 

relationships between depression and catchment areas established in Chapter 4 for each sub-

basin were used to estimate the catchment area of each depression or wetland HRU (see Section 

4.7.1.3). The total runoff amount from each cropland, grassland, and woodland HRU was then 

divided proportionally among depression or wetland HRUs based on catchment sizes using a 

distribution parameter (distrib_Route). Runoff between the 46 representative depression or 

wetland HRUs was routed as presented in Figure 5-7, which depicts a 2:1 drainage pattern where 

runoff from two depressions or wetlands flows into one down-gradient depression or wetland, 

following Shook and Pomeroy (2011). Runoff from the last depression or wetland HRU was 

routed to the ditch HRU where it was met by runoff from the road HRU before being routed to 

the main stream HRU (Figure 5-6). Routing between sub-basins followed the sequence presented 

in Figure 5-5, which was determined through GIS analysis.  

Tables 5-8 and 5-9 provide a summary of key parameters used in the routing module. Routing 

lengths (route_L, m) between sub-basins were set as the measured distance of the main stream 

channel in each sub-basin determined by GIS analysis of a 2-m resolution roads-breached DEM 

(Chapter 4, Section 4.6.2). Routing lengths (route_L, m) between HRUs in each sub-basin were 

also calculated using GIS analysis. For road HRUs, route_L was set as half the road width (5 m). 

For cropland, grassland, and woodland HRUs, route_L was estimated as the diameter of the 

mean depression catchment area in each sub-basin, calculated using “Wetland Analyst” (Wu and 

Lane, 2017; Chapter 4, Section 4.6.3.3) and assuming circular catchment areas. For depression 

HRUs, route_L was calculated as the length of the major axis of each depression polygon plus 

the mean flow path length between depressions for each sub-basin, calculated using “Wetland 

Analyst” (Wu et al., 2016; Chapter 4, Section 4.6.3.3). For wetland HRUs, route_L was 

calculated as the length of the major axis of each wetland polygon plus the mean drainage path 

length for each sub-basin, calculated from DUC supplied agriculture drainage polylines. Mean 

flow path lengths and mean drainage path lengths for each sub-basin are provided in Appendix 

B, Table B-3. For ditch HRUs, route_L was estimated as one-quarter the length of grid roads in 

each sub-basin to simulate the average length runoff might travel through ditches in each sub-

basin (¼ of grid road length is approximately ½ the length of roads that run north-south, which is 

the primary drainage direction). For stream HRUs, route_L was the measured length of the main 
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stream channel in each sub-basin. Routing lengths for cropland, grassland, woodland, ditch, and 

wetland HRUs were highly uncertain due to a number of assumptions, including the use of mean 

values, circular catchment shapes, air-photo delineated drainage paths, and a broad assessment of 

ditch flow length. As such, route_L is included in the model sensitivity analysis (Section 5.6.8).  

Manning’s equation (Chow, 1959) is used in the Muskingum routing module to calculate average 

flow velocities. Then, flow travel time is calculated based on routing length, average flow 

velocity, and a dimensionless weighting factor. Parameters for Manning’s equation include 

Manning’s roughness coefficient (route_n), hydraulic radius (route_R), and longitudinal friction 

slope (route_S0). Manning’s roughness coefficient (route_n) was estimated based on observed 

channel conditions and lookup table values from Mays (2010). Hydraulic radius (route_R) was 

set based on channel shapes and depths, with field observations of parabolic channel shapes and 

GIS measurements of channel depth. Thus, route_R were ≈ 2/3 channel depth (Chow, 1959). For 

overland flow within sub-basins, route_R was set to the minimum allowable value of 0.01 m. 

Longitudinal friction slopes (route_S0) were calculated as the average change in elevation along 

the routing length in an HRU or sub-basin determined by GIS analysis of the 2-m resolution 

roads-breached DEM. The dimensionless weighting factor (X_M), which controls the level of 

attenuation along a route and requires values between 0 (maximum attenuation) and 0.5 

(minimum attenuation), was set to a medium value of 0.25. 

Table 5-8 Parameters for runoff routing between HRUs within the sub-basins. 

Parameters Road Cropland Grassland Woodland Ditch Stream Wetlands 

route_n 0.02 0.05 0.05 0.15 0.030 0.035 0.1 

route_R (m) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

route_S0 (º) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

X_M  0.25 0.25 0.25 0.25 0.25 0.25 0.25 

Route_L (m) 5 varied varied varied varied varied varied 

distrib_route to ditch varied varied varied to stream to outlet in seq 

 

Table 5-9 Parameters for runoff routing between sub-basins. 

Parameters SB1 SB2 SB3 SB4 SB5 SB6 SB7 SB8 SB9 

route_n 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 

route_R 0.33 0.33 0.67 0.33 0.67 0.67 1.0 1.0 1.33 

route_S0 0.001 0.001 0.0007 0.0005 0.001 0.001 0.001 0.001 0.001 

X_M  0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

route_L (m) 2691 2336 19,560 11,210 12,730 9998 9002 7752 8888 
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5.6.6 Model initialization  

Field survey data collected in the fall of 2007 were used to initialize state variables. DEM and 

CWI model versions both received the same initial conditions – a summary of which is presented 

in Table 5-10 with the corresponding survey data presented in Appendix A. Initial soil moisture 

amounts (soil_moist_init and soil_rechr_init, mm) were set to mean observed values for 

cropland, grassland, and woodland HRUs (26, 30, and 30% volumetric water content (VWC), 

respectively). Initial soil moisture amounts for depression and wetland HRUs that did not 

intersect SPOT-5 open water areas (aka upland depressions or wetlands) were set at 37% VWC. 

This value was chosen to reflect wetland soil moisture for ephemeral wetlands and was 

calculated as the average between grassland/woodland observed soil moisture (30%, VWC) and 

observed soil moisture near a single wetland pond (45%, VWC). Initial soil moisture amounts for 

depression and wetland HRUs that did intersect SPOT-5 open water areas (and thus assumed to 

hold ponded water) were assigned maximum values. No soil moisture observations were 

available for ditch or stream HRUs, but both were known to be ephemeral and have soil 

properties like wetlands, so they were also assigned initial soil moisture amounts of 37% VWC. 

Initial soil moisture for stream HRUs in sub-basin 3 were set to the maximum amount since 

Government Lake is contained in this HRU and held water in the fall of 2007. Initial soil 

moisture for road HRUs were also set to maximum values to limit infiltration into the road 

surface. 

Initial depression storage amounts (Sd_init, mm) were set to zero for HRUs with no depression 

storage capacity (Sdmax = 0; road, cropland, grassland, woodland, and ditch HRUs). For stream 

HRUs, initial depression storage amounts were zero except in sub-basin 3, which contained 

Government Lake. In sub-basin 3, initial depression storage in the stream HRU was set at 33% of 

the maximum amount for each model, based on observed water depth in the fall of 2007 

(Appendix A). Similarly, initial depression storage amounts for depression or wetland HRUs that 

intersected SPOT-5 open water areas were set at 30% of their maximum values. All other 

depression or wetland HRUs were assigned initial depression storage amounts of zero. In the 

absence of groundwater survey data, initial groundwater storage was also set at 30% of estimated 

maximum values. 

Table 5-10 Initial conditions for model state variables. 

Parameter Road Cropland Grassland Woodland Ditch Stream Wetlands 

Sd_init (mm) 0 0 0 0 0 varied varied 

soil_rechr_init (mm) 40 22 28 28 23 varied varied 

soil_moist_init mm) 267 150 190 190 150 varied varied 

gw_init (mm) 100 100 100 100 100 100 100 
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Both models were run for 6 hydrological years, beginning 31 October 2007 and ending 30 

September 2013. The models were run without calibration to ensure any variation in model 

parameters were only due to variations in wetland delineation method. In summary, the only 

parameters varied between models were HRU area, blowing snow and surface runoff distribution 

(distrib and distrib_Route, respectively, which depend on HRU area), maximum depression 

storage capacity (Sdmax) for stream and wetland HRUs, and routing length (route_L) from 

upland to wetland HRUs and between wetland HRUs. Others have demonstrated good model 

performance using the CRHM platform to simulate prairie hydrological processes without the 

need for calibration (Cordeiro et al., 2017; Fang et al., 2010; Mahmood et al., 2016; Pomeroy et 

al., 2010) due to CRHM’s robust physical process representation and parameterization based on 

field observations and knowledge of key hydrological processes. Further, calibration to 

streamflow in the SCRB is challenged by the short model period, potential anthropogenic 

changes in the basin during the model period (i.e., additional surface drainage), and high 

uncertainty in observed streamflow measurements during major flooding in 2011.  

 

5.6.7 Model evaluation and comparison 

Model results were compared visually and statistically against observations of streamflow, soil 

moisture, wetland pond levels, and snow water equivalent (SWE). Model bias (MB), Nash 

Sutcliffe Efficiency (NSE, Nash Sutcliffe, 1970), root mean squared error (RMSE), and Kling-

Gupta efficiency (KGE, Gupta et al., 2009) were calculated between simulated and observed 

daily mean streamflow as: 

𝑀𝐵 =
∑ 𝑋𝑠

∑ 𝑋𝑜
− 1     [5-7] 

𝑁𝑆𝐸 = 1 −
∑(𝑋𝑜−𝑋𝑠)2

∑(𝑋𝑜−�̅�𝑜
̅̅ ̅̅ )2     [5-8] 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑(𝑋𝑠 − 𝑋𝑜)2    [5-9] 

𝐾𝐺𝐸 = 1 − √(𝑟 − 1)2 + (
𝜎𝑠

𝜎𝑜
− 1)

2

+ (
𝑋𝑠̅̅ ̅

𝑋𝑜̅̅ ̅̅
− 1)

2

 [5-10] 

where n is the number of samples, Xo and Xs, are the observed and simulated values,  𝑋𝑜 ̅̅ ̅̅ and 𝑋𝑠
̅̅ ̅ 

are the mean of the observed and simulated values, respectively, σo and σs are the standard 

deviation of the observed and simulated values, respectively, and r is the linear correlation 

between observations and simulations. MB indicates the ability of the model to simulate annual 
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streamflow volumes, with negative values signalling under-prediction and positive values 

signaling over-prediction. NSE indicates the ability of the model to reproduce the time series 

evolution of the observed streamflow hydrograph. NSE values greater than zero indicate the 

model has better predictive skill than the mean of the observed time-series, while values near 1 

indicate a perfect fit between simulated and observed hydrographs. Since NSE is calculated from 

the sum of the squared differences between simulated and observed flows, it is particularly 

sensitive to large errors between streamflow values. This can make NSE a poor indicator of 

model performance in snowmelt dominated systems, where the relative timing of snowmelt can 

shift an otherwise well simulated hydrograph, resulting in poor NSE values. Despite these 

limitations, NSE is included in this study due to its widespread use in hydrology as a convenient 

non-dimensional measure of simulated streamflow performance and its relative use in comparing 

two simulated hydrographs. RMSE is a weighted measure of the difference between predicted 

and observed values and is expressed in m3/s. RMSE was included as a more direct measure of 

variance between simulated and observed streamflow values. KGE is similar to NSE in that it is 

a non-dimensional measure of simulated streamflow performance, however it is based on a 

decomposition of NSE into its different components (correlation, variability bias, and mean 

bias). KGE is an improved metric of model performance when streamflow has a strong seasonal 

component, and it is increasingly used for model calibration and evaluation. Like NSE, KGE = 1 

indicates perfect model performance, however KGE = -0.41 is analogous to NSE = 0 (Knoben et 

al., 2019). In this study, KGE was primarily used to compare model performance between two 

simulated hydrographs. The above statistics were calculated only for periods with corresponding 

observed streamflow measurements. Plots of simulated and observed cumulative mean daily 

streamflow were also prepared to visualise annual stream flow volume and timing for each 

model version. 

Simulated soil moisture, SWE, and wetland pond level trends were compared visually with 

measured values. Statistics were not calculated for these variables due to high uncertainty in the 

measured data. Runoff ratios were calculated annually by each sub-basin for both model versions 

and tested for correlation with depression or wetland area fractions of each sub-basin, DAF or 

WAF, respectively, by calculating the Pearson product-moment correlation coefficient, r. This 

test was conducted to determine if a relationship between DAF or WAF and runoff generation 

exists in the SCRB. Finally, mean HRU water balance variables were calculated across all sub-

basins and results were compared between model versions and against literature values.  

5.6.8 Model sensitivity and uncertainty  

Model evaluation and comparison revealed that the DEM model version outperformed the CWI 

model version due to more accurate representation of surface water storage capacities, however 

simulated peak streamflow discharge was over-estimated compared to observed flows. Hence, a 
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sensitivity analysis of the DEM model version was conducted to determine which parameters 

were most important for streamflow performance and may therefore require calibration to 

improve simulated streamflow results. The VARS-TOOL for Global Sensitivity Analysis 

(Razavi et al., 2019) was used to investigate the influence of a few highly uncertain parameters 

on modelled streamflow response. Since most model parameters were set based on field 

observations or previous hydrological modelling studies in the PPR, only five parameters were 

selected for the analysis based on known parameter uncertainty and user knowledge of parameter 

importance in CRHM. A “Global Sensitivity Matrix” approach (Gupta and Razavi, 2018) was 

used whereby “derivative-based” parameter importance indices were generated without the need 

for observed data against which to compare the model performance. The STAR-VARS algorithm 

(Razavi & Gupta, 2016) was used to compute the comprehensive total-variogram effects 

(IVARS50) sensitivity index (time varying), which was then time-aggregated to obtain a single 

summary index for the full model period. Time-aggregated sensitivity indices can be skewed by 

“more dynamically active” periods in the model (i.e., more streamflow variability), so a time-

normalized version of IVARS50 was also calculated (Razavi and Gupta, 2019) to provide insight 

into parameter importance during “less active” periods in the model. The STAR-VARS sampling 

resolution was 0.1 (step size equal to 10% of the parameter range) with 20 star centers generated 

using Progressive Latin Hypercube Sampling (PLHS; Sheikholeslami and Razavi, 2017).  

Table 5-11 shows the parameters and parameter ranges selected for the analysis. Selected 

parameters included: upper and lower saturated hydraulic conductivity (Ks_upper and Ks_lower, 

m/s), maximum depression storage (Sdmax, mm), routing lengths along the main stream channel 

(route_L_S, m), routing lengths for all other HRUs (route_L_O, m), and minimum stomata 

resistance (rcs, s/m). Maximum depression storage and minimum stomata resistance were varied 

by +/- 20% of original values, which captured the measurement uncertainty noted in Chapter 4. 

Upper and lower saturated hydraulic conductivities were varied from 1.0 to 9.9 m/s within their 

respective orders of magnitude (10-6 and 10-8). Routing lengths were varied by multiplying 

original values. For upland, ditch and wetland HRUs, routing lengths were varied from 0.8 to 2 

times original lengths and for stream HRUs, routing lengths were varied from 0.8 to 1.2 times 

original values (i.e., +/- 20%). These ranges reflected the higher uncertainty in routing lengths 

for upland, ditch, and wetland HRUs based on the conceptual nature of the representative 46 

wetland HRUs and the lower uncertainty in routing lengths along the main stream channel which 

were measured in ArcGIS. Parameter combinations were set using 20 “stars,” which resulted in 

920 parameter combinations.  
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Table 5-11 Parameters and parameter ranges used for the VARS sensitivity analysis and 

optimum parameter values determined through calibration using 200 iterations of DDS.  

Parameter HRU/soil layer Parameter range Optimum Value 

Saturated hydraulic 

conductivity (m/s) 

Upper soil layer [1-9.9] x 10-6 1.62 x 10-6 

Lower soil layer [1-9.9] x 10-8 1.03 x 10-8 

Maximum depression 

storage (mm) 

Ditch 

Wetlands 

Stream 

0.8 to 1.2 x NA 

Routing length (m) 

Cropland 0.8 to 2 x 1.52 

Grassland 0.8 to 2 x 1.49 

Woodland 0.8 to 2 x 1.96 

Ditch 0.8 to 2 x 1.92 

Wetlands 0.8 to 2 x 1.36 

Stream 0.8 to 1.2 x 1.20 

Minimum stomatal 

resistance (s/m) 

Cropland   

Grassland 0.8 to 1.2 x NA 

Woodland   

 

5.6.9 Model calibration 

Following the model sensitivity analysis, calibration was used to improve simulated streamflow 

performance for the DEM model version. The sensitivity analysis revealed that uncertainties in 

routing lengths and saturated hydraulic conductivity had the highest parameter identifiability 

after maximum depressional storage capacity. Since depressional storage parameters were an 

important focus of model comparison in this study, only saturated hydraulic conductivity and 

routing length parameters were calibrated. Model calibration was conducted using the 

dynamically dimensioned search (DDS) algorithm (Tolson and Shoemaker, 2007). DDS was 

selected for this study because it is computationally efficient and has demonstrated success in 

other cold regions hydrology modelling studies (Dornes et al., 2008; Krogh et al., 2017). 200 

iterations of DDS were used to calibrate saturated hydraulic conductivity and routing length 

parameters, with KGE as the objective function. KGE was chosen as the objective function to 

improve streamflow timing and balance model bias, based on results presented in Section 5.7.4. 

The calibration period was 4 years (31 October 2007 to 30 September 2011), and the validation 

period was 2 years (01 October 2011 to 30 September 2013), with the first year repeated for 

model spin-up. Calibration parameters, parameter ranges, and optimum values are presented in 

Table 5-11. Routing lengths were calibrated using a multiplier on the original values for each 
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HRU (the same as during sensitivity analysis), which ensured the relative lengths between sub-

basins were maintained.  

5.6.10 Hydraulic model  

Parameter calibration improved model performance based on statistical metrics (see results in 

Section 5.7.8), but simulated peak discharge remained quite high and the hydrograph flashy 

compared to observed flows. Based on knowledge that significant ponding can occur upstream of 

culverts throughout the SCRB during high runoff periods and that that type of transient surface 

water storage was not accounted for in the model, it was hypothesized that CRHM simulated 

streamflow could be routed through an external culvert-controlled storage reservoir to further 

improve simulation results. While this is an over-simplified representation of culvert-restricted 

flow that occurs throughout the SCRB, it was considered appropriate for exploring this concept 

provided the reservoir depth and culvert specifications matched observed conditions at the WSC 

gauge at the basin outlet. In this study, CRHM simulated soil moisture storage and snow 

accumulation and melt matched observations quite well and depression storage capacities were 

carefully calculated for the DEM model version, making it plausible that additional culvert-

restricted flow was needed to improve streamflow simulations. As such, a single storage 

reservoir was created using the Storm Water Management Model (SWMM; Rossman, 2015) and 

CRHM simulated streamflow was routed through the reservoir to explore its utility in improving 

streamflow timing. Reservoir maximum depth was set at 4.4 m and a 2.4 m (8 ft.) diameter 

projecting corrugated steal pipe (CSP) culvert was placed at the outlet to replicate conditions at 

the WSC gauge. A linear relationship between reservoir area and depth was used and the 

coefficient of discharge for the culvert was set to 0.546 as suggested by Smith (1995). Optimal 

reservoir volume was unknown, so it was increased incrementally until an optimum volume was 

found – starting from 4.8 million cubic meters, which was the known storage capacity in the 

main stream channel if culverts along the channel were closed. Optimal reservoir volume was 

chosen when KGE and NSE statistics for the CRHM-SWMM simulated streamflow were 

maximized. Optimal reservoir volume was expected to be greater than the calculated volume 

along the main stream channel based on knowledge that roadside ditches also contain numerous 

culverts that throttle flow during high runoff periods. If CRHM-SWMM modelled output 

improved simulated streamflow performance for the DEM model version, it could be an 

important discovery and advancement for prairie hydrological modelling, as many models have 

shown limited success in this environment.  

5.7 Results 

The following sub-sections contain simulation results and discussion for both DEM and CWI 

versions of CRHM-SC2021. The DEM version was parameterized using depressions delineated 
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from a 2-m roads-breached DEM of the SCRB, while the CWI version was parameterized using 

CWI wetlands provided by DUCs. Simulated SWE, soil moisture, wetland pond levels, and 

streamflow were compared with observations. Sub-basin runoff ratios were calculated and tested 

for correlation with sub-basin wetland area fractions. Weighted mean annual water balance 

variables were also calculated for each HRU type and results were compared between model 

versions. Additionally, model sensitivity analysis, parameter calibration and reservoir routing 

were conducted for the DEM model version to further improve simulation results. This section 

focusses on diagnosing model performance, understanding differences between model versions, 

and exploring options to improve model performance.  

5.7.1 Snow water equivalent 

Simulated and observed SWE for both model versions prior to parameter calibration are 

presented by HRU in Figure 5-9. Pre-calibration values are presented here to compare results 

between model versions since only the DEM version was calibrated later in this study. Calibrated 

parameters were also un-related to snow processes and therefore had no effect on simulated 

SWE. Simulated values for all sub-basins are plotted together in Figure 5-9, so the line thickness 

represents the range from minimum to maximum values across sub-basins. For wetland HRUs, 

the weighted mean was calculated for each set of 46 wetland HRUs (1 per sub-basin). Both 

model versions returned similar results for upland HRUs, which were considered ‘sources’ of 

blowing snow sublimation and transport in both model versions. Results began to vary between 

model versions for ditch, stream, and wetland HRUs, which were considered ‘sinks’ for blowing 

snow transport. Simulated SWE values were slightly higher in stream and wetland HRUs for the 

CWI version, which was expected since the CWI version has a larger area of ‘source’ HRUs 

transporting snow into a smaller area of ‘sink’ HRUs than the DEM version. SWE values for 

HRUs were also expected to vary across sub-basins due to different fractions of wetland area in 

each sub-basin for each model version. Overall, simulated SWE values for both model versions 

compared reasonably well with measured values. Given the uncertainty in SWE measurements 

and precipitation records, and the somewhat crude snow redistribution parameter in CRHM, 

simulated SWE results were deemed acceptable for both model versions. Snowmelt timing 

corresponded well with observations in all years for all HRUs.  
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Figure 5-9 Simulated and observed snow water equivalent (SWE) by HRU. Results for the DEM 

model are shown in blue, while results for the CWI model are shown in orange, with overlapping 

results appearing as grey. Shaded areas are bound by maximum and minimum mean values 

across sub-basins. 

5.7.2 Soil Moisture 

Simulated and observed soil moisture for both model versions prior to parameter calibration are 

presented by HRU in Figure 5-10. Pre-calibration values are presented here to compare results 
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between model versions since only the DEM version was calibrated later in this study. Simulated 

soil moisture followed observed trends fairly well in cropland, grassland, and woodland HRUs, 

although soil survey samples were only collected in the spring for 3 model years. Single 

observed data points in Figure 5-10 are from field surveys conducted across the SCRB, while 

continuous measurements from the main meteorological station are shown in the grassland HRU. 

Soil moisture simulations were the same for upland HRUs in both model versions because the 

water balance in these HRUs was not affected by the variation of HRU areas between model 

versions (more on this in section 5.7.5). Similar to Figure 5-9, the thickness of the simulated soil 

moisture lines represents the range of values across sub-basins and the weighted mean of 46 

wetland HRUs is presented for each sub-basin. As expected, simulated soil moisture began to 

vary in HRUs that received blowing snow or runoff from upland HRUs. Initial conditions were 

slightly different in stream and wetland HRUs across sub-basins, as shown by their initial line 

thickness. The stream HRU in sub-basin 3, which contained Government Lake, held water 

throughout the study period, so soil moisture for sub-basin 3 remained saturated (horizontal line 

at 267 mm), while ponded water dried up in stream HRUs in other sub-basins and ET occurred 

from the underlying soils. Soil moisture conditions in wetland HRUs generally trend higher in 

the CWI model compared to the DEM model, indicating that wetland HRUs in the CWI version 

retained surface water longer than wetland HRUs in the DEM version. Across all HRUs, soil 

moisture trended at or near saturation heading into 2011, which fits with anecdotal evidence and 

observations from people living in SCRB at that time.  

Later in this chapter, saturated hydraulic conductivity and routing length parameters are 

calibrated in the DEM model version to address uncertainties in these parameters and improve 

simulated streamflow result (Section 5.7.8). Figure 5-11 shows soil moisture results for the DEM 

model before and after calibration. Soil moisture trended slightly higher in cropland, grassland, 

and woodland HRUs in the calibrated model, but almost unnoticeably so. This was due to small 

decreases in saturated hydraulic conductivity parameters for both soil layers compared to the 

uncalibrated model (see Table 5-11). In ditch, stream, and wetland HRUs, soil moisture trended 

slightly lower for the calibrated model because saturated hydraulic conductivity in the upper soil 

layer was calibrated slightly higher compared to the uncalibrated model, which allowed greater 

movement of water away from the soil surface. These changes in soil moisture trends due to 

parameter calibration were overall quite small, but they did shift the model bias from slightly 

positive (0.04) to slightly negative (-0.04) as shown in Section 5.7.8, Table 5.13.  
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Figure 5-10 Simulated and observed soil moisture across all HRUs for uncalibrated DEM and 

CWI models. Results for the DEM model are shown in blue, while results for the CWI model are 

shown in orange, with overlapping results appearing as green. Continuous measurements at the 

main meteorological station are shown in the grassland HRU.  
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Figure 5-11 Simulated and observed soil moisture across all HRUs for uncalibrated and 

calibrated DEM models. Results for the uncalibrated model are shown in blue, while results for 

the calibrated model are shown in orange, with overlapping results appearing as green.  

5.7.3 Wetland pond levels 

Mean simulated and observed wetland pond levels for both model versions prior to parameter 

calibration are presented in Figure 5-12. Pre-calibration values are presented here to compare 

results between model versions since only the DEM version was calibrated later in this study. 
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Weighted mean wetland pond levels were calculated for each sub-basin and plotted against mean 

observed wetland pond levels. Observed wetland pond levels were adjusted to account for 

differences between observed and simulated wetland shapes (Appendix B). In both model 

versions, wetland pond levels increased in the spring during snowmelt runoff and then declined 

rapidly via pond infiltration and evaporation. Simulated wetland pond levels followed the 

expected cycle of annual filling and drying that is observed in many prairie wetlands, however 

there were issues with the timing of simulated peak pond levels and the extent of drying, 

compared to observations. In 2008, observed wetland pond levels continued to increase while 

simulated wetland pond levels decreased. It is possible that observed wetland pond levels peaked 

prior to instrumentation (i.e., while there is still ice on the pond), however both model versions 

failed to capture the level of pond filling that occurred in the observed wetlands during the 

summer of 2008. An investigation of observed wetland characteristics revealed that pond depth 

measurements were made in wetlands with an average maximum (inundated) area of 

approximately 20,000 m2 based on LiDAR survey (Appendix A, Table A-3); whereas the mean 

simulated maximum wetland area in each model version was 2,460 m2 and 6,010 m2, for DEM 

and CWI versions, respectively. This made it difficult to compare simulated and observed 

wetland pond level trends because the observed wetlands were significantly larger than the 

simulated wetlands in either model, which would make their maximum depths much greater. 

Smaller, ephemeral wetlands are expected to empty faster than larger, seasonal or semi-

permanent wetlands, however they are also expected to fill more quickly. Simulated wetlands 

showed some refilling through the summer months in 2008, but it was intermittent and quick to 

infiltrate or evaporate compared to observations. A few reasons simulated pond levels could be 

flashy compared to observations include, overestimated pond evaporation rates, underestimated 

depressions storage capacities, underestimated sub-surface later flow amounts, overestimated 

surface or sub-surface flow velocities, under-estimated routing lengths, and/or missing 

groundwater discharge to wetlands. Model parameters controlling these fluxes were all 

somewhat uncertain, but those affecting flow velocity and timing (i.e., routing lengths) were 

considered the most uncertain due to the conceptual nature of the representative networks of 46 

wetland HRUs. In using these representative wetland HRUs, runoff volumes from small 

representative sub-basin areas were scaled up to simulate sub-basin streamflow, but routing 

lengths were not similarly scaled to capture the overall spatial distribution of wetlands across 

each sub-basin. To address this uncertainty, routing lengths were the subject of model sensitivity 

analysis (Section 5.7.7) and model calibration (Section 5.7.8). Later in this chapter, a culvert-

controlled reservoir is also used to explore the need for representing culvert-restricted flow in the 

SCRB. That issue is specifically related to streamflow in roadside ditches and along the main 

stream channel and is unrelated to mean depression or wetland ponding depths presented in 

Figure 5-12.  
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Figure 5-12 provides useful insight into simulated streamflow performance presented below in 

Figures 5-14 and 5-15. Wetland pond levels remained higher in the CWI model version and 

reach maximum levels more often than wetland pond levels in the DEM version. This produced 

more runoff from wetland HRUs in the CWI version and thus higher streamflow volumes than 

from the DEM version. Interestingly, simulated wetland pond levels heading into the spring of 

2011 were near capacity for several sub-basins in the CWI model version. This explains the 

higher cumulative streamflow volume produced by the CWI version in 2011, which more closely 

matched observed cumulative streamflow compared to the DEM version (Figure 5-15). Wetland 

pond levels in the DEM version appear only approximately half full in most sub-basins heading 

into 2011. Note that simulated mean wetland pond levels were the lowest in sub-basins 1, 2, and 

4 compared to other sub-basins in both model versions heading into 2011. This is important 

because sub-basins 1, 2, and 4 have the highest fractions of wetland area per sub-basin for both 

model versions, thus providing evidence that higher fractions of sub-basin wetland area offer 

greater buffering capacity during extreme runoff events. Mean maximum wetland pond depths 

were similar between model versions across sub-basins, as shown by similar maximum depths in 

mid-2011, except for sub-basins 3 and 7. In sub-basin 3, this difference is due to the extensive 

amount of wetland drainage that has occurred in this sub-basin. The DEM model includes many 

small shallow wetlands that were delineated from a high-resolution DEM and remain on the 

landscape, but that were undetectable in air-photos and were therefore excluded from the CWI 

model. In sub-basin 7, the DEM model includes one large (~3 ha) and deep (~ 770 mm) wetland 

compared to the rest of the sample, which caused somewhat higher mean maximum pond depths 

compared to other sub-basins and the CWI model. Since wetland depression depths were not 

screened during random sampling of representative wetlands for the model, this deeper wetland 

simply represents the natural variability of wetland sizes and depths. This large wetland was 

located approximately half-way up the representative sequence of wetland spill-and-fill runoff 

dynamics in sub-basin 7 and so it likely provided some gatekeeping of runoff during high flows, 

but less than if it were located at or near the bottom of the representative wetland HRU sequence. 

Again, the results presented in Figure 5-12 are specific to depression and wetland behaviour in 

the uncalibrated DEM and CWI model versions and are separate from the exploration of 

additional culvert-controlled storage that is presented later in this chapter.  

Figure 5-13 presents mean wetland pond depths by sub-basin for the DEM model before and 

after calibration of saturated hydraulic conductivity and routing length parameters, which is 

discussed further in Section 5.7.8. Wetland pond depths trended only slightly lower in the 

calibrated DEM model compared to the uncalibrated model. This was due to slightly higher 

calibrated hydraulic conductivity parameters in the upper soil layer for wetland HRUs compared 

to uncalibrated parameter values (Table 5-11). In the calibrated model, upland HRUs generated 

slightly more runoff due to higher saturated conductivity parameters. Any additional runoff 
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entering wetland HRUs appears to be outpaced by greater infiltration of ponded water into 

wetland soils in the calibrated model. Figure 5-13 also shows that calibration to longer routing 

lengths in the DEM model had little to no effect on the timing of wetland pond filling, which 

means that calibration to longer ditch and stream HRU routing lengths was more impactful on 

simulated streamflow results.  
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Figure 5-12 Simulated and observed mean wetland pond depth by sub-basin for uncalibrated 

DEM and CWI models. Mean size of observed wetlands was ~20,000 m2 based on LiDAR 

survey compared to 2,460 m2 and 6,010 m2, for DEM and CWI model versions, respectively. 

Strip numbers correspond to sub-basins. 
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Figure 5-13 Simulated and observed mean wetland pond depth by sub-basin for uncalibrated and 

calibrated DEM models. Mean size of observed wetlands was ~20,000 m2 based on LiDAR 

survey compared to 2,460 m2 and 6,010 m2, for DEM and CWI model versions, respectively. 

Strip numbers correspond to sub-basins. 
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5.7.4 Streamflow 

Simulated and observed hydrographs for both model versions prior to calibration are presented in 

Figure 5-14. Pre-calibration values are presented here to compare results between model versions 

since only the DEM version was calibrated later in this study. Statistics for streamflow 

performance compared to observations for each model year and across the model period are 

presented in Table 5-12. Variations in simulated streamflow performance are difficult to see in 

Figure 5-14, but Figure 5-15 and Table 5-12 show better overall performance by the DEM model 

compared to the CWI model. Model bias (MB) for the DEM version was 0.04 compared to 0.28 

for the CWI version, indicating the DEM version only over-predicted streamflow volume by 4% 

across the model period compared to 28% for the CWI version. Kling-Gupta Efficiency (KGE) 

and Nash Sutcliffe Efficiency (NSE) for were higher for the DEM version than for the CWI 

version (0.60 and 0.14 versus 0.37 and -0.25, respectively), which confirmed better streamflow 

performance by the DEM model. While the DEM version returned a positive NSE value, 

indicating the model simulated streamflow better than the mean of the observed flows, Figure 5-

14 shows that the hydrographs for both models were flashy (high peaks with fast recession) 

compared to observed flows. Root mean squared error (RMSE) was lower for the DEM version 

than the CWI version, although results for both models were considered acceptable given the 

wide range from minimum to peak discharge across the model period.  

Both model versions over-predicted snowmelt driven peak (Figure 5-14) and cumulative (Figure 

5-15) daily streamflow every year except 2013. This was likely caused by an under-prediction of 

snowmelt infiltration into frozen soils in the PrairieInfiltration module. The PrairieInfiltration 

module uses Gray’s infiltration routine (Gray et al., 1985; Equations 5-6 and 5-7) to predict 

cumulative infiltration into frozen soils each year, based on pre-melt soil moisture conditions and 

accumulated SWE. Gray’s infiltration routine is a physically-based formula with coefficients 

empirically derived from results of field research in semi-arid west-central Saskatchewan, where 

snow accumulation is typically less than in the Parkland Prairies (Figure 5-1). Unfortunately, 

extending or reducing the infDays parameter in the Prairie Infiltration module (Equation 5-7) 

does not increase the amount of meltwater allowed to infiltrate in any one year, instead it simply 

adjusts daily infiltration rates. Further, Gray’s infiltration equation is based on the pre-melt soil 

moisture content of the top 300 mm of soil, but in CRHM the pre-melt soil moisture is calculated 

based on the entire soil column (1.0 m in this study). Thus, the pre-melt soil moisture content 

calculated in CRHM is likely somewhat higher than the empirical equation requires, which then 

results in lower estimates of cumulative frozen soil infiltration and higher meltwater runoff.  

Studies by Gray and others showed the influence of cracks or macropores in increasing 

infiltration rates beyond those described in the infiltration routine (Pomeroy et al., 1990).  

However, little is known about the development of cracks in SCRB soils. 
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In 2013, both model versions under-predicted snowmelt driven peak and cumulative daily 

streamflow. This was caused by interference of the “Prevent-Refreeze” macro with the frozen 

soil routine. “Prevent-Refreeze” was initiated on May 1 each year, but in 2013 spring snowmelt 

was not yet complete due to deep snow accumulation and delayed melt (Figure 5-9). After May 1 

the remaining snowmelt was allowed to infiltrate completely without the limitations of the frozen 

soil routine. Had “Prevent-Refreeze” been initialed later (i.e., May 15), both models would have 

produced higher than observed peak and cumulative daily streamflow. Interestingly, the 

interference of “Prevent-Refreeze” generated fairly good soil moisture simulations in 2013 

(Figure 5-10), which supports the above theory that the frozen soil routine underestimates 

infiltration of deep snowpacks into frozen soils for the SCRB. Further, the year with the best 

spring streamflow simulations for both model versions was 2012, which would be considered a 

low snowfall year in the SCRB (~ 90 mm). The over-prediction of spring streamflow in this 

study also appears to be associated with accumulated SWE in 2008, 2009, and 2011, but was not 

investigated further.  

 

Figure 5-14 Simulated and observed daily mean streamflow for uncalibrated DEM and CWI 

versions of CRHM-SC2021.  
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Table 5-12 Annual performance statistics for DEM and CWI versions of CRHM-SC2021. 

 DEM Model  CWI Model 

Year MB KGE NSE RMSE  MB KGE NSE RMSE 

2008 1.61 -2.16 -7.56 1.71  2.25 -3.24 -13.87 2.25 

2009 0.34 0.46 0.48 0.74  0.87 -0.22 -0.19 1.13 

2010 -0.14 -0.06 -2.10 1.08  0.24 -0.29 -2.74 1.18 

2011 -0.12 0.58 0.13 4.19  0.06 0.48 -0.18 4.89 

2012 0.28 0.24 -0.06 1.90  0.48 -0.13 -0.85 2.51 

2013 -0.17 0.47 0.43 1.62  -0.01 0.53 0.33 1.77 

All 0.04 0.60 0.14 2.18  0.28 0.37 -0.25 2.62 

 

 

Figure 5-15 Simulated and observed cumulative mean daily streamflow for uncalibrated DEM 

and CWI versions of CRHM-SC2021. 

In 2010 and 2012, summer rainfall events generated a second streamflow peak in the SCRB. 

Both models captured rainfall-driven streamflow events, although both versions over-predicted 

peak and cumulative mean daily streamflow in 2012. In 2010, rainfall-runoff was primarily 
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driven by low intensity, long duration rainfall events throughout May and June. Rainfall intensity 

was well below simulated maximum infiltration rates for cropland, grassland, and woodland 

HRUs (Table 5-5). Simulated rainfall-runoff occurred in both model versions via saturation 

excess overland flow primarily from the cropland HRU, which reached saturation in 2010 

(Figure 5-10). In 2012, simulated rainfall-runoff occurred primarily via infiltration excess 

overland flow, but all three upland HRUs also reached saturated soil moisture conditions (Figure 

5-10). Three high intensity rainfall events exceeded simulated maximum infiltration rates in 

upland HRUs, with the highest intensity rainfall event occurring on June 26, when over 22 mm 

of rain fell in one hour. It is difficult to diagnose the cause of both models over-predicting 

rainfall-runoff in 2012. While it is possible maximum infiltration rates and surface water storage 

capacities were underestimated in both models, there is also uncertainty in the rainfall forcing 

data. 

2011 was a major flood year in the SCRB. Saturated soil moisture conditions in the fall of 2010, 

combined with deep winter snow accumulations and spring rain-on-snow events generated 

record streamflow volumes in the spring of 2011. Both models over-predicted the initial peak in 

daily mean discharge and then missed the subsequent and largest peak in observed flow. 

Streamflow measurements were highly uncertain during the flood in 2011 as water was observed 

pooling above the WSC stream gauge and culverts were manually opened and closed throughout 

the basin to regulate flow and sometimes were inundated due to storage above the culvert. It is 

critical to note that simulated streamflow was not regulated by culvert flow in CRHM-SC2021 

and was therefore flashier (Figure 5-14) and accumulated more quickly (Figure 5-15) than 

observed streamflow. The CWI model version over-predicted cumulative mean daily streamflow 

volume slightly compared to observations in 2011 (MB = 0.06), while the DEM version under-

estimated cumulative streamflow (MB = -0.12). This difference was likely due to more available 

surface water storage capacity in the DEM version prior to flooding (Figure 5-12). 

Across all model years, the CWI model predicted higher streamflow discharge compared to the 

DEM model. Since upland soil moisture parameters were held constant across model versions, 

but HRU areas, maximum surface water storage capacities, and routing parameters were varied, 

higher streamflow volumes from the CWI model can be explained by the larger upland area and 

lower wetland surface water storage capacity in the CWI model. The greatest weakness in 

simulated streamflow results from both models was the rate of runoff delivery to the basin outlet 

(i.e., flashy hydrographs). This could be caused by higher than likely overland flow velocities or 

by missing temporary surface water storage along roadside ditches and in the main stream 

channel where culverts throttle flow during high runoff periods – the former supported by faster 

than observed depression filling in Figure 5-12 and the latter supported by overly flashy 

hydrographs in Figure 5-14. The influence of these components on streamflow simulations was 
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further investigated through model calibration and culvert-controlled reservoir routing, the 

results of which are presented below in Sections 5.7.8 and 5.7.9  

5.7.5 Runoff ratios 

Annual runoff ratios by sub-basin and model version prior to calibration are presented in Figure 

5-16. Pre-calibration values are presented here to compare results between model versions since 

only the DEM version was calibrated later in this study. Sub-basin runoff ratios were also tested 

for correlation with the sub-basin wetland area fraction in each model. Results indicate that sub-

basin wetland area fractions correlate strongly with sub-basin runoff ratios (R > 0.9, p < 0.001), 

except for the DEM model version in 2008. This confirms that both model versions behaved as 

expected; sub-basins with relatively larger wetland areas delivered less streamflow to the main 

stream channel. Runoff ratios were slightly lower for all years in the DEM version, which can be 

attributed to the relatively higher wetland area fractions in each sub-basin compared to the CWI 

version. It is important to note that many factors are involved in runoff generation and delivery 

to streamflow, including depression or wetland sizes and spatial arrangements as well as the 

extent of installed drainage ditches. As such, depression, or wetland area as a fraction of sub-

basin area cannot solely be used to predict runoff ratios or set policy targets, but it can be a good 

starting point for understanding the relationship depression or wetland areas and runoff 

contributions to streamflow.   
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Figure 5-16 Annual correlation between simulated runoff ratio and wetland/depressional area 

fraction by sub-basin for uncalibrated a) DEM and b) CWI versions of CRHM-SC2021, 

respectively.  

5.7.6 HRU water balance 

Mean annual water balance variables for both models prior to calibration were calculated by 

HRU across all subbasins and model years. Pre-calibration values are presented here to compare 

results between model versions since only the DEM version was calibrated later in this study. 

Figure 5-17 presents a summary of these values for each model version. For upland HRUs (road, 

cropland, grassland, and woodland), mean annual values were the same or both models. Mean 

annual values were also similar for ditch and stream HRUs, which acted primarily as conduits for 

a) b) 
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surface water runoff and occupied similar HRU area in each model version. For wetland HRUs, 

significant variations in mean annual values emerged between model versions. Wetland HRUs in 

the CWI version received higher amounts of blowing snow and runoff (via overland or sub-

surface flow) from upland HRUs, lost slightly more water to ET and groundwater recharge, and 

generated significantly more surface water runoff than wetland HRUs in the DEM version. 

Higher amounts of blowing snow and runoff entering wetland HRUs in the CWI model version 

can be attributed to the relatively larger upland HRU areas in the CWI version compared to the 

DEM version. Similarly, higher amounts of runoff leaving wetland HRUs in the CWI version 

can be attributed to the relatively smaller total wetland HRU area in the CWI version. Slightly 

higher ET and groundwater recharge amounts in the CWI version can be attributed to more 

persistent surface water storage in wetland HRUs in the CWI version. Error terms were small 

across all HRUs (≤ 1 mm/year), which indicated good mass balance closure for both model 

versions. 

 

Figure 5-17 Mean water balance variables across all subbasins by HRU. Abbreviations include 

BS = blowing snow, OL = overland, SS = subsurface. 

Simulated mean annual fluxes for water balance variables agreed well with available literature 

values for both model versions. Simulated mean annual rainfall and snowfall were 376 and 119 

mm, respectively. Simulated mean annual actual ET for cropland, grassland, and woodland 

HRUs were 327, 400, and 402 mm, respectively. Armstrong et al. (2015) estimated ET values 
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ranging from 340 mm to 410 mm for mixed grasslands in the sub-humid zone of the Canadian 

Prairies (aka Parkland Prairies) over a 30-year period (1971-2000) using the Penman-Monteith 

(Monteith, 1965) method in a simple CRHM model. Martel et al. (2018) recently gathered 

literature values for crop ET estimates across the Canadian Prairies. They showed ET estimates 

of spring wheat and canola, which are the primary crops grown in the SCRB, can range from 250 

mm to 450 mm under non-irrigated conditions. Martel et al. (2018) also measured ET at two sites 

near Brandon, Manitoba in 2013-2015 and reported values of 350 mm and 353 mm for spring 

wheat and canola, respectively.  

Simulated mean annual ET from ditch, stream, and wetland HRUs were 648, 717, and 684 mm 

for the DEM version and 640, 692, and 704 mm for the CWI version, respectively. Lower values 

were simulated in ditch HRUs since they did not hold ponded water and their soils dried out 

more often than those in stream or wetland HRUs. Annual evaporation estimates from wetland 

ponds in the Canadian Prairies were somewhat difficult to find in the literature. However, 

analyses of wetland water budgets in the PPR suggest the range of evaporation (E) minus 

precipitation (P) is expected to be in the order of 200 to 400 mm/year for wet to dry areas, 

respectively (Winter, 1989). Shjeflo (1968) estimated mean annual E – P of 270 mm through 

field measurements of wetlands in North Dakota, while Su et al. (2003) estimated a similar value 

by modelling the water balance of a wetland in St. Denis National Wildlife Reserve (SDNWA) 

near Saskatoon, Sk. In this study, mean annual E – P for wetland HRUs were 189 and 209 mm 

for the DEM and CWI model versions, respectively, which fall near the range expected for wet 

areas.  

Simulated mean annual blowing snow sublimation losses for road, cropland, and grassland 

HRUs were 54, 21, and 2 mm, respectively, while mean annual blowing snow transport out of 

the same HRUs were 11, 9, and 1 mm, respectively. Simulated values for cropland HRUs were 

similar to values published by Pomeroy and Gray (1995) at Yorkton, Sk., where predicted 

blowing snow sublimation and transport losses from stubble fields were 19 mm and 10 mm, 

respectively. Simulated blowing snow sublimation and transport losses from road HRUs were 

higher than Pomeroy and Gray (1995) predicted for fallow fields (29 mm and 16 mm, 

respectively), which was expected due to the long fetch length and increased wind-speeds used 

in the road HRU. Minor blowing snow sublimation and transport losses from grassland HRUs 

are consistent with values reported by Fang et al. (2010) in the SCRB and were expected to be 

less than from cropland HRUs due to taller over-winter vegetation and shorter fetch length 

parameterizations. Simulated mean annual blowing snow transport into ditch, stream, and 

wetland HRUs were 6, 19, and 21 mm, for the DEM version and 11, 25, and 35 mm for the CWI 

version, respectively. Fang et al. (2010) previously reported much higher SWE accumulation 

into stream HRUs in the SCRB (more than double snowfall accumulation), however a larger 
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stream HRU area was used in this new model to include wetlands connected to the stream 

network, which reduced total SWE accumulation via blowing snow transport into the stream 

HRU. Blowing snow transport into wetland HRUs simulated here is far less than amounts greater 

than 1.5 times snowfall accumulation reported by (Fang and Pomeroy, 2009) in the St. Denis 

National Wildlife Area near Saskatoon, Saskatchewan. This difference is likely due to less 

hummocky terrain in the SCRB compared to St. Denis. Compared to previous simulations of 

blowing snow transport into wetlands in the SCRB, amounts reported here are only slightly 

lower than previous work by Fang et al. (2010) due to larger total wetland area and a slightly 

different HRU configuration. Simulated SWE amounts were close to observed values in ditch 

and wetland HRUs as shown in Figure 5-9.  

Simulated mean annual surface runoff for cropland, grassland, and woodland HRUs were 99, 79, 

and 75 mm, respectively. These values are higher than the range generally expected in the 

Prairies, but they are not unrealistic for this study period at the SCRB. Hayashi et al. (2016) 

suggested the annual runoff from cultivated upland prairies likely fall between 20 and 70 mm, 

with higher values for wetter regions or heavier soils. Given that a major flood occurred during 

the study period, simulated mean annual runoff values greater than 70 mm for cropland HRUs 

could be expected. Simulated mean annual sub-surface runoff for cropland, grassland, and 

woodland HRUs were 25, 17, and 16 mm, respectively. No literature values were found to 

compare these values against, however sub-surface runoff from these HRUs was routed to 

depression storage in wetland HRUs. Simulated mean groundwater recharge from wetland HRUs 

were 12 mm and 18 mm for DEM and CWI model versions, respectively. These amounts fall 

within the range of 5 to 40 mm/year published by van der Kamp and Hayashi (1998) for 

depression focussed groundwater recharge to underlying aquifers in glacial till soils. 

Groundwater discharge to wetlands was not simulated in CRHM-SC2021, however it has been 

shown to contribute significantly to wetland pond levels under unusually wet conditions in the 

Central Prairie region of the PPR (Brannen et al., 2015), which could partially explain rising 

observed pond levels in Figure 5-11 while simulated pond levels decreased. Aside from this 

potential oversight, water balance terms fit well within literature values overall.  

5.7.7 Model sensitivity and uncertainty 

The VARS-TOOL for Global Sensitivity Analysis (Razavi et al., 2019) was used to investigate 

the influence of a few highly uncertain parameters on modelled streamflow response for the 

DEM model version. Results of the VARS analysis are presented in Figure 5-18, while the 

selected parameters and their uncertainty ranges were presented in Table 5-11. Only the DEM 

model version was subject to sensitivity analysis since it offered better streamflow results than 

the CWI model version. Sensitivity analysis results were also assumed to be similar for both 

model versions given similar models structures and matching non-wetland parameters. The 
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“total-variogram effect” or IVARS50 sensitivity index was calculated for five parameters with 

respect to simulated streamflow. The Ratio of Factor Importance is the IVARS50 value for each 

parameter divided by the summed values of the index across all parameters. As such, the Ratio of 

Factor Importance represents the relative importance of each parameter’s influence on modelled 

streamflow results. Figure 5-18 shows that prior to time-normalization (i.e., during dynamic 

streamflow periods) maximum depression storage (Sdmax) was the most influential parameter 

on streamflow, followed by saturated hydraulic conductivity parameters (Ks_upper and 

Ks_lower), routing length parameters (route_L_S for stream length and route_L_O for all other 

routing lengths), and minimum stomatal resistance (rcs). These results seem feasible since 

Sdmax parameters control the amount of surface runoff that reaches the basin outlet. It is 

promising to see the model is sensitive to Sdmax because it indicates the model is suitable for 

investigations of wetland management scenarios, which depend partially on variations of Sdmax. 

This result also confirms the need for accurate surface water storage capacity estimates in prairie 

hydrological models like CRHM-SC2021. Time-normalized results (orange bars, Figure 5-18) 

showed that routing lengths were the most influential parameters on streamflow during less 

dynamic periods in the model. This result also seems reasonable given that routing lengths 

control streamflow timing rather than volume, so they are more important during low flow 

periods. Routing lengths in non-stream HRUs were also highly uncertain due to the conceptual 

nature of wetland representation in the model. Saturated hydraulic conductivity parameters 

showed mid-level influence on streamflow compared to other parameters – likely due to the high 

uncertainty associated with these parameters. In summary, future users of CRHM-SC2021 

should prioritize the accuracy of both depression storage capacity and routing length estimates. 

 

Figure 5-18 VARS General Global Sensitivity Analysis results. 
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5.7.8 Model calibration 

Based on the results of the above sensitivity analysis, calibration of routing lengths and saturated 

hydraulic conductivity parameters was undertaken to improve simulated streamflow results. 

Prior to calibration, simulated streamflow was flashy compared to observed streamflow. Since 

routing length parameters were highly uncertain and likely under-estimated, calibration was 

expected to lead to longer routing lengths that would reduce peak flows. Routing length 

parameters were likely under-estimated prior to calibration because they were not scaled-up from 

within representative wetland networks to represent sub-basin scale runoff routing lengths. 

Another physical reason for flashy streamflow simulations compared to observations is the lack 

of culvert-controlled streamflow in the model. This section focusses on improving simulated 

streamflow via calibration, while the next section explores adding external culvert-controlled 

reservoir routing. Calibration of routing lengths and saturated hydraulic conductivities was 

addressed first based on the above-noted lack of scaling and to reduce uncertainties being passed 

on to external reservoir routing. Here, only the DEM model version was calibrated since it 

offered better initial results than the CWI model version. Model calibration results are presented 

in Figure 5-19 and Table 5-13, while optimum parameter values are presented in Table 5-11 

alongside their respective parameter ranges.  

As expected, calibration of routing length and saturated hydraulic conductivity parameters 

improved modelled streamflow results compared to observations. Model bias (MB) became 

slightly negative, RMSE decreased and NSE and KGE both increased. MB was slightly better 

during the calibration period (2008-2011) than the validation period (2012-2013), but NSE, 

RMSE, and KGE all improved slightly during the validation period. Calibration increased 

saturated hydraulic conductivity slightly in the upper soil layer for road, wetland, ditch, and 

stream HRUs from 1.28 x 10-6 m/s to 1.68 x 10-6 m/s and decreased it slightly in the lower soil 

layer for the same HRUs from 1.28 x 10-8 m/s to 1.03 x 10-8 m/s. Calibration decreased saturated 

hydraulic conductivity slightly in both soil layers in cropland, grassland, and woodland HRUs, 

with values decreasing from 2.45 x 10-6 m/s to 1.62 x 10-6 m/s in the upper soil layer and from 

2.45 x 10-8 m/s to 1.03 x 10-8 m/s in the lower soil layer. Calibrated values for saturated 

hydraulic conductivity were towards the lower end of the parameter range, but still feasible as 

they represent soils with higher clay content which were observed in the SCRB. Saturated 

hydraulic conductivity parameters converged in less than 75 iterations of the DDS algorithm, 

while routing length parameters continued to increase incrementally through the full 200 

iterations. Routing lengths were multiplied 1.52, 1.49, 1.96, 1.92, 1.36, and 1.20 times for 

cropland, grassland, woodland, ditch, wetland and stream HRUs, respectively. With some 

multipliers approaching or reaching the high end of the parameter range (2.0 for non-stream and 

1.2 for stream HRUs), more iterations and wider parameter ranges may have improved simulated 

streamflow performance further. The parameter range for stream HRUs was reasonable since 
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routing lengths were measured using geospatial analysis, however wider parameter ranges for 

routing lengths in upland, wetland and ditch HRUs could be warranted since they are highly 

uncertain and impacted by the conceptual nature of wetland representation in the model.  

Table 5-13 Calibration and validation statistics for DDS calibration of the CRHM-SC2021 DEM 

model. 200 iterations were used to calibrate routing length and saturated conductivity 

parameters.   

Statistic 

Un-calibrated 

(08-13) 

Calibration 

(08-11) 

Validation 

(12-13) 

Calibration/Validation 

(08-13) 

 

MB 0.04 -0.03 -0.06 -0.04  

NSE 0.14 0.34 0.37 0.35  

RMSE 2.18 2.04 1.59 1.90  

KGE 0.60 0.68 0.69 0.68  

 

These results confirm the hypothesis that longer routing lengths were needed to improve model 

performance, however simulated peak discharge remained high, and the simulated hydrograph 

remained flashy compared to observed flows (Figure 5-19). While further calibration of routing 

lengths may have continued to improve streamflow results, it would have overlooked the role of 

culvert-restricted flow in the SCRB. There is substantial physical evidence to support adding 

culvert-restricted streamflow to CRHM-SC2021, including observations of significant ponding at 

culverts throughout the basin and at the WSC gauge during flooding in 2011. It was therefore 

hypothesized that routing CRHM-simulated streamflow through an external culvert-controlled 

reservoir could provide a physically-based solution to improve simulated streamflow results. 

This is explored in the next section.  

The effect of calibration on simulated SWE, soil moisture, and mean wetland pond depths was 

discussed previously in sections 5.7.1, 5.7.2, and 5.7.3, respectively. Briefly, calibration had no 

effect on SWE since the calibrated parameters were unrelated to snow processes. Calibration to 

lower saturated hydraulic conductivity values in upland soils caused soil moisture to trend 

slightly higher and generate a bit more runoff, while calibration to higher saturated hydraulic 

conductivity in the upper soil layer of wetland HRUs caused greater infiltration of ponded water 

and more movement of water in the soil column, which caused greater drying out of wetlands 

between seasons. Longer calibrated routing lengths across HRUs showed little to no change in 
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the timing of wetland pond filling, which suggests that longer ditch and stream routing lengths 

had the greatest impact on improving streamflow results through calibration.  

 

Figure 5-19 Simulated and observed daily mean streamflow for the calibrated CRHM-SC2021 

DEM model (blue) and the calibrated CRHM-SC2021 DEM model with additional optimized 

culvert-controlled reservoir storage (orange). 

5.7.9 Hydraulic model 

CRHM-simulated streamflow from the calibrated DEM model was routed through a culvert-

controlled storage reservoir using the Storm Water Management Model (SWMM; 

Rossman,2015). A single reservoir with maximum depth and culvert specification that matched 

the observed conditions at the WSC gauge was used to explore the effect of additional reservoir 

routing on simulated streamflow results in the SCRB. In reality, culverts at road crossings 

throughout the SCRB will have a distributed effect on dampening peak flow during high runoff 

events, however building a fully distributed hydraulic model for the SCRB was beyond the scope 

of this study. Here, the concept of adding reservoir routing and culvert-restricted streamflow to 

CRHM-simulated streamflow is simply explored as a physically-based option for improving 
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simulated streamflow results.  This was called for by Cordeiro et al. (2017) when examining 

CRHM-simulated flows in the low topographic gradient LaSalle River in Manitoba where 

backwater effects dominated certain flows. SWMM reservoir volume was optimized using 

incremental increases in reservoir volume until NSE and KGE streamflow statistics were 

maximized (Table 5-14). Since storage is temporary in SWMM, reservoir routing did not affect 

model bias (MB) statistics. Results of the CRHM-SWMM simulated streamflow for the 

calibrated DEM model are presented in Figure 5-19.   

Table 5-14 Additional reservoir storage capacity optimization for CRHM-SC2021 (DEM 

version). Box indicates optimal reservoir storage capacity based on CRHM-SWMM simulated 

streamflow performance relative to observations. 

 

Max 

Reservoir 

Volume 

Max 

Reservoir 

Depth 

Peak 

Reservoir  

Volume 

Peak 

Reservoir 

Depth 

Peak  

Discharge 

Performance 

Metrics 

 (106 m3) (m) (106 m3) (m) (m3/s) MB KGE NSE RMSE 

D
E

M
 M

o
d
el

 

4.84 4.4 4.84 4.40 19.6 -0.04 0.71 0.45 1.74 

9.68 4.4 7.04 3.75 17.5 -0.04 0.73 0.52 1.63 

14.5 4.4 8.36 3.34 16.0 -0.04 0.73 0.56 1.56 

19.4 4.4 9.46 3.08 15.0 -0.04 0.73 0.59 1.51 

24.2 4.4 10.4 2.89 14.2 -0.04 0.72 0.60 1.48 

29.0 4.4 11.2 2.73 13.6 -0.04 0.71 0.61 1.47 

33.9 4.4 11.9 2.61 13.0 -0.04 0.71 0.61 1.47 

 

Optimal maximum reservoir volume for the DEM model was estimated at 24.2 million cubic 

metres, with only 10.4 million cubic metres used at a peak depth of 2.89 m. Reservoir routing 

dampened peak flows from the calibrated DEM model and improved NSE and KGE statistics 

from 0.35 to 0.60 and from 0.68 to 0.73, respectively. In 2011, the combined CRHM-SWMM 

model captured the first observed streamflow peak quite well, with simulated and observed 

values of 14.2 m3/s and 14.7 m3/s, respectively. The second and third peaks in the observed 

streamflow record were caused by heavy rain-on-snow events (each > 25 mm) on 29 April and 

10 May. These observed peaks were not captured by CRHM-SC2021 and are therefore absent in 

the CRHM-SWMM simulation results. However, the combined CRHM-SWMM model output 

made it easier to diagnose potential issues in CRHM-SC2021 simulations. Possible reasons these 

second and third peaks were not captured by CRHM-SC2021 include 1) the “Prevent Re-freeze” 

macro switched to un-frozen soil infiltration rates on May 1st, 2) simulated peak SWE was less 

than observed depths in 2011, 3) simulated snowmelt was faster than observed, leaving no snow 

for the rain-on-snow event in the model, and 4) secondary peaks are caused by culverts being 

opened and closed upstream to prevent infrastructure damage. Most likely, all of these factors 
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contributed to missing peak flow simulation in 2011. Looking back at Figures 5-9 and 5-10, 

simulated peak SWE was less than observed in 2011 and about 20 mm and 25 mm of rainfall 

infiltrated into grassland and woodland soils during the rainfall events on 29 April and 10 May, 

respectively – confirming that multiple factors contributed to missing peak streamflow from 

CRHM-SC2021 in 2011. Figure 5-19 shows longer than observed recession limbs for CRHM-

SWMM simulated streamflow. This is likely caused by using single large storage reservoir to 

simulate culvert-restricted streamflow rather than a distributed network of culverts. The latter 

would provide a more realistic representation of the SCRB and would be expected to improve 

simulations of the streamflow recession limb but was beyond the scope of this exploratory effort.  

In Chapter 4, surface water storage capacity from the 2-m resolution roads-intact DEM, which 

represents the surface water storage in SCRB if the basin were full and all culverts are closed, 

was estimated at 47.4 million cubic meters. Interestingly, the maximum reservoir volume 

estimated here for the DEM model (24.2 million cubic meters) plus the depression storage 

volume estimated from the 2-m resolution roads-breached DEM (23.8 million cubic meters) 

equals 48 million cubic meters – nearly the same total storage capacity estimated for the basin if 

culverts were closed. Although the maximum reservoir storage capacity was not used in this 

study, this result provides some confidence in both the estimated depression storage capacities 

and maximum reservoir volume. Again, it is important to note that the additional reservoir 

volume was temporary, and it was used to simulate the presence of culverts regulating flow 

throughout the SCRB and at the basin outlet. It was expected that if CRHM-SC2021 (DEM 

version) had captured peak runoff volumes in the spring of May 2011, that nearly all of the 

additional reservoir storage capacity would have been used to throttle peak discharge to 19.6 

m3/s with a maximum stage height of 4.4 m, which would have matched the observed peak flow 

of 19.7 m3/s (see simulated peak discharge at peak reservoir depth in first line of Table 5-14 and 

observed peak discharge in Figure 5-19).  

5.8 Discussion 

The purpose of this study was to advance prairie hydrological modelling by establishing a new 

cold regions specific prairie hydrological model with improved representation of wetland 

characteristics. Wetland depressions delineated from a high-resolution LiDAR DEM (presented 

in Chapter 4) were used to parameterize wetland areas, storage capacities, catchment areas, and 

routing lengths in a new model for the SCRB using the CRHM platform. This new model, 

termed “CRHM-SC2021 DEM version” in the above analysis, consisted of nine sub-basins, each 

with 52 HRUs – 6 non-wetland HRUs (road, cropland, woodland, ditch, and stream) and a 

network of 46 wetland HRUs. Model parameters were set based on extensive field surveys 

conducted in the SCRB, sound knowledge of prairie hydrological processes, and years of 

hydrological modelling research conducted in the basin. This study marks the first continuous 
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model runs (i.e., no initial condition resets) at the SCRB and the most advanced representation of 

wetland characteristics to date. CRHM-SC2021 ran for 6 consecutive years (2008-2013) and 

performed well against observations of soil moisture trends, wetland pond level trends, and snow 

accumulation, redistribution, and melt. Simulated streamflow hydrographs were flashy (i.e., high 

peaks with fast recession) compared to observed flows at the WSC gauge but calibrating a few 

highly uncertain parameters and routing CRHM-simulated streamflow through a culvert-

controlled storage reservoir using SWMM improved results considerably. Using a single culvert-

controlled reservoir to simulate the effects of culvert-restricted flow in the SCRB was an 

oversimplification of the distributed network of culverts that actually exists in the basin. 

However, the combined CRHM-SWMM model captured important hydrologic (CRHM) and 

hydraulic (SWMM) processes that were needed to simulate streamflow in this large (~400 km2), 

heavily drained, road dense, agricultural basin in the Canadian Prairies. This is the first 

hydrologic-hydraulic model coupling used to simulate prairie streamflow and initial results 

suggest that this can be a useful application in the PPR where hydrological models have 

historically demonstrated limited success.  Further exploration of this linked hydrologic-

hydraulic modelling approach is warranted. 

Two versions of CRHM-SC2021 were built in this chapter. A “DEM version” parameterized 

with wetland depressions delineated from a 2-m resolution DEM with roads breached at known 

and assumed culvert locations (as presented in Chapter 4) and a “CWI version” parameterized 

with air-photo delineated wetlands. As noted above, the DEM version offered a more advanced 

representation of wetland characteristics in the SCRB and therefore produced better simulated 

streamflow results than the CWI version, which over-predicted streamflow due to under-

estimated wetland areas and storage capacities. These results suggest that recent simulations of 

wetland management scenarios in prairie basins using models parameterized with air-photo 

delineated wetland likely underestimated the influence of wetland drainage or restoration on 

streamflow (as long as surface water storage capacities were appropriately estimated). In the 

absence of LiDAR survey data and culvert inventories for much of the Prairies, it may be 

necessary to use CWI wetlands to parameterize surface water storage in hydrological models in 

many instances going forward. Results presented here are not meant to suggest this method of 

parameterizing surface water storage capacity in prairie basins is not viable, but rather that 

modellers understand the potential limitations of using those data compared to more advanced 

methods of approximating wetland characteristics and surface water storage capacities.  

Mean annual water balance variables were calculated for both model versions of CRHM-SC2021 

and the time series evolution of storage variables were compared against available observations. 

Mean annual water balance variables fell within literature or expected ranges based on the 

climate conditions at the SCRB during the study period. Simulated snow accumulation and 
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snowmelt timing agreed well with observed data from snow surveys, suggesting that PBSM and 

EBSM were well parameterized and appropriate module choices for this environment. Simulated 

soil moisture trends followed observations well, however time series observations were only 

available for the grassland HRU. Simulated soil moisture was a bit lower than observations 

during summer months in the first half of the model period but reached capacity during spring 

flooding in 2011 and then followed observations very well thereafter. A full soil profile in the 

spring of 2011 was important to capture the first streamflow peak in 2011 so these results were 

overall successful. Simulated wetland pond levels followed expected cycles of filling and drying 

but failed to match the timing of observed pond filling in the only year with continuous pond 

level measurements (2008). There were many possible reasons for this, including overestimated 

overland flow velocities, over-estimated pond evaporation rates, differences between observed 

and simulated wetland sizes, and lack of pond instrumentation during the snowmelt period. 

However, based on generally wet conditions during the model period, it is more likely that 

observed wetlands received some amount of groundwater discharge from shallow or perched 

aquifers through mechanisms described by Brannen et al. (2015). In CRHM-SC2021, 

groundwater levels remained low and only groundwater recharge from wetlands and not 

discharge to wetlands was considered. This conceptualization was based on a long-held 

assumption that groundwater/surface water interactions in prairie wetlands is negligible due to 

deep aquifers and low hydraulic conductivity of glacial till soils (Hayashi and van der Kamp, 

2009). The disparity between simulated and observed wetland pond levels presented here 

suggests there is a need to better represent potential groundwater/surface water interactions in 

CRHM-SC2021. This can likely be achieved with appropriate groundwater storage capacity 

estimates, proper routing parameters to direct excess groundwater back to wetland HRUs, and 

groundwater survey data against which to compare simulation results.  

As noted above, simulated streamflow from both model versions prior to calibration was flashy 

compared to observations. This was initially expected to be related to uncertainties in routing 

lengths between HRUs due to the conceptual nature of representative wetland complexes used in 

CRHM-SC2021. Sensitivity analysis of the DEM model version suggested that routing length 

parameters were important to streamflow performance, so routing lengths were subsequently 

calibrated (along with saturated hydraulic conductivity parameters, which were also highly 

uncertain but less influential on streamflow timing). Parameter calibration extended routing 

lengths for all HRUs, which was expected because routing lengths were not scaled up from the 

representative sub-region areas that contained the conceptual wetland networks. Calibration 

improved streamflow performance in terms of KGE (0.60 to 0.68) and NSE (0.14 to 0.35), but 

the hydrographs remained visually flashy – overestimating peak flows and rapidly declining 

recession limbs compared to observations. Rather than further calibrate routing lengths, the 

option of routing CRHM-simulated streamflow from the DEM model through a culvert-
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controlled reservoir was explored because there was physical evidence of culverts restricting 

streamflow in roadside ditches and along the main stream channel in the SCRB during high 

runoff events. This type of temporary surface water storage was purposefully removed from 

roadside ditches and the main stream channel during wetland depression delineation from the 2-

m resolution DEM to improve wetland characterization in the model, but it was not added back 

into CRHM-SC2021 in any meaningful way.  

Routing CRHM-simulated streamflow from the calibrated DEM model through a culvert-

controlled storage reservoir in SWMM further improved simulated versus observed streamflow 

results. CRHM-SWMM simulated streamflow performance statistics increased from 0.60 to 0.72 

and from 0.14 to 0.60 for KGE and NSE, respectively, while model bias remained unchanged. 

Peak flows were dampened to better align with observed flows, which provided evidence that 

reservoir routing was needed to properly simulate streamflow in the SCRB. While this was a 

simplified representation of the distributed effects of culvert-restricted flow throughout the 

SCRB, it served as an appropriate starting point to explore the concept of linking hydrologic and 

hydraulic models to improve streamflow simulation in the SCRB. Future options to improve this 

approach are discussed below. Reservoir routing also enabled better diagnoses of CRHM-

SC2021 model behaviour during spring flooding in 2011. Prior to reservoir routing it was not 

clear that CRHM-SC2021 failed to capture maximum peak flows in 2011. Deeper investigation 

into CRHM model behaviour revealed that a mixed precipitation event on April 29th partially 

infiltrated soil moisture rather than running off completely because simulated snowmelt ended up 

to two weeks earlier in the model, thereby initiating the un-frozen soil moisture routine, which 

enabled more soil drainage and higher infiltration rates than the frozen soil infiltration routine. 

While CRHM-SC2021 failed to capture this individual and complex runoff event, the model 

performed well overall and captured the key hydrological processes governing runoff generation 

in the SCRB.  

Future applications of a coupled CRHM-SWMM model could explore routing sub-basin or field 

scale runoff generated in CRHM through a SWMM model with more detailed representation of 

roadside ditches and stream channels with installed culverts. This type of analysis would be 

useful for simulating the potential impacts of hydrological change (i.e., climate or land use) on 

existing infrastructure or for designing more resilient infrastructure under projected future 

climate change. For the time being, simple reservoir routing of streamflow output from CRHM-

SC2021 makes the model more realistic for use in evaluating the influence of wetland 

management and climate change scenarios on streamflow in the SCRB. Despite a few limitations 

in model behaviour, the combined CRHM-SWMM approach provides advanced representation 

of both wetland characteristics and culvert restricted streamflow in prairie basins. This combined 

approach may be required in many prairie basins were the need to simulate wetland “spill-and-
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fill” hydrology is often combined with a need to simulate hydraulic flow through culvert-

controlled ditches and stream channels. Results presented in this chapter provide important 

information for prairie hydrological model development, but also for wetland policy 

development since policy decisions can be influenced by hydrological model simulations of 

wetland change scenarios. 

5.9 Conclusions 

A new cold regions specific prairie hydrological model was developed using the Cold Regions 

Hydrological Modelling platform (CRHM). This new model includes advanced conceptual 

representation of wetland characteristics based on wetland depressions delineated from a high-

resolution DEM. The model consisted of nine sub-basins with 52 HRUs per subbasin – including 

6 non-wetland HRUs (road, cropland, grassland, woodland, ditch, and stream) plus a 

representative network of 46 wetland HRUs. Compared to field observations, the un-calibrated 

model simulated snow accumulation, redistribution, and melt, as well as soil moisture and 

wetland pond level trends well compared to observations. The un-calibrated model also predicted 

annual streamflow volumes well compared to gauge measurements at the basin outlet and 

compared to a similar model parameterized from air-photo delineated wetlands. Peak discharge 

was, however, consistently over-predicted by the un-calibrated model due to uncertainties in 

routing length parameters and missing culvert-restricted streamflow modulation in the CRHM 

model. Calibration of routing length parameters improved simulated streamflow performance 

compared to the un-calibrated model, but peak discharge remained over-estimated by the 

calibrated model. CRHM-simulated streamflow was therefore routed through a culvert-

controlled storage reservoir using the Storm Water Management Model (SWMM). Reservoir 

conditions matched the observed maximum depth and culvert specifications at the basin outlet 

and the optimal maximum reservoir volume was found to be equal to the volume of transient 

storage that was removed from roadside ditches and the main stream channel during depressional 

wetland delineation. The CRHM-SWMM model modulated peak discharge amounts to within 

observed levels, thus improving the performance of the calibrated CRHM model. This combined 

CRHM-SWMM approach to simulating streamflow in a flat, wetland dominated, agricultural 

basin with high road density is an important advancement for hydrological modelling in the 

Prairie Pothole Region (PPR) of North America, where hydrological models have historically 

shown limited success. Results presented here are expected to be useful for prairie wetland 

policy development because wetland delineation method was shown to impact simulated 

streamflow performance. Future hydrological modelling work at the SCRB will include the use 

of this CRHM-SWMM model to explore the influence of wetland management scenarios on 

streamflow under current and future climate conditions.
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6 DIAGNOSING AND PREDICTING THE EFFECTS OF 

WETLAND MANAGEMENT AND CLIMATE CHANGE IN A 

PRAIRIE BASIN 

6.1 Strategy 

In this chapter, the overarching objectives of this thesis are addressed. The coupled CRHM-

SWMM model, developed in Chapter 5 with data produced in Chapter 4, is used to evaluate the 

influence of wetland management scenarios on the hydrology of the SCRB under current and 

projected future climate conditions. Wetland drainage and restoration scenarios are explored, 

with wetlands delineated from the 2-m resolution roads-breached DEM derived from LiDAR 

survey in 2008 serving as the baseline scenario. Current and future climate conditions are 

represented using bias corrected outputs from the Weather and Research Forecasting model 

(WRF), with WRF-CTRL for “current” climate and WRF-PGW for “future” climate, as 

discussed in Chapter 2, Section 2.7. First, wetland drainage and restoration scenarios are run 

under “current climate,” with an evaluation of the influence of those scenarios on basin 

streamflow volume and peak timing. Then, the same scenarios are run under “future climate,” to 

determine the potential influence of wetland drainage or restoration on streamflow in the future. 

Potential changes to water balance variables resulting from WRF projected climate change are 

also highlighted.  

This chapter is written in manuscript style and is intended for submission to Hydrological and 

Earth Systems Sciences (HESS).  Some content from previous chapters of this thesis is repeated 

here to provide context for a stand-alone journal article. However, when possible, the reader is 

referred to previous sections of this thesis. 

6.2 Abstract 

Wetland drainage has been linked to increased flooding, reduced downstream water quality, and 

loss of ecosystem services in the Prairie Pothole Region (PPR) of North America. In the northern 

PPR, future climate projections show increased air temperature and rainfall. How the 

combination of wetland drainage and climate change will alter hydrology in this region is 

unknown and is the subject of this study. A physically-based prairie hydrological model of the 

instrumented and partially drained Smith Creek Research Basin, Saskatchewan, Canada was 

developed using the Cold Regions Hydrological Modelling platform (CRHM) with routing under 

high flow conditions where culverts restrict flow modulated by a Storm Water Management 

Model (SWMM) reservoir routing model. Key cold regions hydrological processes were 

represented in the model and an advanced conceptual representation of wetland spill-and-fill 

hydrology was implemented using depressional wetlands derived from a 2-m resolution DEM. 
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The model was forced with bias-corrected outputs from the Weather Research and Forecasting 

(WRF) model during a current (2001-2015) and a future pseudo-global-warming period (PGW, 

2086-2100). The PGW period represented the RCP8.5 emission scenario, which projected a 5.5 

⁰C increase in mean annual air temperature and a 44 mm increase in annual precipitation. 

Hydrological modelling results suggest this climate change will increase mean annual rainfall 

and evapotranspiration by 75 mm and 9% respectively and decrease mean annual snowfall, 

blowing snow sublimation and peak SWE by 32 mm, 57% and 44% respectively. Streamflow 

timing will remain similar, however greater interannual variations in peak and annual discharge 

are predicted. Mean annual spring peak discharge will increase by 34% and mean annual 

summer peak discharge will increase by 161%, resulting in a 26% increase in mean annual 

streamflow volume. Continued expansion of wetland drainage could increase mean annual 

streamflow volume to more than 26% if wetland area drops below 9% of the basin area, 

suggesting that continued wetland drainage may have more influence than projected future 

climate change on mean annual streamflow volume. To offset the projected 26% increase in 

future mean annual streamflow volume, wetland restoration to more than 23% of the basin area 

will be needed. Unfortunately, wetland restoration to historically maximum levels will not be 

enough to offset projected increases in peak summer discharge. Results from this study are 

expected to help inform wetland mitigation policy development in the PPR.  

6.3 Key Points 

• Future increases in mean annual streamflow volume in the study basin are projected, 

driven by warmer temperatures and more extreme summer rainfall events  

• Continued expansion of wetland drainage in the study basin is predicted to have more 

influence on mean annual streamflow volumes than projected future climate change  

• Wetland restoration may reduce mean annual streamflow volumes in the Canadian 

Prairies but will not be enough to mitigate flood risk from projected future extreme 

rainfall events. 

6.4 Introduction 

The Prairie Pothole Region (PPR) of North America spans approximately 800,000 km2 across 

the Canadian Prairies and mid-northern United States. The landscape is marked by millions of 

small depressions known as “prairie potholes,” which form marsh-type wetlands under saturated 

or ponded conditions (van der Kamp et al., 2016). Much of the PPR has been converted from 

native prairie grassland, parkland, and wetland areas to agricultural areas for food production. 

During agricultural development, roads were built, land was cleared, and many wetlands were 

drained or filled to improve farming conditions. Wetland loss estimates in the PPR range from 40 
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to 70% in Canada (Dahl and Watmough, 2007) to as high as 95% in the United States (Dahl, 

2014; Davidson, 2014). Wetland loss has been linked to increased flooding, reduced downstream 

water quality, and loss of ecosystem services due to reduced surface water storage capacities in 

prairie basins (Baulch et al., 2021). Despite these negative social and environmental impacts, 

agriculture producers continue to drain wetlands to manage excess surface water, improve 

operational efficiencies, and/or access more land for crop production (Bedard-Haughn, 2009; 

Cortus et al., 2011). Wetland mitigation policies are slow moving in the Canadian Prairies and 

the combined influence of wetland drainage and climate change on prairie hydrology has not 

been well explored.  

In the last 50 years, mean annual air temperature has increased between 1.5 and 3⁰C over western 

Canada (Vincent et al., 2007; DeBeer et al., 2015), with both minimum and maximum air 

temperatures rising across the Prairies (Millet et al., 2009; Zhang et al., 2000). Precipitation has 

also increased slightly across the Prairies (Akinremi et al., 1999; Millet et al., 2009), with a shift 

to more rainfall and less snowfall (Akinremi et al., 1999; Mekis and Vincent, 2011), particularly 

in the spring and fall, along with more multi-day rainfall events in the summer (Dumanski et al., 

2015; Shook and Pomeroy, 2012). Recent analysis of over 100 years (1910 to 2015) of 

streamflow records across the Canadian Prairies revealed decreasing trends in days with flow 

and in annual runoff in the Mixed Grassland and Cypress Upland ecoregions and increasing 

trends in the same in the Aspen Parkland ecoregion (Whitfield et al., 2020). Others have reported 

increasing trends in streamflow volumes (Dumanski et al., 2015) and lake sizes (van der Kamp et 

al., 2008) in the Aspen Parkland ecoregion, however they were unable to separate the influence 

of land use change (i.e., cultivation, wetland drainage) from climate driven change. In the past 

decade, wet conditions in the Aspen Parkland ecoregion and high crop prices have prompted 

farmers to drain wetlands by installing more surface water drainage channels (DUC, 2015; 

Dumanski et al., 2015) to remove depressional storage and/or improve profitability (Cortus et al., 

2011). Widespread flooding in the area in 2011 and 2014 has since fueled debate between policy 

makers, the public, and agriculture producers including those upstream and downstream of 

impacts as to whether or not a wetland mitigation policy could mitigate the hydrological impact 

of future extreme weather events. 

Hydrological modelling has been used to investigate the potential influence of wetland drainage 

and/or restoration on basin streamflow at a few locations in the PPR. Overall, wetland drainage 

has been shown to increase spring peak discharge (Pomeroy et al., 2010, 2014; Perez-Valdiva et 

al., 2017; Evenson et al., 2018; Ali and Creed, 2019), spring streamflow volume (Pomeroy et al., 

2010; Muhammad et al., 2018), and annual flow volume (Pomeroy et al., 2012, 2014; Perez-

Valdiva et al., 2017; Evenson et al., 2018; Muhammad et al., 2018; Ali and Creed, 2019). 

Wetland restoration has been shown to reduce annual peak discharge (Pomeroy et al., 2014; 
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Yang et al., 2010), spring streamflow volume (Pomeroy et al., 2010), and annual flow volume 

(Pomeroy et al., 2012, 2014). While these studies reported similar trends, the relative influence 

of wetland drainage or restoration on streamflow volume varied widely between studies, which 

makes setting regional or provincial targets for wetland management policy quite difficult. 

Results from the above noted hydrological modelling studies varied for a few reasons, including: 

1) the use of air-photo derived wetland areas collected under varying surface moisture 

conditions, 2) the method used to estimate wetland storage capacities, 3) the hydrological 

processes simulated, and 4) differences in basin physiography and climate. Understanding how 

these data and methods may influence model results and controlling the uncertainty in wetland 

area and water storage capacity estimates is critical when interpreting model results or preparing 

a new modelling study.  

In the hydrological modelling studies noted above, wetlands were mostly parameterized using 

air-photo delineated wetland areas. As a result, historical and current wetland states depended on 

the surface moisture conditions at the time of survey. For example, at the Smith Creek Research 

Basin (SCRB), historical air-photos collected in 1958 (near the end of a wet period in the PPR) 

showed wetland areas covered 24% of the basin area (Pomeroy et al., 2010, 2014), while at 

Broughton’s Creek (~200 km southeast of SCRB), historical air-photos collected in 1968 (during 

drier conditions) showed wetland areas covered just 12% of the basin area (Yang et al., 2010). 

Wetland restoration models for these two basins therefore had different targets. In the SCRB, 

complete wetland restoration meant increasing the wetland area fraction in the basin from 11% 

(current, 2008) to 24% (historical, 1958). In Broughton’s Creek, complete restoration meant 

increasing the wetland area fraction in the basin from 9.5% (current, 2005) to 12% (historical, 

1968). The higher restoration target in the SCRB resulted in a greater overall decrease in peak 

discharge (40%) compared to Broughton’s Creek (23%); however, wetland restoration was more 

efficient in Broughton’s Creek. In the SCRB, each percent increase in wetland area fraction 

reduced peak streamflow by 3.1%, whereas in Broughton’s Creek each percent increase in 

wetland area fraction reduced peak streamflow by 9.2%. As noted above, several factors may 

have contributed to these different simulated responses to wetland restoration. Importantly, 

Broughton’s Creek simulations were run during a relatively dry period (1990-1994) compared to 

the SCRB simulations (2008-2013) and so greater sensitivity to wetland restoration may have 

been expected at Broughton’s Creek. Nonetheless, this example highlights the importance of 

contextualizing the simulated impact of wetland restoration on a per unit basis (i.e., percent 

change in streamflow relative to percent change in wetland area fraction) and recognizing that 

results can be impacted by moisture conditions at the time of historical survey and during the 

modelled period.  
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In two basins with similar “current” wetland areas and similar model periods (2008-2013), 

disparities in wetland water storage capacity estimates led to significantly different predictions of 

the influence of complete wetland drainage on streamflow volume. At the SCRB, simulated 

complete drainage from a wetland area fraction of 11% produced a 55% increase in annual 

streamflow volume or a 5% increase per percent reduction in wetland area fraction (Pomeroy et 

al., 2014). At Pipestem Creek, simulated complete wetland drainage from a wetland area fraction 

of 10% produced only a 17% increase in spring streamflow volume or a 1.7% increase per 

percent reduction in wetland area fraction (Evenson et al., 2018). Although different 

hydrological models were used in each study and basin physiography and climate were not 

identical, recent work in the SCRB (Chapter 4) revealed that wetland storage capacities were 

over-estimated in Pomeroy et al. (2014), which partially explains the higher predicted influence 

of wetland drainage on annual streamflow volume in that study. This over-estimation was due to 

the use of a 10-m resolution digital elevation model (DEM) that was not altered to account for 

surface water drainage through culverts beneath roads. This created a higher likelihood of artifact 

depressions and artificially raised the spill level of depressions used to estimate wetland storage 

volumes. A new hydrological model for the SCRB has since been built using more accurate 

wetland delineation methods (Chapter 5), which include the use of a 2-m resolution DEM with 

roads breached at culvert locations. This new model offers another opportunity to better 

understand the influence of wetland drainage or restoration on streamflow in the SCRB.  

The Cold Regions Hydrological Modelling platform (CRHM) was used to build a revised Prairie 

Hydrological Model (PHM) for the SCRB as reported in Chapter 5. Like previous versions of 

CRHM-PHM for the SCRB (Pomeroy et al., 2010; 2014), this model represents key cold regions 

hydrological processes, including precipitation phase, wind redistribution of snow, snow 

sublimation, snowmelt, infiltration into frozen and unfrozen soils, crop growth, 

evapotranspiration, soil moisture balance, surface water storage in depressions or wetlands, and 

runoff routing. This revised version (CRHM-SC2021) is like the 2014 version in that it 

incorporates conceptual networks of 46 representative wetlands in each sub-basin to simulate the 

dynamic and hysteretic nature of wetland “fill-and-spill” hydrology as per Shook and Pomeroy 

(2011) and Shook et al. (2013), however depressional wetlands were delineated and 

parameterized more accurately as discussed below. Unlike previous models, this revised version 

(CRHM-SC2021) runs continuously from year to year, estimates vertical and lateral flow 

velocities in the soil profile based on the Brooks and Corey (1966) relationship for unsaturated 

hydraulic conductivity, and includes a new macro to prevent soils from re-freezing during large 

spring snowfall events. The new model contains 9 sub-basins, each with 52 hydrological 

response units (HRUs; areas with similar physiographic characteristics and hydrological 

behaviours), including road, cropland, grassland, woodland, ditch, stream, and 46 wetlands. 

Wetland HRUs were parameterized using depressions delineated from a 2-m DEM with roads 
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breached at culvert locations, which provided improved representation of wetland characteristics 

in the SCRB. Wetland catchment areas were also delineated from the culvert-breached 2-m DEM 

and were used to parameterize runoff routing distribution parameters. Saturated hydraulic 

conductivities and routing length parameters were calibrated because of their inherent 

uncertainties and the conceptual nature of wetland networks in the model. Finally, reservoir 

routing of CRHM-simulated streamflow was added using the Storm Water Management Model 

(SWMM; Rossman, 2015) to better simulate culvert-restricted flow throughout the basin and at 

the basin outlet. The combined CRHM-SWMM modelling approach was an important 

advancement in hydrological modelling at the SCRB, where previous models struggled to 

simulate observed streamflow volume and timing.   

Projected future weather variables from global or regional climate models can be used as forcing 

data in hydrological models to predict future hydrological change. Since global climate models 

(GCMs) provide coarse resolution (> 100 km) projections, regional climate models (RCMs) are 

used to downscale GCM outputs or reanalysis data to better represent local scale surface weather 

patterns. Dynamical downscaling approaches are preferred for use with cold regions hydrological 

models (Pomeroy et al., 2015) as they produce physically connected weather variables (Fowler et 

al., 2007). Some high-resolution RCMs are also capable of resolving convective processes. 

These convection permitting models (CPMs) have high computing costs but offer more realistic 

representation of convective precipitation, which can produce high amounts of precipitation in 

the Canadian Prairies. Recently, Li et al. (2019) used the Weather Research and Forecasting 

(WRF) model to dynamically downscale reanalysis data with full convective processes at a 

convection permitting resolution of 4 km. They produced weather variables for a current (CTRL) 

scenario and a future pseudo-global warming (PGW) scenario; the latter a perturbation of the 

CTRL scenario by the ensemble mean climate projection from the 19-GCM Coupled Model 

Intercomparison Project Phase 5 (CMIP5, Taylor et al., 2012) under Representative 

Concentration Pathway 8.5 (RCP8.5), which is the “worst-case” forcing scenario. These data 

provide users with an opportunity to predict the influence of a projected future climate scenario 

on the hydrology of prairie basins. The WRF-PGW climate projection for the Canadian Prairies 

suggests warmer temperatures and little to no increase in summer precipitation but more extreme 

rainfall events, which may lead to future water shortages for agriculture (Li et al., 2019) and 

require adaptive wetland management policies.  

Considering the need to evaluate potential wetland drainage and restoration policy options under 

current and potential future climate conditions, the objectives of this chapter are to use the newly 

developed CRHM-SWMM model driven by current and projected future WRF simulated 

weather variables to: 
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1) Diagnose the potential changes in hydrology in the SCRB due to projected changes in 

future climate conditions 

2) Predict the influence of potential wetland management scenarios on basin streamflow 

responses now and under projected future climate conditions 

6.5 Study site and data 

6.5.1 Study site 

The Smith Creek Research Basin (SCRB) was selected as the study site for this chapter. The 

SCRB is located approximately 60 km southeast of Yorkton, Saskatchewan and lies within the 

Canadian PPR and the Canadian Aspen Parkland Ecoregion (Figure 5-1a). The SCRB is 

described in detail in Chapter 3 and was also used as the study site in Chapters 4 and 5.  

 

Figure 6-1 a) Location of the Smith Creek Research Basin (SCRB) within the Prairie Pothole 

Region (PPR) of North America (Mann, 1974), and b) the basin boundary, roads, and locations 

of USask meteorological station, WSC streamflow gauge 05ME007, WRF grid centroids within 

and around SCRB, and the main WRF centroid used in this study. 

6.5.2 Field station weather data 

An hourly time series of air temperature, wind speed incoming short-wave radiation, relative 

humidity, and precipitation was generated using data from a meteorological field station installed 

in the SCRB from 31 October 2007 to 28 September 2013 (USask Met Station, Figure 6-1b). 

Data cleaning and infilling procedures used to prepare this time series are described in detail in 

Chapter 3, Section 3.3.2.  

a) b) 
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6.5.3 Streamflow data 

A Water Survey of Canada (WSC) streamflow gauging station is located at the basin outlet 

(Figure 6-1b, ID: 05ME007). This station measures hourly stream stage at a culvert crossing 

under a grid road 2 miles north of Marchwell, SK. A rating curve is used to convert stream stage 

to discharge based on manual measurements of streamflow velocity, channel cross-sectional 

area, and depth, which are typically taken several times a year by the WSC. During periods of 

high flow, significant ponding can occur at the gauging station while streamflow is restricted to 

pipe-flow through the culvert at the grid road. During major flooding in 2011, for example, the 

gauging station was completely submerged and could only be identified by a whirlpool on the 

pond surface above the entrance to the culvert. Streamflow data for high-flow periods are 

therefore highly uncertain as stage measurements and stage-discharge rating curves become 

inaccurate. Daily mean streamflow data were downloaded from the WSC National Water Data 

archive: HYDAT, which is available through the Government of Canada Open Data Portal 

(open.canada.ca).   

6.5.4 Atmospheric model 

Simulated weather variables from the Weather Research and Forecasting Model (WRF; Version 

3.6.1) were used in this study. WRF is an advanced numerical weather prediction system capable 

of calculating and resolving fine-scale convective and orographic processes. Two WRF 

simulations were recently run at 4 km resolution in Western Canada (Li et al., 2019). In a control 

(CTRL) simulation, WRF was run retrospectively for the period October 2001-September 2015 

with initial and boundary conditions derived from 6-hourly 0.7º ERA-Interim reanalysis (Dee et 

al., 2011). In a Pseudo Global Warming (PGW) simulation, WRF was run for the same period 

with the 6-hour ERA-Interim reanalysis data perturbed by predicted climate change. The climate 

perturbation was derived from the ensemble mean projection (1976-2005 to 2071-2100) of the 

19-model Coupled Model Intercomparison Project Phase 5 (CMIP5, Taylor et al., 2012) under 

Representative Concentration Pathway 8.5 (RCP8.5), which is the “worst-case” forcing scenario. 

The future time period associated with the PGW simulation is 2086-2100. Key advantages of 

using WRF simulated weather variables in this study include 1) the representation of convective 

processes, 2) the physically-connected weather variables, 3) a 15-year simulation period, and 4) 

the reduction in uncertainty of future climate projections by using the ensemble mean projection 

from CMIP5. One important limitation of using WRF simulated weather variables in this study is 

that only one potential climate change scenario can be evaluated. Due to the high computational 

demand of running WRF at 4-km resolution across Western Canada, Li et al. (2019) only 

considered the “worst-case” scenario climate change perturbation. Thus, the study presented here 

is limited to evaluating the impact of that same “worst-case” scenario, when evaluating the 

impact of a range of potential climate change scenarios would be preferred. In this study, and 

others (Fang and Pomeroy, 2020; Krogh and Pomeroy, 2019), the benefits of using WRF 
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simulated weather variables are considered to outweigh the limitations. Fang and Pomeroy 

(2020) used WRF-CTRL and WRF-PGW outputs to evaluate the impact of future climate 

projections on hydrology in the Canadian Rockies and Krogh and Pomeroy (2019) did the same 

in the Western Arctic. In both studies, the CRHM platform was used to build representative 

hydrological models and WRF variables were bias corrected using a quantile delta mapping 

algorithm (Cannon et al., 2015) to remove systematic biases in the WRF data relative to 

observations and to ensure forcing variables were as realistic as possible in the study basins.  

Outputs from WRF-CTRL and WRF-PGW model runs used in this chapter are a 2D hourly time-

series of ground surface precipitation, air temperature, wind speed, specific humidity, air 

pressure, and shortwave irradiance. Relative humidity is required forcing in CRHM and was 

calculated as the ratio of vapour pressure to saturated vapour pressure at each time step – where 

saturated vapour pressure was calculated from temperature using the Clausius-Clapeyron 

equation and vapour pressure was calculated from specific humidity and air pressure. Given the 

size of the SCRB, several WRF grid centroids were available for use in this study (Figure 6-1). 

To capture the spatial variability of weather forcing variables, WRF data were extracted from 

nine grid centroids – one in each sub-basin corresponding to the WRF centroid nearest the 

geographic centre of each sub-basin.  

6.5.5 Geospatial wetland data 

Two types of wetland data were used in this study: 1) Canadian Wetland Inventory (CWI) 

wetland data and 2) Digital Elevation Model (DEM) wetland data. CWI wetland area polygons 

were supplied by Ducks Unlimited Canada for the years 1958 and 2009 (Figures 6-2 a, b). DEM 

wetland area polygons were derived from a 2-m resolution roads-breached DEM derived from a 

Light Detection and Ranging (LiDAR) survey conducted in the fall of 2008. DEM wetland areas 

were identified using a raster-based depression-filling algorithm called lidar (Wu et al., 2019). 

Detailed descriptions of the wetland delineation techniques for both types of wetlands are 

provided in Chapter 4, Sections 4.6.3 and 4.6.4. CWI wetland data and DEM wetland data are 

presented in Figure 6-2, along with an image identifying the different sub-basins of the SCRB. 

Table 6-1 provides a summary of the sub-basin wetland area fraction (WAFsb) for each dataset.   
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Figure 6-2 GIS wetland data used in this study: a) 1958 CWI wetlands. b) 2009 CWI wetland, c) 

2008 DEM wetlands, d) sub-basin identification numbers. 

Table 6-1 Sub-basin areas and wetland area fractions by sub-basin for CWI and DEM datasets.  

  Wetland area fraction 

Sub-basin Area (km2) 1958 CWI 2009 CWI 2008 DEM 

1 40.9 0.26 0.23 0.27 

2 33.4 0.19 0.17 0.26 

3 82.6 0.26 0.10 0.12 

4 64.2 0.23 0.17 0.23 

5 36.3 0.20 0.10 0.17 

6 52.1 0.17 0.08 0.15 

7 34.8 0.20 0.06 0.13 

8 40.4 0.17 0.06 0.15 

9 8.7 0.13 0.05 0.13 

Total 393.5 0.20 0.12 0.18 

 

a) b) 

d) c) 
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6.6 Methods 

Figure 6-3 outlines the methodology used in this chapter. First, WRF-CTRL and WRF-PGW 

weather variables were bias corrected to the field station data using a quantile delta mapping 

approach. Bias corrected WRF-CTRL and WRF-PGW weather variable were compared to 

quantify the projected climate change signal for the SCRB. Then, the CRHM-SWMM model 

(calibrated with station observed weather variables as forcing) was run with bias corrected WRF-

CTRL weather variables as forcing and simulated streamflow was evaluated against observed 

flows to understand the model performance with WRF weather variables as forcing. Finally, 

CRHM-SWMM was run with bias corrected WRF-CTRL and WRF-PGW under a range of 

wetland management scenarios to determine the influence of projected future climate change on 

the hydrology of the SCRB and of various wetland management scenarios under current and 

projected future climate. The following sub-sections describe these steps in detail. 

 
Figure 6-3 Schematic of Chapter 6 methodology. 

6.6.1 WRF Bias correction 

WRF weather variables were bias corrected to station observations to produce forcing data that 

was as realistic as possible for the SCRB. A multivariate quantile delta mapping (QDM) 

algorithm and a univariate QDM algorithm from the R package MBC (https://CRAN.R-

project.org/package=MBC) were used in this study, as described in Cannon (2018) and Cannon 

et al. (2015), respectively. The multivariate algorithm, MBCn, was used to bias correct air 

temperature, relative humidity, wind speed, and shortwave irradiance together in one step, while 

the univariate algorithm was used to bias correct precipitation separately, due to distinct over-

predictions of summer precipitation in the WRF outputs compared to station observations. While 

bias-correcting all variables simultaneously using MBCn would have maintained better 

dependence between precipitation and other variables, the specific seasonal bias in WRF 

precipitation warranted a separate approach. To prevent the correction of a large summer rainfall 

bias from over-correcting winter snowfall accumulation, WRF precipitation was bias corrected 
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separately in winter (October to April) and summer (May to September) periods. QDM bias 

correction was selected for this work because it corrects systematic bias in quantiles of WRF 

outputs relative to observations and explicitly preserves relative changes in model-projected 

quantiles, thus reducing corruption of projected extreme precipitation events during bias 

correction (Cannon et al., 2015). Hourly WRF time series variables were bias corrected using 

corresponding time series variables from the USask field station installed in the SCRB from 31 

October 2007 to 28 September 2013. The QDM algorithms are not typically used to bias correct 

data beyond a period with overlapping observations, however in this case the bias correction was 

small, and six years was deemed enough overlap to make an appropriate bias correction. This 

also enabled a longer hydrological modelling period than just six years. The QDM algorithms 

were first used to bias correct WRF-CTRL weather variables for the full WRF-CTRL period 

(2001-2015) and then the same bias correction (or delta change) values determined from that 

period were applied to weather variables in the WRF-PGW period (2086-2100). The key 

assumption of this method was that the same delta correction applies into the future. This 

procedure was repeated for the WRF grid centroid in each of the nine sub-basins in the SCRB, 

using the WRF centroid nearest the main station as the calibration parameter and the WRF 

centroid in each sub-basin as the projected parameter. Statistics used to compare the bias 

corrected WRF-CTRL data with the observed data were model bias (MB), root mean squared 

error (RMSE), and mean absolute error (MAE), which were calculated using the following 

equations: 

𝑀𝐵 =
∑ 𝑋𝑠

∑ 𝑋𝑜
− 1   [6-1] 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑(𝑋𝑠 − 𝑋𝑜)2  [6-2] 

𝑀𝐴𝐸 =
1

𝑛
∑|𝑋𝑠 − 𝑋𝑜|   [6-3] 

where n is the number of samples and Xs and Xo are simulated and observed values, respectively.  

6.6.2 Hydrological model evaluation 

CRHM-SWMM, a hydrological model built specifically for the SCRB using the Prairie 

Hydrological Model (PHM) configuration of CRHM with culvert restricted reservoir routing in 

SWMM to modulate high flow conditions, was used in this study. This combined 

hydrological/hydraulic model approach was shown to significantly improve simulated 

streamflow results compared to observations in Chapter 5. Information on model set-up and 

parameterization for CRHM-SWMM can also be found in Chapter 5. Here, CRHM-SWMM was 
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run with bias corrected WRF-CTRL as forcing. Simulated streamflow results were compared 

with observed streamflow to assess the suitability of using a CRHM-SWMM-WRF approach to 

predict the influence of climate change and wetland management scenarios on streamflow in the 

SCRB. Model performance versus observed streamflow was evaluated for the period of 2001-

2015 using statistics of model bias (MB), root mean squared error (RMSE), Nash-Sutcliffe 

Efficiency (NSE), and Kling-Gupta Efficiency (KGE). NSE and KGE were calculated as: 

𝑁𝑆𝐸 = 1 −
∑(𝑋𝑜−𝑋𝑠)2

∑(𝑋𝑜−�̅�𝑜
̅̅ ̅̅ )2     [6-4] 

𝐾𝐺𝐸 = 1 − √(𝑟 − 1)2 + (𝛼 − 1)2 + (𝛽 − 1)2 [6-5] 

where n is the number of samples, Xo and Xs, are the observed and simulated values,  𝑋𝑜 ̅̅ ̅̅ and 𝑋𝑠
̅̅ ̅ 

are the mean of the observed and simulated values, respectively, r is the linear correlation 

between observations and simulations, α a measure of the flow variability error, and β a bias 

term. For the CRHM-SWMM-WRF approach to be considered useful for evaluating scenarios of 

climate and wetland management change in the SCRB, simulated streamflow results needed to 

reproduce long term trends in observed flows. Although performance statistics were used to 

compare simulated versus observed streamflow for the period of 2000-2015, statistical model 

performance was less important than simulated streamflow following observed hydrograph 

shapes (i.e., reasonable representation of seasonal flows). Less weight was placed on streamflow 

performance statistics because bias-corrected WRF-CTRL weather variables do not reproduce 

observations exactly. WRF weather variables are simulated based on observed boundary 

conditions. While they offer good statistical representations of observed weather variables, they 

are not real and were therefore not expected to lead to high streamflow performance statistics 

when used as forcing for CRHM-SWMM.      

6.6.1 Current and future climate scenarios 

CRHM-SWMM (calibrated using station observations) was run with bias corrected WRF 

weather variables for a current period (WRF-CTRL, 2000-2015) and a projected future period 

(WRF-PGW, 2086-2100) to evaluate the influence of projected climate change on the hydrology 

of the SCRB. WRF model outputs from the centroid nearest the geographic centre of each sub-

basin were used to capture the spatial variability in weather patterns across the basin, although 

variations between sub-basins were small. CRHM-simulated streamflow was routed through a 

culvert-controlled reservoir in SWMM as discussed above and presented in Chapter 5. First, 

projected mean seasonal and annual changes in weather forcing variables were quantified to 

better understand the projected climate change pattern. Then, mean annual changes in various 

CRHM-simulated water balance fluxes and state variables were calculated to quantify the 
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influence of projected climate change on the hydrology of the SCRB. These mean annual values 

help understand the general direction and magnitude of predicted hydrological changes, but do 

not capture the extreme inter-annual variability of hydrological responses that exists due to inter-

annual variability in the WRF forcing data. Mean annual daily time series of weather forcing 

variables and hydrological fluxes and state variables were also plotted to visualize the impacts of 

projected climate change in the SCRB. Specific attention was given to changes in precipitation 

phase, timing of snow accumulation and melt, timing of seasonal streamflow peaks, and 

cumulative streamflow volume. The Wilcox rank test (Wilcox, 1945) was used to determine 

whether a predicted change in mean annual values was significant, using a threshold of p ≤ 0.05. 

6.6.2 Wetland management scenarios 

The CRHM-SWMM model described above was used to assess the impact of a series of wetland 

management scenarios on streamflow in the SCRB under “current” and projected “future” 

climate. The impact of various wetland drainage or restoration scenarios on streamflow were 

compared against results from the model, which was built using “recent” wetland areas 

delineated from a 2008 LiDAR survey as described in Chapter 4. Each wetland management 

scenario was run with bias corrected WRF-CTRL and WRF-PGW as forcing to simulate the 

impact of the management scenario on streamflow under “current” and projected “future” 

climate, respectively. Mean annual changes in seasonal streamflow peaks and cumulative 

streamflow volume were used to evaluate the impact of each wetland management scenario on 

basin streamflow. Relationships between the mean annual change in streamflow characteristics 

and the remaining wetland area fraction (WAF) of each scenario were also explored.  

6.6.2.1 Scenario descriptions 

One set of wetland drainage expansion scenarios and one set of wetland restoration scenarios 

were explored in this study. In the drainage expansion scenarios, incrementally larger sizes of 

wetlands were drained; from less than 4000 m2 to less than 10,000 m2 to less than 40,000 m2 and 

then greater than 40,000 m2. These scenarios represent knowledge that farmers preferentially 

drain smaller wetlands first (Serran and Creed, 2015; Van Meter and Basu, 2015), but that under 

increasing economic pressure farmers may subsequently drain larger wetlands. Wetlands less 

than 1000 m2 were not drained in this set of scenarios to recognize the fact that farmers are not 

likely to drain very small wetlands that do not impeded crop production. The maximum 

depression storage capacity parameter (Sdmax) was set to zero to simulate drained wetlands. 

Presumably drained wetlands would be converted to cropland, however wetland HRU areas were 

not shifted to cropland HRUs because soil types would remain consistent and wetland 

depressions would still trap blowing snow. Instead, it was assumed that evapotranspiration from 

farmed wetland HRUs was well simulated using the assigned Priestly-Taylor algorithm. Routing 

length parameters were left unchanged from the baseline model.  
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For the wetland restoration scenarios, wetlands were restored to increasing fractions of sub-basin 

area, or wetland area fraction (WAF), by scaling-up wetland sizes. These scenarios represent 

implementation of a wetland mitigation policy that requires minimum levels of wetland area 

relative to basin area to be retained or restored to avoid adverse hydrological outcomes. 

Incrementally higher WAF targets were set for all sub-basins, ranging from 0.15, to 0.20, to 0.25, 

to historically maximum levels based on calculations of a “historical 1958 DEM” (described 

below). If the WAF of a sub-basin was below the target level, wetland areas were scaled-up to 

achieve the target WAF, but if the WAF of a sub-basin was above the target level (or at its 

historical maximum), no further scaling was conducted. Increases in wetland HRU areas were 

subtracted from cropland HRU areas based on the assumption that wetland restoration would 

take place in cropland areas. Restored wetland water storage capacities were calculated using 

established power law relationships between wetland areas and storage capacities for each sub-

basin from the 2008 DEM. These power law relationships and the equation used to calculate 

water storage capacities for restored wetlands are presented in Appendix C. 

6.6.2.2 Restoration scenario calculations 

Canadian Wetland Inventory data for the SCRB includes a set of historical wetland areas 

interpreted from air-photos collected in 1958. These data were used to inform a “historically 

maximum” wetland area for the SCRB. Since CWI wetlands are derived from air-photo analysis, 

small wetlands (< 2000 m2) are under-represented in the dataset. A method of extending the 1958 

CWI data to include the entire size distribution of wetlands known to exist in the SCRB was 

therefore required. In this study, a new set of historical wetland areas were generated by 

producing a “historical 1958 DEM”. In Chapter 4, a significant (p < 0.001) linear relationship 

was found to exist between 2008 DEM-derived and 2009 CWI-derived wetland area fractions 

(WAF) in each sub-basin (Figure 6-4a). This relationship was assumed to hold true between 

wetland areas from a “historical 1958 DEM” and those from the 1958 CWI.  

 

Figure 6-4 Relationship between DEM and CWI sub-basin wetland area fractions (WAF). 

a) b) 
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Using the 1958 CWI sub-basin wetland area fractions (WAF1958CWI,sb) as input to Equation 6-6 

(re-arranged from Figure 6-4a), the wetland area fraction of each sub-basin for a “historical 1958 

DEM” (WAF1958DEM,sb) were calculated. Figure 6-4b shows the resulting WAF for the “historical 

1958 DEM” compared to WAF for the 1958 CWI.  

WAF1958 DEM,sb =  (
WAF1958 CWI,sb+0.061

0.984
)  [6-6] 

The relationship between the “historical 1958 DEM” wetland area fraction in each sub-basin 

(WAF1958DEM,sb) and the 2008 DEM wetland area fraction in each sub-basin (WAF2008DEM,sb) was 

then used to scale wetland areas from each sub-basin of the 2008 DEM (Aw2008DEM,sb) to wetland 

areas for each sub-basin of the “historical 1958 DEM” (Aw1958DEM,sb), as shown in Equation 6-7. 

Routing lengths between HRUs were similarly scaled using Equation 6-7. 

𝐴𝑤1958 𝐷𝐸𝑀,𝑠𝑏 = 𝐴𝑤2008 𝐷𝐸𝑀,𝑠𝑏 ∗ (
𝑊𝐴𝐹1958 𝐷𝐸𝑀,𝑠𝑏

𝑊𝐴𝐹2008 𝐷𝐸𝑀,𝑠𝑏
) [ 6-7] 

For wetland restorations scenarios where sub-basin WAF targets were used, the above scaling 

equations were used with targeted WAFs rather than the “historical 1958 DEM” WAFs.  

6.7 Results 

6.7.1 WRF bias correction 

Meteorological field station observations were compared with uncorrected WRF-CTRL outputs 

and bias-corrected WRF-CTRL outputs from the WRF centroid nearest the USask field station. 

Figure 6-5 presents comparisons of hourly air temperature, relative humidity, wind speed (10 m), 

incoming solar radiation, and precipitation, using quantile-quantile (Q-Q) plots. The plots on the 

left show that uncorrected WRF-CTRL outputs deviate from the 1:1 line, (Figure 6-5a, c, e, g, i), 

while the plots on the right show that bias-corrected WRF-CTRL outputs are linearly distributed 

along the 1:1 line (Figure 6-5b, d, f, h, i), suggesting that bias-corrected WRF-CTRL outputs are 

from the same distribution as the observed meteorological variables. Figure 6-5a shows there 

was a slight cold bias in the uncorrected WRF-CTRL during winter temperatures compared to 

observations. Figure 6-5c shows errors in uncorrected WRF-CTRL relative humidity (values > 

100%), which was calculated using WRF outputs of air temperature, specific humidity, and air 

pressure. Uncorrected WRF-CTRL showed higher bias at low wind speeds compared to 

observations and uncorrected WRF-CTRL incoming solar radiation showed a slightly higher bias 

at higher values. Figure 6-5i shows only slight differences between uncorrected WRF-CTRL and 

observed hourly precipitation, nonetheless bias correction was performed to improve cumulative 
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annual precipitation bias, which is discussed further below. Figures 6-5b, d, f, h, and j show the 

above noted biases in hourly WRF-CTRL weather variables were removed by bias correction.  

 

 

 

 

a) b) 

c) d) 

e) f) 

h) g) 
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Figure 6-5 Quantile-quantile plots of observed weather variables and corresponding WRF-

CTRL outputs from the WRF grid centroid nearest the USask meteorological station for 31 

OCT 2007 to 30 SEP 2013. 

Table 6-2 presents statistics of bias, RMSE, and MAE, between uncorrected WRF-CTRL and 

observations and bias-corrected WRF-CTRL and observations. Prior to bias correction, WRF-

CTRL variables of air temperature, relative humidity, wind speed, and incoming solar radiation 

showed biases of -3.22 ⁰C, 3.63%, 1.39 m/s, and 18.2 W/m2, respectively, compared to 

observations. Bias correction removed these biases, as shown by zero values in the bias corrected 

column in Table 6-3. Bias correction of precipitation showed a slight over correction (from 35.1 

mm/yr to -0.50 mm/yr), but still a satisfactory reduction of bias from the WRF output. Bias 

correction reduced RMSE and MAE for all WRF-CTRL output variables.  

Table 6-2 Bias, root mean square error (RMSD), and mean absolute error (MAE) between 

observations and WRF-CTRL with and without bias correction. 

  Uncorrected  Bias corrected 

  BIAS RMSE MAE  BIAS RMSE MAE 

Hourly Temperature (⁰C) -3.22 5.26 3.96  0.00 4.09 3.09 

Hourly Relative humidity (%) 3.63 17.5 12.4  0.00 15.2 10.9 

Hourly Wind speed (m/s) 1.39 2.73 2.22  0.00 2.35 1.74 

Hourly Incoming solar radiation (W/m2) 18.2 103 47.9  0.00 96.6 46.3 

Cumulative annual precipitation (mm/yr) 35.1 31.3 23.7  -0.50 21.3 18.1 

 

Figure 6-6a presents mean monthly temperatures for observations, uncorrected WRF-CTRL, and 

bias-corrected WRF-CTRL. An overall cold bias of -3.22 ⁰C between uncorrected WRF-CTRL 

and observed temperature was removed through bias correction, with greater correction 

occurring in the winter months compared to the summer months. The cold bias found here was 

somewhat greater than a -1 to -2 ⁰C bias noted by Li et al. (2019) for WRF-CTRL relative to 

ANUSPLIN across the Canadian Prairies. A larger cold bias in the study presented here is likely 

due to the location of the SCRB along the northeastern fringe of the Canadian Prairies where 

i) j) 
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colder temperatures are expected. The study presented here also uses station observations as 

comparison rather than ANUPLIN data. As reported here, Li et al. (2019) also found stronger 

cold biases in the winter.  

Figure 6-6b presents cumulative annual precipitation from observations, uncorrected WRF-

CTRL, bias-corrected WRF-CTRL, and Adjusted and Homogenized Canadian Climate Data 

(AHCCD) from Yorkton, SK (approximately 60 km northwest of the SCRB). Despite WRF-

CTRL precipitation showing good representation of hourly quantile values compared to 

observations in Figure 6-5j, Figure 6-6b highlights the interannual variability in the dataset and 

shows that the mean annual bias in WRF-CTRL cumulative precipitation was driven by excess 

rainfall in the summer of 2011. Since there were only 6 years of observed precipitation at the 

field station in the SCRB (2007-2013), AHCCD cumulative daily precipitation from neaby 

Yorkton, SK was also plotted in Figure 6-6b to better understand WRF simulated precipitation 

compared to observed records. Unfortunately, AHCCD data has a daily time step so it could not 

be used to bias correct the hourly WRF precipitation data for the full simulation period. Figure 6-

6b shows that both uncorrected and bias-corrected WRF-CTRL precipitation exceeded AHCCD 

precipitation during most summers in the early 2000s, signifying that precipitation biases likely 

remain in the early portion of the model period. Bias-corrected cumulative annual precipitation 

varied marginally between the WRF centroids selected as forcing for each sub-basin (Appendix 

C).  

Compared to larger scale comparisons of WRF-CTRL simulated precipitation against 

ANUSPLIN and Canadian Precipitation Analysis (CaPA) datasets (Li et al., 2019), the daily 

precipitation bias found here was somewhat lower. Li et al. (2019) noted a moderate wet bias in 

WRF-CTRL simulated precipitation across the Prairies of about 0.5-0.9 mm/day compared to 

ANUSPLIN and an unquantified smaller amount compared to CaPA, with the difference due to 

varying biases in the comparison datasets. Here, the daily WRF-CTRL precipitation bias at the 

SCRB was found to be about 0.3 mm/day (calculated as the total bias divided by the number of 

days with observed precipitation). Figures 6-6c and d present uncorrected and bias-corrected 

WRF-CTRL daily precipitation versus observed daily precipitation. These figures show that bias 

correction of hourly precipitation values had a limited affect on correcting daily precipitation 

amounts and that larger biases remained in the bias-corrected WRF-CTRL precipitation outputs 

when daily precipitation exceeded approximately 15 mm. Further bias correction of daily 

precipitation amounts was not explored in this study as the CRHM model required hourly time 

series inputs and hourly bias correction removed the cumulative bias across the model period. 

However, this could be an important area of focus for future hydrological modelling studies 

using WRF simulated precipitation outputs as forcing data.  
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Figure 6-6 Observed, uncorrected WRF-CTRL, and bias-corrected WRF-CTRL of a) mean 

monthly temperature and b) cumulative annual precipitation time-series. Followed by Q-Q plots 

of daily precipitation for c) uncorrected WRF-CTRL and d) bias-corrected WRF-CTRL versus 

observations, respectively.  

The above noted remaining biases in WRF simulated daily precipitation amounts, a clear over-

prediction of rainfall in 2011, and likely over-prediction of rainfall in the early 2000s, suggest 

that there could be issues with both frontal and convective storm simulations in WRF. In May 

2011, WRF simulated rainfall during a multi-day event (i.e., frontal system, May 20-22) in the 

SCRB was 37 mm compared to 23 mm of observed rainfall. In June of the same year, WRF 

simulated rainfall during a singe day event (i.e., convective storm, 4 July) was 27 mm compared 

to 5.8 mm of observed rainfall. During another convective storm in August 2010, WRF 

a) 

b) 

c) d) 
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simulated 85 mm of rainfall while the observed record showed only 2.8 mm and in July 2011, 

WRF simulated nearly 70 mm of rainfall over 2 days when only trace amounts were found in the 

observed record. As always, errors in precipitation measurements at the USask met station and 

the ECCC station at Yorkton, SK could contribute to the differences between the observed and 

WRF simulated precipitation data presented here. A network of rain gauges installed in the 

SCRB in 2007 also showed that rainfall from small convective storms could vary significantly 

across short distances (< 10 km). Thus, the USask met station may not capture convective storm 

activity throughout the basin. This analysis also compares observed data at a single point against 

gridded data that was interpolated between points, so some discrepancies were expected. Despite 

the above noted issues with WRF simulated precipitation outputs in the SCRB, these data 

currently represent some of the best available atmospheric model simulations of current and 

projected future weather variables for Western Canada. As such, bias-corrected WRF 

precipitation outputs were used in this study with the expectation that they would produce higher 

than observed summer streamflows when used as forcing for CRHM-SWMM. 

Finally, in their recent publication of the WRF-CTRL and WRF-PGW datasets, Li et al. (2019) 

cautioned against using QDM methods to bias correct WRF-PGW – citing concerns that QDM 

could shift the distribution of future precipitation intensity to match the current distribution. 

Figure 6-7 shows that the relationship between distributions of WRF-CTRL and WRF-PGW 

remained similar before and after bias correction in this study, providing evidence that the QDM 

method was suitable for bias correction of future precipitation at the SCRB.  

 

Figure 6-7 Quantile-quantile plots of WRF-CTRL versus WRF-PGW daily precipitation a) 

before and b) after quantile delta mapping bias correction. 

6.7.2 CRHM-SWMM model evaluation 

CRHM-SWMM was forced with bias-corrected WRF-CTRL weather variables and simulated 

streamflow was compared with observations to assess the suitability of using a CRHM-SWMM-

WRF approach to predict the influence of climate and wetland management change on the 

hydrology of the SCRB. Table 6-4 presents annual model performance statistics for CRHM-

SWMM when forced with bias-corrected WRF-CTRL weather variables. The far-right column of 
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Table 6-3 shows the annual bias between bias-corrected WRF-CTRL precipitation that was used 

as forcing and the AHCCD precipitation observed at Yorkton, SK (approx. 60 km northwest of 

the SCRB). Across all model years, model bias was 0.93 and KGE -0.10, while NSE and RMSE 

scores were -0.48 and 2.67 m3/s, respectively. These statistics do not necessarily represent 

“good” model performance compared to observed streamflows, which would typically be 

defined by model bias and RMSE values closer to zero and NSE and KGE values above zero and 

closer to one. In this study, poor model performance statistics did not mean that the model was 

inherently “bad”. The ability of the model to reasonably represent the observed hydrographs and 

respond appropriately to scenarios of change when forced with synthetic WRF weather variables 

was most important. Hence, further investigation of simulated versus observed hydrographs and 

cumulative flows for a few years with varying streamflow regimes (shaded grey in Table 6-3) 

was explored to better understand the performance of CRHM-SWMM compared to observed 

streamflow (Figure 6-8). Simultaneously comparing annual bias-corrected WRF-CTRL 

precipitation with AHCCD observed precipitation at Yorkton also helped explain model 

performance compared to observations.   

Table 6-3 Annual CRHM-SWMM model performance statistics compared to observed 

streamflow and bias-corrected WRF-CTRL precipitation as percent of AHCCD.  

Hydro-year 

MB 

(--) 

KGE 

(--) 

NSE 

(--) 

RMSE 

 (m3/s) 

Bias-corrected  

WRF-CTRL vs. AHCCD 

 precipitation (%) 

2001 1.29 -0.48 -0.57 2.45 169% 

2002 0.91 -0.37 -1.46 0.16 111% 

2003 2.17 -1.27 -0.92 2.11 112% 

2004 28.3 -30.4 -285 1.52 127% 

2005 2.57 -1.92 -3.83 3.24 126% 

2006 0.38 0.44 0.28 1.60 90% 

2007 3.69 -3.59 -12.9 2.99 100% 

2008 0.78 -0.25 -0.75 0.74 93% 

2009 -0.22 0.28 0.20 0.92 70% 

2010 1.33 -1.54 -7.13 1.74 107% 

2011 1.14 -0.39 -1.35 6.90 143% 

2012 0.00 0.42 0.15 1.70 69% 

2013 -0.20 0.50 0.61 1.34 79% 

2014 -0.03 0.69 0.56 3.13 88% 

2015 1.78 -1.03 -2.15 2.45 138% 

All 0.93 -0.10 -0.48 2.67 106% 
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Figure 6-8 presents simulated versus observed hydrographs and cumulative flows for CRHM-

SWMM forced with bias-corrected WRF-CTRL. Data for 2005, 2008, 2011, and 2014 

hydrological years (beginning October 1) are shown, along with mean annual flows across the 

model period. These years were selected to highlight differences in model response compared to 

observations under various streamflow regimes in the SCRB. In Figure 6-8, hydrograph spikes 

occur when streamflow exceeds about 20 m3/s due to simulated overtopping of the SWMM 

reservoir, which modulates flow at the basin outlet. In 2005, total annual streamflow volume was 

over-predicted, due to high rain-fall runoff in the summer period. This can be attributed to 

several preceding years with higher WRF simulated precipitation compared to observed 

(AHCCD) amounts (Table 6-3) and potentially more intense summer precipitation simulated by 

WRF-CTRL than was observed in 2005 (Figure 6-6a). In 2008, CRHM-SWMM generated 

reasonable streamflow timing, but over-predicted snowmelt-driven streamflow volume, despite 

total annual bias-corrected WRF-CTRL precipitation being 93% of AHCCD precipitation. This 

bias could be related to high soil moisture conditions carried over from previous wet years in the 

model, under-estimated snowmelt infiltration in the hydrological model, or inaccuracies in the 

measured data. In 2011, annual streamflow volume was over-predicted again. This time, bias-

corrected WRF-CTRL precipitation was 143% higher than AHCCD measured precipitation, with 

the majority of that bias occurring as summer rainfall (Figure 6-6a), so higher than observed 

streamflow volumes were expected. Spring streamflow volume and timing were predicted fairly 

well in 2011, but then reservoir over-topping streamflow was simulated when about 240 mm of 

bias-corrected WRF-CTRL precipitation fell during the first three weeks of June. During the 

same 3-week period, field station and AHCCD precipitation measurements were 73 mm and 92 

mm, respectively, indicating significant over-estimation of WRF-CTRL simulated precipitation. 

In 2014, bias-corrected WRF-CTRL precipitation was only 88% of AHCCD precipitation. 

Spring and summer streamflow timing were simulated fairly well, despite an early but un-

sustained start to snowmelt-driven streamflow. The ability of the simulated hydrograph to 

respond reasonably well to spring snowmelt and summer rainfall events in 2014 was promising 

as 2014 was a year with significant flooding in the SCRB. At the bottom of Figure 6-8, mean 

annual daily and mean annual cumulative daily streamflow results are shown. These figures help 

visualize the overall performance of CRHM-SWMM when forced with bias-corrected WRF-

CTRL and also show how extreme rainfall-driven flows in 2005, 2011 and 2014 effected mean 

annual streamflow results. Over the 15-year model period, CRHM-SWMM reasonably captured 

snowmelt-driven spring streamflow discharge, but over-estimated rainfall-driven summer 

streamflow compared to observations. While it is possible that rainfall runoff was over-estimated 

due to misrepresentation of rainfall runoff processes or parameterization issues in CRHM-

SWMM, it is much more likely that performance issues were caused by over-predicted summer 

rainfall amounts from WRF as discussed in the previous section. 
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Figure 6-8 Simulated and observed daily streamflow discharge (left) and cumulative daily 

streamflow (right). Bias-corrected WRF-CTRL was used as forcing for CRHM-SWMM.  

It is important to reiterate that the CRHM-SWMM model is not without errors. It is a simplified 

representation of a highly complex and ever-changing environmental system and when the model 

was forced with simulated WRF weather variables an additional layer of complexity was 

introduced. While the model demonstrated reasonable timing and volume of spring streamflow, 

uncertainties in WRF simulated rainfall led to extreme rainfall runoff and over-estimated 

cumulative annual flow volumes (Figure 6-8). In the following sections, the impact of simulated 

climate change and/or wetland management scenarios on streamflow in the SCRB is therefore 

interpreted with appropriate caution (i.e., high confidence in predicted changes to spring peak 
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discharge and timing and somewhat less confidence in predicted changes in summer peak 

discharge and cumulative streamflow volume). Importantly, by using WRF-CTRL and WRF-

PGW outputs in this study, it is the relative magnitude of hydrological change that occurs as a 

result of using these two datasets that matters most rather than the model performance compared 

to observations. To reduce uncertainty in the results presented in the remainder of this chapter, 

mean annual values from the 15-year model period are used to quantify projected changes in 

simulated WRF weather variables and CRHM-SWMM simulated changes in hydrological 

variables for the SCRB. Despite the above noted limitations in using WRF simulated weather 

variables in this study, they continue to be some of best available forcing data for exploring the 

impacts of climate change on hydrology in the Canadian Prairies. The results presented below 

provide an advanced analysis of the potential influence of climate change and wetland 

management on prairie hydrology.   

6.7.3 WRF projected climate change  

Figure 6-9 presents daily time series of mean annual projected changes in climate variables 

between bias-corrected WRF-CTRL and bias-corrected WRF-PGW. Air temperature, relative 

humidity, wind speed, and incoming solar radiation are presented as mean daily values and 

precipitation is presented as mean cumulative daily amount. Mean annual air temperature and 

cumulative precipitation are projected to increase significantly (p < 0.05 using Wilcox Rank test) 

by 5.5 ⁰C and 44 mm, respectively, while relative humidity, wind speed, and incoming solar 

radiation show non-significant decreases in mean annual values. Table 6-4 presents seasonal and 

annual changes for the climate variables presented in Figure 6-9. Air temperature shows greater 

warming in the winter than in the summer, with projected increases of 6.9 ⁰C and 4.1 ⁰C, 

respectively. The first date with mean air temperature greater than 0 ⁰C shifted three weeks 

earlier to March 21 and the last date with mean air temperature greater than 0 ⁰C shifted two 

weeks later to November 20. Relative humidity is projected to decrease by about 2% annually, 

with the largest decrease of 6% occurring in the spring. Wind speed is projected to decrease 

minimally across all seasons, with a mean annual decrease of 0.1 m/s. Incoming solar radiation is 

projected to decrease by 4.5 W/m2 annually, with larger decreases in the winter and spring of 7.8 

W/m2, and 10 W/m2, respectively, and a smaller increase of 3.4 W/m2 in the summer. 

Precipitation is projected to increase more in the winter and spring than in the fall, with projected 

cumulative increases of 22 mm, 29 mm, and 8.3 mm, respectively. In the summer, cumulative 

precipitation is projected to decrease by 15 mm, however, an increase of 20 mm is projected in 

June, followed by decreases of 23 mm and 12 mm in July and August, respectively. Despite a 

projected decrease in cumulative summer precipitation, extreme summer rainfall intensity is 

projected to increase. For example, the number of days where rainfall exceeds 50 mm is 

projected to double from 5 to 10 and under WRF-PGW and a single event in June 2014 is 

projected to accumulate 301 mm of rainfall over three days. Projected mean annual cumulative 
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rainfall and snowfall were determined in CRHM using an air temperature threshold of 0 ⁰C and 

are presented in the next section. 

 

 

Figure 6-9 Projected changes in climate from historical (WRF-CTRL, 2001-2015) to future 

(WRF-PGW, 2086-2100) periods. Figures show mean annual values across the study periods. 

Blue text indicates significant change (p<0.05) using the Wilcox rank test. 

Table 6-4 Projected seasonal and annual changes in climate variables between historical (WRF-

CTRL, 2000-2015) and future (WRF-PGW, 2086-2100) periods. 

Weather variable 

Winter 

(Dec-Feb) 

Spring 

(Mar-May) 

Summer 

(Jun-Aug) 

Fall 

(Sep-Nov) Annual 

Air temperature (⁰C) 6.9 5.8 4.1 5.4 5.5 

Relative humidity (%) -0.3 -6.0 -0.5 -1.5 -2.1 

Wind speed (m/s) -0.2 -0.3 0.0 -0.1 -0.1 

Incoming solar radiation (W/m2) -7.8 -10 3.4 -4.7 -4.5 

Precipitation (mm) 22 29 -15 8.3 44 

 

a) b) 

c) d) 

e) 
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The SCRB is located along the northeast fringe of the Canadian Prairies, so seasonal changes in 

air temperature and precipitation were expected to be slightly different from values reported Li et 

al. (2019) for the Canadian Prairies. Li et al. (2019) suggested the Prairies would experience 

greatest warming in the spring (about 7 ⁰C), but that warming would increase and shift towards 

winter north and east of the Prairies. A projected 6.9 ⁰C of winter warming for the SCRB is 

therefore consistent with WRF-PGW projections reported by Li et al. (2019). Li et al. (2019) also 

reported little to no projected increase in precipitation in the summer for the Canadian Prairies 

and a shift to more extreme precipitation events. In the SCRB, precipitation increased by about 

8% annual under PGW with the majority of that increase in winter and spring while summer 

precipitation declined.  

6.7.4 Influence of climate change on hydrology 

The first objective of this chapter was to diagnose potential changes in the hydrology of the 

SCRB under projected future climate conditions. To achieve this, CRHM-SWMM was run with 

bias-corrected WRF-CTRL and bias-corrected WRF-PGW as forcing. Model outputs were 

compared to diagnose future changes in snow regime, water balance variables, and streamflow. 

Results are presented in the following sub-sections. 

6.7.4.1 Snow accumulation and melt 

Figure 6-10 presents simulated mean annual daily time series for SWE under current (WRF-

CTRL) and future (WRF-PGW) climate conditions for each land use type and at the basin scale. 

Table 6-5 shows mean annual changes in snow regime for the SCRB. For most land use types, 

peak SWE is projected to decrease significantly (p < 0.05) under WRF-PGW, with decreases 

ranging from 9 mm in cropland to a 39 mm in wetlands. Less snowfall and warmer winter 

temperatures under WRF-PGW reduces wind redistribution of snow, which causes greater 

decreases in peak SWE for land use types that capture blowing snow from roads and cropland 

under WRF-CTRL. At the basin scale, peak SWE decreases by 23 mm and occurs 3 days earlier 

under WRF-PGW. On average, the snow accumulation period (basin average SWE > 10mm) 

began 19 days later in the fall and the occurrence of snow-cover depletion (basin average SWE < 

10 mm) occurs 17 days earlier in the spring, resulting in a 36-day shorter snow-covered period in 

the SCRB under future climate conditions. Melt rate was calculated by dividing the basin 

average peak SWE by the number of days between peak SWE and snow-cover depletion. Due to 

much lower peak SWE and only 14 days shorter melt period in the future scenario, melt rate is 

projected to decrease from 1.08 mm/day to 0.85 mm/day in the future. Inter-annual variability in 

snow accumulation is somewhat reduced under WRF-PGW, as shown by the narrower shaded 

areas in Figure 6-10, which represent one standard deviation from the mean.  
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Table 6-5 Mean annual changes in snow regime at the basin scale. 

Variable WRF-CTRL WRF-PGW Change 

Peak SWE (mm) 51.8 29.2 -23 

Date of peak SWE Mar-7 Mar-4 3 days 

Snow accumulation start date Nov-9 Nov-28 19 days 

Snow-cover depletion date Apr-24 Apr-7 -17 days 

Snow-cover duration (days) 166 130 -36 days 

Melt rate (mm/day) 1.08 0.86 -0.22 

 

 

Figure 6-10 Simulated mean annual daily SWE for current (WRF-CTRL, 2001-2015) and future 

(WRF-PGW, 2086-2100) periods. Shaded area is +/- 1 standard deviation. Strip labels 

correspond to 7 land use types and basin average SWE. Blue text indicates significant change 

(p<0.05) using the Wilcox rank test. 

6.7.4.2 Water balance variables 

Figure 6-11 presents mean annual cumulative daily water balance fluxes under current (WRF-

CTRL) and future (WRF-PGW) climate conditions for the SCRB. Again, the inter-annual 

variability of water balance fluxes is described by the width of the shaded area in Figure 6-10, 

which is one standard deviation from the mean value. Table 6-6 shows the total mean annual 

water balance fluxes and relative changes from current to future climate conditions. Under future 

conditions, rainfall increases by 75 mm from 404 mm to 479 mm annually, while snowfall 

decreases 32 mm from 117 mm to 85 mm annually, resulting in an overall mean annual 

precipitation increase of 44 mm. In the future, rainfall occurs during winter and is more variable 
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in the summer. Evapotranspiration (ET) increases 36 mm from 388 mm to 424 mm and shows 

little inter-annual variation under WRF-PGW in response to greater rainfall, warmer 

temperatures, and an extended growing season. Total sublimation (including blowing snow 

sublimation and sublimation from the snow surface) decreases 8 mm from 14 mm to 6 mm under 

future conditions, with 7 mm of that decrease resulting from less blowing snow sublimation due 

to warmer winter temperatures and less snowfall. In response to the above changes in rainfall, 

snowfall, ET and sublimation, mean annual cumulative streamflow increases 23 mm from 96 

mm to 119 mm in the future. Inter-annual variations in streamflow increase in the future period, 

primarily in response to more extreme and intense summer precipitation.  

Groundwater fluxes at the basin boundary were minimal and remain unchanged from current to 

future climate conditions. Mean annual changes in soil moisture, wetland ponding depths, and 

groundwater storage are negligible with changes of -2 mm, -1 mm, and 0 mm, respectively. Peak 

wetland ponding depth decreases by 33 mm from 173 mm to 140 mm and shifts 16 days earlier 

from April 29 to April 13 under WRF-PGW, which coincides with earlier snowmelt and reduced 

snow accumulation. Wetland ponding depths also showed greater inter-annual variability in the 

future, again due to a shift in future rainfall characteristics. Seasonal soil moisture fluctuations 

(peak summer soil moisture minus pre-winter soil moisture) widen from 62 mm to 88 mm under 

future conditions, due to warmer fall temperatures extending the window for ET alongside 

minimal increases in fall precipitation. Importantly, soil moisture increases through the winter 

under PGW reach similar spring soil moisture levels as the current simulation due to more 

frequent mid-winter rainfall and snowmelt events that partially infiltrate into frozen soils. In 

summary, these changes indicate greater and more variable rainfall, less snowfall, more ET and 

higher and more variable streamflow in the future for the SCRB.  

Table 6-6 mean annual changes in water balance fluxes at the basin scale. 

Type Variable WRF-CTRL WRF-PGW Change 

In 
Rain 404 479 +75 

Snow 117 85 -32 

 Actual ET 388 424 +36 

Out Total sublimation 14 6 -8 

Streamflow 96 119 +23 

 Groundwater flow 0 0 0 

 Soil moisture 9 7 -2 

Δ Depression storage (Sd) 1 0 -1 

Groundwater storage 6 6  0 
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Figure 6-11 Simulated mean annual daily cumulative a) rainfall, b) snowfall, c) actual 

evapotranspiration, d) total sublimation, e) streamflow, and daily mean f) soil moisture and g) 

wetland pond depth, and h) ground water storage for current (WRF-CTRL, 2001-2015) and 

future (WRF-PGW, 2086-2100) periods. Shaded area is +/- 1 standard deviation. Blue text 

indicates significant change (p<0.05) using the Wilcox rank test. 

6.7.4.3 Streamflow  

Figure 6-12 shows simulated mean annual daily and cumulative streamflow under current and 

future climate conditions. As with previous figures, the shaded area represents one standard 

deviation from the mean and indicates inter-annual variability in simulated streamflow. Table 6-

7 presents mean annual spring and summer peak discharge rates and timing as well as 

cumulative streamflow volume and spring streamflow start dates under current and future 

climate conditions. May 15 was chosen as an appropriate date to separate spring and summer 

streamflow periods. Under future conditions, spring streamflow is projected to start only 2 days 

earlier than under current conditions, however streamflow is also projected during a three-week 
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period from February 9 to 28. Streamflow start and end dates were marked when streamflow 

exceeded and then fell below 1.0 m3/s, respectively. Mean annual spring peak discharge is 

projected to decrease 34% from 4.20 m3/s to 2.77 m3/s and shift two weeks earlier under future 

climate conditions. Under current and future climate conditions, spring peak discharge occurs 11 

and 15 days prior to complete snow-cover depletion, respectively. Figure 6-8 showed that mean 

annual spring streamflow simulated under WRF-CTRL agrees well with observed spring 

streamflow in the SCRB, which strengthens the legitimacy of projected future spring streamflow 

presented in Figure 6-12.   

Mean annual peak summer discharge is projected to increase by 161% from 5.48 m3/s to 14.3 

m3/s in the future and shift about one week later. In Figure 6-12a, two obvious peaks in mean 

annual summer discharge occur due to simulated streamflow volumes that overtop the SWMM 

reservoir (i.e., breach the road at the basin outlet) in June 2005 and July 2014. These high 

streamflow events were noted in Figure 6-8 under current climate conditions and are amplified 

under WRF-PGW. Under WRF-PGW, 166 mm of rain falls from June 2-4, 2005 and 300 mm of 

rain falls from June 27-29, 2014 – generating extreme rainfall runoff and high streamflow 

discharge rates in both cases. The sharp shaded spikes around these high summer streamflow 

events in Figure 6-11a provide an idea of the extreme nature of these projected rainfall events 

and highlight the inter-annual variability of summer streamflow under future climate conditions. 

Projected peak streamflow events in Figure 6-12a also exemplify predictions by Li et al. (2019) 

that higher intensity rainfall events in the future will lead more severe flooding in the Prairies. 

Mean annual cumulative streamflow volume is projected to increase 26% under future climate 

conditions, from 37.4 x 106 m3 to 47.0 x 106 m3. Figure 6-12b also shows that cumulative 

streamflow volume is projected to be more variable in the future and that a few extreme events 

can have a large influence on mean annual projections for the future. Finally, it is important to 

remember that compared to observed streamflow, simulated streamflow was over-predicted in 

the summer period with WRF-CTRL as forcing. As such, one can be relatively confident in 

predicted changes to spring discharge, but less so for predicted changes in summer discharge and 

cumulative streamflow volume. The high model bias in streamflow with WRF-CTRL as forcing 

could potentially dampen predicted change in streamflow volume between current and future 

climate conditions.  
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Figure 6-12 Simulated mean annual a) daily and b) cumulative daily streamflow for current 

(WRF-CTRL, 2001-2015) to future (WRF-PGW, 2086-2100) periods. Shaded area is +/- 1 

standard deviation. 

Table 6-7 Mean annual spring and summer peak streamflow discharges and timing, mean annual 

cumulative streamflow volume, and spring streamflow timing for current (WRF-CTRL, 2001-

2015) and projected future (WRF-PGW, 2086-2015) climate periods. 

Climate  

Mean  

spring peak 

discharge 

 

Mean 

summer peak 

discharge 

 Mean  

cumulative  

streamflow  

volume 

Spring 

streamflow 

start date 

m3/s Date  m3/s Date  106 m3 - 

Current (CTRL) 4.20 (5.17) 3-May  5.48 (11.3) 25-Jun  37.4 (34.5) 18-Mar 

Future (PGW) 2.77 (3.27) 17-April  14.3 (43.5) 3-Jul  47.0 (59.4) 16-Mar 

 

6.7.5 Influence of wetland management on streamflow 

The second objective of this chapter is to predict the influence of potential wetland management 

scenarios on basin streamflow responses under current and projected future climate conditions. 

To achieve this, the CRHM-SWMM model used in the above analysis was designated as 
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representing the “recent” wetland condition and a series of new models were generated with 

wetland areas and/or storage capacities representing wetland drainage expansion and wetland 

restoration scenarios, as described in Section 6.6.4. Each model was run under current and future 

climate conditions with bias-corrected WRF-CTRL and bias-corrected WRF-PGW as forcing, 

respectively. Mean annual changes in cumulative streamflow and seasonal peak discharge 

relative to “recent” wetland conditions were calculated for wetland drainage expansion and 

wetland restoration scenarios under both climate conditions. May 15 was again used to separate 

spring and summer streamflow periods. The wetland area fraction (WAF) of each management 

scenario was calculated and used to compare changes in streamflow characteristics.  

Figure 6-13 presents simulated mean annual daily and mean annual cumulative daily streamflow 

for wetland drainage expansion and wetland restoration scenarios under current and projected 

future climate conditions. As with previous figures, the shaded area represents one standard 

deviation from the mean and indicates inter-annual variability in streamflow results. Figure 6-13 

shows that continued drainage of incrementally larger sizes of wetlands from less than 4,000 m2 

to less than 20,000 m2 to less than 40,000 m2 and then greater than 40,000 m2 increased peak and 

cumulative streamflow discharge. In contrast, Figure 6-13 shows that restoring incrementally 

greater wetland area fractions of each sub-basin from 0.15 to 0.20 to 0.25 and then restoring all 

wetlands to historically maximum levels decreased peak and cumulative streamflow discharge. 

In the following sub-sections these changes are described in more detail with respect to the 

resulting wetland area fraction (WAF) of each scenario.  



180 

 

 

Figure 6-13 Simulated mean annual daily streamflow (a and c) and cumulative daily streamflow 

(b and d) for current (WRF-CTRL, 2001-2015) to future (WRF-PGW, 2086-2100) periods. 

Shaded area is +/- 1 standard deviation. 
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6.7.5.1 Spring and summer peak discharge 

Figure 6-14 presents predicted changes in mean annual spring and summer peak discharge for 

each wetland management scenario under current and future climate conditions. Values for the 

“Recent (2008)” wetland scenario in Figures 6-14 a and b correspond with results presented 

above in Table 6-8 and discussed in Section 6.7.4. Figure 6-14 further demonstrates that spring 

peak discharge is projected to be lower and summer peak discharge significantly higher under 

future climate conditions (red line) compared to current climate conditions (blue line). Figures 6-

14 a and b represent the absolute predicted values of spring and summer peak discharge, 

respectively, for each wetland management scenario, while Figures 6-14 c and d represent the 

percent change in spring and summer peak discharge, respectively, compared to the “Recent 

(2008)” wetland scenario under current climate conditions. As such, predicted percent changes 

under future climate scenarios in Figures 6-14 c and d include the influence of both climate 

change and wetland drainage expansion or wetland restoration.  

Wetland drainage expansion caused higher percentage increases in spring peak discharge 

compared to summer peak discharge (Figure 6-14 c and d, respectively). This can be explained 

by higher mean annual summer peak discharge compared to spring peak discharge (Figure 6-14 

b and a, respectively). In the summer, extreme rainfall events in the bias-corrected WRF data 

produced runoff that quickly filled wetlands and generated higher streamflow peaks than 

snowmelt driven spring runoff. Since full wetlands essentially act like drained wetlands (i.e., 

additional inputs run off immediately), the relative impact of draining wetlands was less under 

extreme summer rainfall runoff than under more controlled spring snowmelt runoff. In the spring 

(Figure 6-14c), peak discharge increased between 2% and 38% and between 3% and 27% under 

current and future climate conditions, respectively, as incrementally larger wetlands were 

drained. In the summer (Figure 6-14d), peak discharge increased between 3% and 24% under 

both current and future climate conditions as larger wetlands were drained. Results presented in 

Figure 6-14c also suggest that large wetlands have a greater influence on peak flows that small 

wetlands. Draining wetlands less than 4,000 m2 decreased the wetland area fraction by 4%, but 

only increased spring peak discharge by 2.4% resulting in a 0.6% increase in spring peak 

discharge with each percent decrease in WAF. In contrast, draining wetlands less than 40,000 m2 

decreased wetland area fraction by 12% and increased spring peak discharge by 25% equating to 

a 2.1% increase in spring peak discharge with each percent decrease in WAF. This suggests a 

non-linear and slightly exponential relationship exists between spring peak discharge and WAF 

if wetlands are drained incrementally from smallest to largest, which can be explained by the 

greater storage capacity of larger wetlands compared to smaller wetlands. Figure 6-14c also 

shows that under future climate conditions, even complete wetland drainage will not increase 

spring peak discharge enough to match current levels.  
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Wetland restoration was more effective at reducing summer peak discharge compared to spring 

peak discharge. Spring peak discharge decreased between 3% and 27% and between 3% and 

24% under current and future climate conditions, respectively, as WAF increased. Summer peak 

discharge decreased by between 4% and 50% and between 4% and 78% under current and future 

climate conditions, respectively, as WAF increased. Wetland restoration decreased summer peak 

discharge slightly more under future climate conditions than under current climate conditions 

(Figure 6-14 b and d), which can be explained by projected higher rainfall runoff amounts in the 

future using more of the available storage capacity in restored wetlands compared to current 

rainfall runoff amounts. Despite larger predicted decreases in summer peak discharge in the 

future, even complete wetland restoration to historically maximum levels did not reduce summer 

peak discharge to match current levels. Under future climate conditions with complete wetland 

restoration, summer peak discharge is projected to be 83% higher than current levels. This is an 

important finding as peak flow rates can have a significant impact on downstream water quality 

and may cause local infrastructure damage. Wetland restoration to historically maximum levels 

showed a slight decrease in effectiveness compared to the previous restoration amounts in Figure 

6-14 b and d. This can be explained by greater levels of restoration in sub-basins at the top end of 

the SCRB in this scenario, suggesting that wetland restoration near the basin outlet is somewhat 

more effective at reducing peak flows. Finally, regarding summer peak discharge, it is important 

to remember that there was significant inter-annual variability in WRF simulated precipitation 

outputs, including several years where summer precipitation was drastically overestimated. This 

caused large model biases between simulated and observed streamflow in the summer period and 

so the results presented here regarding the influence of wetland management on summer peak 

discharge could be dampened compared to what may be realistically expected.  
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Figure 6-14 Simulated change in mean annual peak discharge during spring (a and c) and 

summer (b and d) periods for wetland management scenarios under current (WRF-CTRL) and 

projected future (WRF-PGW) climate conditions. a) and b) are absolute values and c) and d) are 

percent change relative to the “Recent (2008)” wetland scenario under current climate. 

6.7.5.2 Cumulative streamflow volume 

Figure 6-15 presents predicted changes in mean annual cumulative streamflow for each wetland 

management scenario under current and future climate conditions. A roughly linear relationship 

between WAF and absolute value or percent change in mean annual cumulative streamflow 

emerged under both climate conditions – as WAF decreased, cumulative streamflow volume 

increased and vice versa. Wetland drainage expansion increased mean annual cumulative 

streamflow volume between 9% and 51% and between 10% and 55% under current and future 

climate conditions, respectively. Wetland restoration decreased mean annual cumulative 

streamflow volume between 5% and 38% and between 5% and 41% under current and future 

climate conditions, respectively. The slope of the lines in Figure 6-15b suggest that a slightly 
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different relationship exists between wetland drainage expansion and wetland restoration with 

respect to WAF. As wetlands were drained, mean annual cumulative streamflow volume 

increased at a rate of between 3.2% and 3.4% per percent decrease in WAF under current and 

future climate conditions, respectively. As wetlands were restored, mean annual cumulative 

streamflow volume decreased at a rate of between 3.8% and 4.1% per percent increase in WAF 

under current and future climate conditions, respectively. These slight differences can be 

attributed to slightly different methods used to drain and restore wetlands. In the drainage 

expansion scenarios, wetlands storage capacity was simply removed whereas in the restoration 

scenarios, wetland sizes were scaled up causing wetland restoration to be slightly more effective 

per percent increase in WAF. Considering these slight differences, the results presented here 

suggest that mean annual cumulative streamflow volume increases at an average rate of 3.5% per 

percent decrease in WAF and vice versa. Another key finding shown in Figure 6-15b is that 

projected future mean annual streamflow volume can be reduced to match current levels if 

wetlands are restored to WAF of approximately 23% (see red line intersecting y = 0 at WAF = 

23%). This means that it may be possible to maintain current mean annual streamflow volumes 

into the future, but that wetland restoration will be required. Conversely, draining wetlands down 

to approximately 9% WAF under current climate conditions could increase mean annual 

cumulative streamflow volume to projected future levels. Despite maximum wetland restoration 

not being sufficient to offset projected peak summer discharge in the future, reducing mean 

annual streamflow volume may still be an important goal for managing downstream flooding 

and/or the total volume of surface water delivered to downstream lakes with water quality 

concerns (i.e., Lake Winnipeg).  
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Figure 6-15 Simulated change in mean annual cumulative streamflow for wetland management 

scenarios under current and future climate conditions. a) is absolute values and b) is percent 

change relative to the “Recent (2008)” wetland scenario under current climate. 

6.8 Discussion 

Bias-corrected WRF simulated weather variables at 4 km resolution were used as meteorological 

forcing in this study. Small biases in WRF-CTRL temperature, precipitation, wind speed, relative 

humidity, and incoming solar radiation compared to station observations were removed through 

quantile delta mapping bias correction. A cold bias of -3.22 ⁰C was removed, which was 

primarily driven by colder temperatures through the winter period compared to observations. A 

slightly warmer cold bias of -1 to -2 ⁰C was found in WRF-CTRL by Li et al. (2019) for the 

Canadian Prairies compared to ANUPLIN data, but due to the location of the SCRB along the 

northeastern fringe of the Prairies a slightly colder bias was expected. An annual precipitation 

bias of 35.1 mm/year or 7% was removed, however the WRF-CTRL precipitation data had 

significant inter-annual variability compared to station observations and AHCCD data. Daily 

precipitation retained biases compared to station observations following bias correction, 

particularly when daily precipitation exceeded 15 mm. This contributed to over-estimated 

rainfall amounts in some years, which lead to over-predicted summer rainfall runoff and 
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streamflow compared to observations. On days with precipitation, a daily wet bias of 0.3 

mm/day was found between WRF-CTRL and station observed precipitation. Li et al. (2019) 

reported even higher wet biases of 0.5-0.9 mm/day in WRF-CTRL for the Canadian Prairies 

compared to ANUSPLIN, so the smaller bias found here was promising 

Under projected future climate conditions, simulated by WRF-PGW, the SCRB is predicted to 

warm significantly (5.5 ⁰C) and receive more precipitation (44 m/year or 9%), while insignificant 

decreases in wind speed, relative humidity, and incoming solar radiation are predicted. WRF-

PGW represents the business-as-usual or “worst-case” scenario under RCP8.5 and the climate 

change signal is derived from the ensemble mean projection of Global Climate Model outputs 

from the Coupled Model Intercomparison Project Phase 5 (CMIP5, Taylor et al., 2012). Others 

have found comparable warming and precipitation increases under RCP8.5 using outputs from 

the Canadian Regional Climate Model version 5 (CRCM5) and CMIP5. Muhammad et al. (2018) 

showed 4.8 ⁰C of warming in the Upper Assiniboine River basin (UARB, adjacent to the SCRB) 

towards the end of 2070 with CRCM5, while CMIP5 showed temperature increases greater than 

5 ⁰C in most months in the Canadian Prairies towards the end of the 21st century (Li et al., 2019). 

These projected temperature increases are somewhat greater than historical trends reported 

across Western Canada in the last 50 years, where mean annual temperatures have risen between 

1.5 and 3 ⁰C (DeBeer et al., 2015). Greater projected temperature increases to the end of the 21st 

century compared to a 50-year historical period can, however, be expected due to the longer 

projected period and a “worst-case-scenario” climate change perturbation. A projected increase 

in precipitation for the SCRB was more than predicted by Li et al. (2019) for the Canadian 

Prairies, however a shift to higher intensity rainfall events matched their projections. The study 

presented in this chapter found precipitation increased every month except July and August. 

Outputs from CRCM5 and CMIP5 have shown similar increases in precipitation (particularly 

rainfall) through winter and spring (Muhammad et al., 2018; Li et al., 2019); however, both 

models showed decreased precipitation in June when WRF-PGW continued to show increased 

precipitation in the SCRB. Extremely intense rainfall in June in the SCRB significantly impacted 

hydrological simulation results in this chapter and led to over-estimated summer streamflow 

peaks and volume compared to observations during the current climate period. As such, WRF 

simulated summer rainfall was an important source of error in this study.    

Large simulated hydrological changes occurred in the SCRB in response to projected future 

climate change. Mean annual rainfall increased by 75 mm or 19%, while snowfall decreased by 

32 mm or 27%. Warmer temperatures and greater rainfall increased evapotranspiration by 36 

mm or 9%, which corresponded with projected increases in evapotranspiration due to climate 

change across the PPR by others (Bonsal et al., 2017; Carter Johnson et al., 2016). Less snowfall 

and warmer winter temperatures decreased peak SWE across all land cover types, with basin 
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average peak SWE decreasing by 23 mm or 44%. This decrease in peak SWE equates to an 8% 

decrease per ⁰C temperature increase, which matched projections by Spence et al. (2021) for high 

elevation grassland basin types across the Canadian Prairies. Reduced snowfall and warmer 

temperatures also decreased blowing snow transport to wetlands and sublimation losses during 

wind transport. Peak SWE in wetlands decreased by 39 mm or 47%, indicating wetlands are 

particularly sensitive to warming temperatures, which was also noted by Spence et al. (2021). 

Basin-wide blowing snow sublimation losses decreased by 7 mm or 54%. Snow-cover duration 

decreased by 36 days, however, melt rate also decreased 20% or 0.22 mm/day. A lower melt rate 

could be due to slightly lower projected incoming solar radiation in March and April, but is also 

influenced by complex interactions of precipitation, air temperature and albedo decay. Less snow 

accumulation and a longer melt period resulted in reduced risk of spring flooding in the SCRB, 

with spring peak discharge projected to decrease by 1.43 m3/s or 34%. Decreased spring peak 

discharge was also projected in the UARB (Muhammad et al., 2018) and presumably across the 

Prairies were peak SWE has been shown to decrease significantly in response to warmer 

temperatures (Spence et al., 2021). Summer peak discharge increased by 8.82 m3/s or 161% due 

to a few extreme rainfall events in June under PGW that flooded the road at the basin outlet. 

Mean annual streamflow volume increased by 26%, while streamflow inter-annual variability 

increased substantially in response to greater inter-annual variability in winter rainfall and 

extreme summer rainfall. This increase in streamflow volume corresponds with projections by 

Spence et al. (2021) that streamflow would increase with increasing temperature and 

precipitation in eastern portions of the Canadian Prairies but contrasts projected decreases in 

streamflow in the UARB by Muhammad et al. (2018) using CRCM5 for projected future climate 

conditions.  

Dumanski et al. (2015) investigated hydrological regime changes in the SCRB between 1942 and 

2014 using observed data. They found no change in mean annual air temperature, but significant 

increases in mean monthly air temperature in March (3.5 ⁰C), June (1.1 ⁰C), and September (2.1 

⁰C), respectively, suggesting that historical changes in measured air temperature are less than 

projected future changes. Historical changes in measured air temperature were also more evident 

in spring and summer, while future climate projections suggest that greatest warming will occur 

in the winter (7 ⁰C). Dumanski et al. (2015) found that rainfall fraction of precipitation increased 

from 68% to 78% in the SCRB – a trend that is projected to continue in the future, as rainfall 

fraction of precipitation is projected to increase from 78% to 85% over the next century. 

Historically, measured rainfall increased significantly in March (3 mm), May (28 mm), June (34 

mm) and October (9 mm). Future climate projections suggest that a similar pattern of increased 

rainfall will continue, but with additional winter rainfall. Average measured snow-cover duration 

was historically 128 days (using 10 mm threshold), with the snow-free date shifting from April 9 

to March 26. In the future, snow-cover duration is projected to last 130 days and the snow-cover 
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depletion shifting from April 24 to April 7, using the same 10 mm threshold for simulated basin 

average SWE. In the last half-century, decreasing snowfall and increasing rainfall in the SCRB 

has shifted the hydrological regime from snowmelt-driven to rainfall-driven, while streamflow 

volume simultaneously increased 14-fold from 1975 to 2014, indicating that the basin was 

particularly sensitive to increasing rainfall (Dumanski et al. 2015). The study presented here 

suggests that the SCRB will remain sensitive to inter-annual variations in rainfall, but that future 

increases in streamflow volume will be far less than historical increases (mean annual 

streamflow is projected to increase just 26% towards the end of the 21st century). It is difficult to 

predict from the study conducted in this chapter whether the SCRB will experience greater 

flooding in the future than has been observed, given that WRF-CTRL simulated precipitation 

output severely overestimated observed summer precipitation in several years, which led to high 

model bias in simulated summer streamflow volumes.  

Wetland drainage expansion and wetland restoration scenarios explored in this chapter had a 

similar influence on streamflow volumes and peak seasonal discharge to that reported in other 

hydrological modelling studies of the PPR. As expected, wetland drainage expansion increased, 

and wetland restoration decreased mean annual streamflow volume and peak seasonal discharge 

under current and future climate conditions. Predicted changes in annual streamflow volume 

loosely followed an inverse linear relationship with wetland area fraction (of total basin area) in 

the SCRB. Under both current and future climate conditions, every percent change in wetland 

area fraction (WAF%) caused an approximately 3.5% change in mean annual cumulative 

streamflow volume. A previous study in the SCRB suggested that under current climate 

conditions, wetland drainage expansion would increase annual streamflow volume by 5.0% per 

percent decrease in WAF and that wetland restoration would decrease annual streamflow volume 

by 3.1% per percent decrease in WAF (Pomeroy et al., 2014). The higher predicted change in 

response to wetland drainage expansion in the previous study was likely due to over-estimated 

wetland storage capacities in that study, which are discussed in detail in Chapter 4. Slightly 

higher predicted change in response to wetland restoration in the study presented here could be 

due to the use of a historical wetland areas derived from a hypothetical “1958 DEM” rather than 

air-photo derived wetland areas, which were used in the previous study. Relative to other studies 

of the impact of wetland drainage on streamflow volume in the PPR, the predicted 3.5% increase 

in streamflow volume per percent decrease in WAF found in this chapter falls towards the lower 

end of previously reported values. In Nose Creek, AB, Pipestem Creek, ND, and Pipestone 

Creek, SK, wetland drainage expansion has been predicted to increase mean annual streamflow 

volume by 1.5%, 1.7%, and 17%, respectively (Ameli and Creed, 2019; Evenson et al., 2018; 

Perez-Valdivia et al., 2017). Results from these previous studies vary by choice of hydrological 

model, wetland delineation method and simulation period. At Pipestem and Pipestone Creeks, 

SWAT models and air-photo delineated wetlands were used to simulate drainage scenarios, 
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however they used different methods of calculating wetland storage capacities and represented 

wetlands using different model structures. At Pipestem Creek, wetlands were represented nearly 

explicitly in the model and storage capacities were estimated using a 10-m resolution DEM. At 

Pipestone Creek, wetlands were represented using a single “hydrologically equivalent wetland” 

(HEW) HRU and storage capacities were estimated using the Wiens (2001) equations. Using a 

HEW HRU to represent wetlands in Pipestone Creek likely influenced the higher predicted 

change in annual streamflow volume in that basin, but different simulation periods between these 

studies also played a role. The Pipestem Creek simulation ran over a relatively wet period in the 

PPR (2008-2013), while the Pipestone Creek simulation ran over a relatively dry period in the 

PPR (1997-2009). The latter would therefore be expected to show greater sensitivity to wetland 

drainage. At Nose Creek, AB an advanced coupled groundwater-surface water model with 

explicit wetland representation and wetland storage capacities estimated from a 1m-resolution 

LiDAR DEM (Ameli et al., 2019) was used. The advanced spatial representation of wetlands in 

this model could influence a lower predicted response to wetland drainage, however the model 

was only run during a single high-flow season in 2013, which further explains a dampened 

response to drainage. Relative to other studies of the impact of wetland restoration on streamflow 

volume in the PPR, the predicted change in this chapter is somewhat lower than previously 

reported values. In Broughton’s Creek, MB and in the Vermillion River Basin, AB wetland 

restoration was predicted to decrease mean annual streamflow volume by 9% per percent 

increase in WAF (Yang et al., 2010; Pomeroy et al., 2012). In these studies, WAF was only 

increased by 2.5% and 1.5% in each basin, respectively, and model periods (1990-1994 and 

2006-2009, respectively) were relatively dry compared to the 15-year period used in this chapter 

(2000-2015). In summary, results presented in this chapter regarding the influence of wetland 

management on streamflow volume are somewhat more reliable than previously reported values 

due to using a longer model period that included periods of drought and flooding in addition to 

using a model with advanced cold regions process representations and improved wetland 

delineation methods.  

Compared to other studies that reported peak discharge increases or decreases in response to 

complete wetland drainage or restoration, respectively, the changes presented in this study were 

generally lower for drainage and about the same for restoration. Non-linear relationships 

between percent change in peak discharge and WAF were found in this study, with higher rates 

of drainage or restoration producing larger changes in peak discharge. For complete wetland 

drainage scenarios, some studies have reported peak discharge increases of approximately 20% 

per percent decrease in WAF (Perez-Valdivia et al., 2017; Pomeroy et al., 2014), while Ameli et 

al. (2019) reported an increase of only 1.5% per percent decrease in WAF. The largest increase 

in peak discharge reported in this chapter was a 2.4% increase in spring peak discharge per 

percent decrease in WAF under current climate conditions. For full wetland restoration 
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scenarios, others have reported peak discharge decreases of approximately 2.5% (Pomeroy et al., 

2014) to 5.6% (Yang et al., 2010) per percent increase in WAF. In this chapter, full restoration 

decreased spring peak discharge by 2.4% and summer discharge by 5.0% per percent increase in 

WAF under current climate conditions. While there are several reasons why individual basins 

may respond differently to complete wetland drainage or restoration – including variations in 

wetland characteristics, wet or dry model periods, and/or differences in topography – the 

addition of reservoir routing and culvert-controlled streamflow using a SWMM hydraulic model 

in this chapter likely dampened peak discharge rates during wetland drainage expansion 

scenarios compared to other studies that used only hydrological models. Here, a single culvert 

controlled SWMM reservoir was used to represent culvert restricted flow that in reality occurs 

throughout the SCRB. The location of this reservoir at the basin outlet effectively dampened 

changes in peak flow that may have occurred upstream in the basin. In some ways, this storage 

reservoir may produce more realistic estimates of the effect of wetland drainage expansion on 

peak flows because it includes the influence of culverts restricting flow. In other ways, using a 

single large reservoir at the basin outlet rather than several smaller reservoirs located throughout 

the basin, which would be a more realistic representation of the influence of culverts on 

streamflow in the SCRB, likely over-corrected peak flows. The range of results noted above 

capture the fact that estimating the influence of wetland drainage expansion or wetland 

restoration on peak flows is incredibly challenging due to varying basin characteristics, different 

available model periods, and fluctuating climate change impacts that occur across the PPR. 

Nonetheless, estimating the influence of wetland drainage expansion or wetland restoration on 

peak flows is an important element of policy development as peak flows can significantly impact 

downstream water quality (Baulch et al., 2021) and infrastructure. 

Prior to the study presented in this chapter, only one other study has investigated the influence of 

both climate and wetland drainage on streamflow in the Canadian Prairies or PPR. Muhammad 

et al. (2018) used a modified version of the SWAT model forced with CRCM5 (RCP 4.5 and 

8.5) to investigate the impacts wetland drainage expansion and climate change in the UARB. 

Their results suggested climate change would have a greater influence on future hydrological 

changes in the UARB than a complete loss of wetlands. Unfortunately, Muhammad et al. (2018) 

only simulated wetland loss of approximately 1% in the UARB due to low resolution wetland 

delineation techniques (Muhammad et al., 2019). In the study presented in this chapter, climate 

change is projected to increase mean annual streamflow volume by 26%. Wetland drainage 

below approximately 9% of basin area or wetland restoration beyond approximately 23% of 

basin area was projected to change mean annual streamflow volume by greater than 26%. As 

such, the potential exists for wetland management to have a greater influence on streamflow 

volume in the SCRB than climate change – contrary to previous findings by Muhammad et al. 

(2019) for the UARB of which the SCRB is part. This is an important result for wetland policy 
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development in the PPR. Results presented here suggest wetland restoration targets in excess of 

20% WAF in all sub-basins would be required to maintain current mean annual streamflow 

volumes in the SCRB towards the end of the 21st century. This is potentially a realistic policy 

goal for the SCRB that is informed by historical wetland areas, but not dependant on air-photo 

interpretation of historical wetland areas which could be affected by moisture conditions at the 

time of aerial survey. By expressing predicted changes to streamflow characteristics with respect 

to wetland area fraction in this study, the results presented here become more easily 

generalizable to other basins in the PPR. It is important to note that the influence of continued 

drainage or future restoration of wetlands at varying distances from the main stream channel was 

not explored in this study. Ameli et al. (2019), recently found that wetlands closest to the main 

stream network may be more effective at attenuating peak discharge during a high runoff event 

in Nose Creek, AB, suggesting that wetland mitigation policy efforts could also benefit from 

targeting preferred locations for wetland retention or restoration. Finally, the study presented in 

this chapter was purely focussed on the hydrological implications of wetland management and 

climate change in the SCRB. It is recognized that sound wetland mitigation policy development 

in the PPR also considers the need to retain a range of wetland sizes to support species and 

habitat biodiversity (Baulch et al., 2021).  

Additional limitations in this study arise from the use of a single climate model that projected 

warmer and wetter future conditions in the SCRB. Other regional climate models have been 

shown to project cooler and drier conditions for the Canadian Prairies compared to WRF outputs 

(Bonsal et al., 2017), which could lead to reduced streamflow volumes and fewer negative 

impacts from wetland drainage expansion in the SCRB but could also lead to greater incidence 

of drought and reduced groundwater recharge. Inter-annual variability in WRF-CTRL simulated 

precipitation (at times 145% of observations) presented challenges for hydrological model 

performance. Despite this issue, the high spatial (4 km) and temporal (1hr) resolution of WRF 

outputs used in this study represent some of the best available forcing data for hydrological 

change analysis in cold regions, where small scale processes like convective precipitation and 

blowing snow redistribution are important. The conceptual nature of wetland representation in 

CRHM was a minor limitation in this study in that wetland changes were applied to small areas 

and the results were scaled-up, however this type of wetland representation has been shown to 

accurately simulate wetland spill-and-fill dynamics (Shook et al., 2013) and provided 

computational efficiency in the hydrological model. Future land use change aside from wetland 

management was not considered in this study but would be expected as the agriculture industry 

is quick to adapt to new challenges. Finally, the SCRB is located along the north-eastern fringe 

of the Canadian Prairies in the Aspen Parkland Ecoregion. This area has unique topography and 

climate compared to the rest of the Prairies, which means the results of this study may not be 

widely applicable to the rest of Canadian Prairies where the climate is generally drier, soils are 
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lighter and wetlands fewer. However, with appropriate adjustments to the CRHM hydrological 

model, the experiment conducted in this chapter could be expanded across the PPR using the 

“virtual basin” method recently developed by Spence et al. (2021).   

6.9 Conclusion 

A physically-based prairie hydrological model built using the CRHM platform was used to 

investigate the influence of climate change and wetland management on streamflow in the Smith 

Creek Research Basin (SCRB), Saskatchewan, Canada under current and future climate 

conditions. Bias-corrected WRF-CTRL and WRF-PGW weather variables at 4 km resolution 

were used as forcing to represent current (2001-2015) and projected future (2086-2100) climate 

conditions, respectively. Warmer projected air temperature (5.5 C) and increased precipitation 

(44 mm or 9%) fueled significant hydrological change in the SCRB – rainfall increased (19%), 

snowfall decreased (27%), evapotranspiration increased (9%), sublimation decreased (57%), and 

streamflow increased (26%). Reduced snowfall and warmer winter temperatures decreased peak 

SWE (44%) across the basin and restricted blowing snow transport to wetlands, where peak 

SWE declined by 47%, suggesting wetlands could be more sensitive to climate change than other 

land-cover types. Snow-cover duration declined by 36 days, but lower melt rates (20%) and 

reduced peak SWE generated lower (34%) peak spring discharge in the future. Increased rainfall 

amount, combined with more extreme multi-day rainfall events produced higher (161%) summer 

peak discharge; however, WRF-CTRL precipitation showed high inter-annual variability 

compared to observed precipitation and occasionally over-estimated annual precipitation by up 

to 143%, which reduced the reliability of WRF precipitation outputs and caused large model bias 

in summer streamflow simulations.  

With streamflow volume projected to increase by 26% under future climate conditions, wetland 

restoration to approximately 23% of the basin area will be required to maintain current 

streamflow volumes in the future. Unfortunately, projected increases in summer peak discharge 

under future climate conditions cannot be offset by wetland restoration and projected decreases 

in spring peak discharge cannot be reversed through wetland drainage expansion. The inability of 

wetland restoration to offset projected summer peak discharge in the future means that additional 

infrastructure upgrades or emergency response plans beyond wetland mitigation policies may be 

needed in the Canadian Prairies to avoid disastrous outcomes from future extreme rainfall events. 

A roughly linear relationship between wetland area fraction (of basin area) and predicted change 

in annual streamflow volume was established. Each percent increase or decrease in wetland area 

fraction is predicted to decrease or increase mean annual streamflow volume, respectively, by 

approximately 3.5% under both current and future climate conditions. By establishing a general 

relationship between wetland area fraction and potential change in streamflow volume, the 
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results presented in this chapter may be widely applicable in basins across the PPR and are 

relevant to wetland mitigation policy development underway in the Canadian Prairies.  

Previous hydrological modelling studies have reported broad ranging impacts of wetland 

drainage expansion or restoration on streamflow throughout the PPR due to varying basin 

characteristics, wetland delineation methods, hydrological models, and simulation periods. 

Results of the study presented in this chapter are expected to be somewhat more reliable than 

previous estimates of the impact of wetland drainage expansion on streamflow in the PPR due to 

a longer (15-year) simulation period over which results were averaged, using a hydrological 

model with advanced wetland representation and cold-regions specific hydrological processes, 

and applying that model in a basin with relatively high wetland density compared to the rest of 

the PPR, which offered a wide range of change scenarios. If warmer and drier trends continue in 

the western and central Prairies, streamflow in those regions is expected become somewhat more 

sensitive to wetland drainage or restoration than the results reported here due to downward 

trending streamflow volumes. To further explore the influence of wetland management on 

streamflow characteristics across the PPR and thus better understand how the impacts of wetland 

management may vary spatially across the region, a “virtual basin” type experiment could also 

be conducted using the methods presented here with appropriate adjustments to the hydrological 

model.  
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7 CONCLUSIONS, DISCUSSION, and FUTURE WORK 

7.1 Conclusions  

The research presented in this thesis advanced prairie hydrological modelling in three distinct 

ways. First, surface water storage capacity estimates for depressional wetlands in an 

agriculturally-dominated prairie basin were improved through manual breaching of roads in a 

high-resolution LiDAR DEM. Second, a revised prairie hydrological model was developed with 

improved representation of wetland characteristics, the ability to run continuously across the 

study period, and a novel link to external reservoir routing to account for channelized and culvert 

restricted streamflow, which is common in prairie basins. Third, the revised model was used to 

evaluate the influence of various wetland management scenarios and one projected climate 

change scenario on the hydrological responses of a prairie basin. The new methods, analysis, and 

results presented in this thesis are expected to be relevant to those interested in wetland 

management in cold-region prairie basins, including policy makers, basin stewardship groups, 

conservation organisations, water resources engineers, agriculture producers and the public.  

The above-noted advancements in prairie hydrological modelling are aligned with the main 

objectives of this thesis. The following research questions were identified in the literature review 

and subsequently addressed in the main chapters of this thesis using a case study approach.   

1) What effect do culverts and/or bridges have on wetland depression storage capacity 

estimates from a high-resolution DEM in an agriculturally dominated prairie basin? 

2) How do wetland depression storage capacity estimates from a high-resolution DEM 

compare with storage capacity estimates of air-photo derived wetlands? 

3) How can an existing prairie hydrological model be improved or modified to incorporate 

wetland depressions delineated from a high-resolution DEM, with the goal of using the 

model to evaluate wetland management scenarios? 

4) What is the impact on model results if wetlands are parameterized using wetland 

depressions from a high-resolution DEM versus when wetlands are parameterized using 

wetlands from air-photo interpretation? 

5) How might projected future climate change influence the hydrology of wetland 

dominated prairie basins? 

6) What is the impact of wetland drainage and/or restoration on prairie streamflow 

generation under current and future climate conditions? 



195 

 

In Chapter 4, a foundational component of prairie hydrological modelling was investigated – 

wetland delineation. Research presented in Chapter 4 addressed the first objective of this thesis 

and answered research questions 1 and 2. A new depression filling algorithm, lidar (Wu et al., 

2019), was used to delineate wetland depressions from 10-m and 2-m resolution DEMs with 

roads left intact and from a 2-m resolution DEM with roads breached at known and assumed 

culvert locations. Results from the SCRB indicated that increasing DEM resolution had minimal 

effect on wetland depression area or storage capacity estimates, but that road breaching reduced 

wetland depression area and storage capacity estimates by 29 and 47 percent, respectively. This 

revealed a likely over-estimation of wetland surface water storage capacities in other prairie 

hydrological models where culverts were not accounted for when storage capacities were 

estimated from DEMs. Depressional wetlands delineated from a 2-m DEM with roads breached 

were shown to more accurately represent the size distribution of wetlands that exist in prairie 

basins compared to air-photo delineated wetlands – identifying thousands more temporary and 

ephemeral wetlands, covering 48 percent more area, and providing 53 percent more surface 

water storage capacity than air-photo delineated wetlands. Although the methodology used to 

delineate wetland depressions in Chapter 4 was not particularly novel, the results were, as this 

was the first attempt at quantifying the potential impact of artifact depressions (i.e., those that 

form behind roads during automated depression delineation when in reality a culvert exists) on 

prairie depressional wetland area and storage capacity estimates from a high-resolution DEM.  

In Chapter 5, the Cold Regions Hydrological Modelling (CRHM) platform was used to revise an 

existing, physically-based Prairie Hydrological Model of SCRB. Research presented in Chapter 

5 addressed the second objective of this thesis and answered research questions 3 and 4. The 

revised model improved upon previous hydrological modelling research conducted at the SCRB 

in the following ways: 1) wetland areas and surface water storage capacities were parameterized 

using depressional wetlands delineated from the 2-m resolution roads-breached DEM described 

in Chapter 4, 2) soil parameters were updated to ensure appropriate frozen soil infiltration when 

a new module was added to support continuous (i.e., multi-year) model runs, 3) a new macro was 

written to prevent soils from re-freezing after large snowfall events in the late spring, and 4) 

CRHM-simulated streamflow was routed through a culvert controlled reservoir using the Storm 

Water Management Model (SWMM). Additional reservoir routing in SWMM was perhaps the 

most exciting innovation in Chapter 5 as it offered a method of representing channelized and 

culvert restricted streamflow in prairie basins, which is a typical prairie streamflow pattern due 

to the presence of grid roads, but one that has proven challenging to simulate with hydrological 

models alone. In Chapter 5, optimal reservoir capacity was found to be similar to the non-

wetland storage capacity that was removed from the basin during wetland delineation, 

confirming that transient surface water storage in roadside ditches and along the main stream 

channel controlled by culverts plays an important role in prairie hydrology. A second version of 
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the revised model was built with wetlands parameterized using air-photo delineated wetlands 

from Chapter 4. Comparing results from both models revealed that the version built with air-

photo delineated wetlands over-estimated peak and cumulative discharge compared to the 

version parameterized with depressional wetlands from the 2-m roads-breached DEM due to 

underestimated total wetland area and surface water storage capacity in the version with air-

photo delineated wetlands. This result highlighted the importance of capturing the complete size 

distribution of wetlands that exist in prairie basins in prairie hydrological models.  

In Chapter 6, the CRHM-SWMM model built in Chapter 5, using wetland depressions delineated 

in Chapter 4, was employed to evaluate the influence of wetland management scenarios under 

current and future climate conditions. Research presented in Chapter 6 addressed the third 

objective of this thesis and answered research questions 5 and 6. Meteorological outputs from the 

dynamically downscaled, convection permitting Weather Research and Forecasting (WRF) 

model were used at 4-km resolution to evaluate the hydrological responses of the SCRB to 

climate change. A “pseudo-global-warming” approach (Li et al., 2019) was used in WRF to 

project future climate conditions under emissions scenario RCP8.5. WRF simulated weather 

variables agreed well with station observations, although bias correction was used to remove 

small cold and wet biases. Unfortunately, WRF simulated summer precipitation showed extreme 

inter-annual variability and occasional over-estimation of rainfall compared to station 

observations. This led to over-estimated summer streamflow from the hydrological model and 

reduced confidence in the actual amounts of predicted change in streamflow. Despite this issue, 

WRF projected trends in precipitation were determined to be useful for predicting future 

hydrological trends in the SCRB. A warmer and wetter future climate was projected, with more 

rainfall and less snowfall – resulting in lower peak SWE, shorter snow-cover duration, less 

blowing snow sublimation, slightly earlier spring streamflow timing, and greater 

evapotranspiration. Wetlands were found to be particularly sensitivity to climate change due to 

reduced snow transport into wetland depressions, which could have future implications for 

groundwater recharge. Mean annual cumulative streamflow increased by 26%, but spring peak 

discharge decreased by 34% and summer peak discharge increased by 161%. Predicted changes 

in hydrological regime for the SCRB corresponded with historical changes documented by 

Dumanski et al. (2015), confirming that the SCRB is likely to continue shifting towards more 

rainfall-driven streamflow in the future.  

To evaluate the influence of wetland management on prairie streamflow generation, a series of 

wetland drainage and restoration scenarios were derived for the SCRB. As expected, wetland 

drainage caused increases in cumulative annual and seasonal peak streamflow discharge, while 

wetland restoration caused decreases. An approximately linear inverse relationship was found 

between wetland area fraction (of basin area) and percent change in mean annual cumulative 
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streamflow volume, which could offer a general guideline for predicting the impact of various 

wetland management policies in prairie basins. Under both current and future climate conditions, 

mean annual cumulative streamflow volume was predicted to increase or decrease by 

approximately 3.5% per decrease or increase in wetland area fraction, respectively. Using this 

general relationship, wetlands would need to be restored to 23% of the basin area in the SCRB to 

maintain current streamflow volumes in the future. Wetland drainage was found to cause greater 

increases in cumulative annual streamflow volume than projected future climate when wetland 

area dropped below 9% of the basin area, suggesting that wetland management could have a 

greater influence on streamflow volume than climate change in the future. Unfortunately, 

projected increases in summer peak discharge in the future could not be offset by wetland 

restoration and projected decreases in spring peak discharge could not be offset by wetland 

drainage. Peak spring and summer discharge rates were disproportionally affected by draining 

larger wetlands and increasing wetland sizes, respectively, suggesting that larger wetlands may 

play a more important role in peak flow attenuation than smaller wetlands. Results presented in 

Chapter 6 could be generally applicable across the PPR and are therefore expected to inform 

wetland mitigation policy development in the Canadian Prairies. With appropriate adjustments to 

the hydrological model and methods presented in Chapter 6, a “virtual basin” type experiment 

could also be conducted to explore the influence of wetland management on streamflow 

characteristics across the PPR. 

In summary, each chapter of this thesis advanced prairie hydrological modelling in a unique way 

and the results presented herein are expected to inform wetland mitigation policy development in 

the Canadian Prairies. A case study of the Smith Creek Research Basin was used to refine 

wetland delineation methods and prairie hydrological modelling tools, however the results 

obtained using those new methods and tools may be broadly applicable across the Canadian 

Prairies. If warmer temperatures and higher intensity rainfall events continue as projected, 

greater wetland retention and restoration will be needed to mitigate potentially damaging affects 

on prairie water supplies and infrastructure. It is recognized that the work presented in this thesis 

is focused entirely on the hydrological responses of a prairie basin to wetland management and 

climate change and that other responses must also be considered in developing effective wetland 

mitigation policies, including impacts to water quality, species biodiversity, and the economy.  

7.2 Discussion 

In this thesis, steps were taken to improve wetland identification and representation in a prairie 

hydrological model (Objectives 1 and 2) so that the movement and storage of water throughout 

prairie basins could be more accurately simulated, thus providing better predictions of the impact 

of wetland change on streamflow generation under current and future climate conditions 

(Objective 3). Each chapter presented in this thesis built upon work completed in the previous 
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chapter – providing a comprehensive overview of the key components required to build a 

physically-based prairie hydrological that captures important prairie hydrological processes and 

is suitable for use in evaluating the influence of climate change and wetland management on 

prairie hydrology. Each chapter offered important contributions to prairie hydrological research 

and/or prairie hydrological modelling as outlined in the above section. These advancements 

followed two general themes: 1) improve the tools used for prairie hydrological modelling 

research, and 2) advance our understanding of prairie hydrology using those tools. While there is 

still much that is unknown in prairie hydrology – and as prairie hydrology continues to change 

under shifting climate conditions and anthropogenic influence – the work presented in this thesis 

offers new knowledge regarding wetland delineation in heavily modified prairie landscapes, a 

revised physically-based prairie hydrological model with advanced representation of wetland 

characteristics, a novel link between a hydrologic and hydraulic model to better simulate culvert 

restricted streamflow in prairie basins, and new knowledge of the potential influence of wetland 

drainage and/or restoration on streamflow generation in the future.  

The main purpose of this thesis was two-fold. First, to determine the influence of wetland 

drainage and climate change on prairie basin hydrology. Second, to develop future wetland 

management strategies that preserve agricultural land and mitigate downstream impacts during 

wet periods in the PPR. Significant progress was made on the primary purpose of this thesis. 

Wetland drainage was found to increase streamflow volume and seasonal peak discharge, with 

increases in streamflow volume loosely following a linear relationship with decreases in wetland 

area and vice versa. As such, results from this thesis join a growing body of research confirming 

that wetland drainage increases streamflow volume and peak discharge rates due to lost surface 

water storage capacity and greater opportunity for channelized flow. Compared to streamflow 

increases predicted using a “worst-case-scenario” climate model projection, wetland drainage 

could have less, more, or similar influence on streamflow in the future, depending on the level of 

drainage conducted. In the study basin, mean annual streamflow volume was predicted to 

increase 26% under future climate conditions, whereas complete wetland drainage under current 

climate conditions increased mean annual streamflow volume up to 51%. To maintain current 

mean annual streamflow volumes in the future, wetland restoration to approximately 23% of the 

basin area will be required. Conversely, wetland drainage below approximately 9% of the basin 

area could increase mean annual streamflow volume more than projected future climate 

conditions. The level of wetland restoration required to maintain current streamflow volumes in 

the future is less than the estimated historical wetland area for the study basin of 28%, which 

suggests that wetland restoration could have more impact of future streamflow volumes that 

climate change. Unfortunately, projected changes in spring and summer peak discharge in the 

study basin in response to climate change could not be offset by wetland drainage or restoration, 

respectively, suggesting that climate change will have more influence on peak flows than 
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wetland management in the future. These are important discoveries for wetland policy 

development in the Canadian Prairies. Understanding that wetland restoration policies will not 

completely offset projected increases in peak summer discharge rates, which could potentially 

cause widespread flooding and infrastructure damage, is a key piece of information for decision 

makers. Appreciating that wetland restoration can significantly reduce peak streamflow 

discharge rates and mean annual flow volumes when setting wetland restoration or retention 

goals in the Prairies is critical but understanding that additional infrastructure upgrades and/or 

emergency responses will also be needed to mitigate the impacts of climate change in prairie 

basins and on downstream waterbodies is equally important.    

The secondary purpose of this thesis was perhaps a lofty mission, as developing wetland 

management strategies for the PPR is a complex task concerning a diverse group of stakeholders. 

The idea of “preserving agricultural land” was meant to recognize the importance of maintaining 

agricultural productivity in the Prairies, where agriculture is a critical economic driver. It is well 

documented in scientific literature that wetland drainage increases streamflow volume and peak 

discharge, however there is less research on the complexities of wetland restoration and the 

strategic ways in which wetlands can be restored without causing unnecessary economic burden 

on either individual agriculture producers or taxpayers who fund local infrastructure projects. 

Where previous hydrological modelling research on wetland restoration used basin-wide scaling 

of existing wetland areas to achieve targets based on historical air-photos, the study presented in 

this thesis used a series of sub-basin specific wetland restoration targets that were informed by 

historical wetland areas but also included smaller wetland sizes that are typically missed during 

air-photo interpretation of wetlands (i.e., wetlands less than 2,000 m2). This method targeted 

wetland restoration in sub-basins with extensive drainage first, which offers a reasonable 

approach to wetland restoration policy. Recent work by others (Evenson et al., 2018; Shook et 

al., 2021) suggests that prioritising restoration of large wetlands could offer greater attenuation 

of peak flows, with increasing effectiveness as wetlands closer to the main stream network 

(Ameli and Creed, 2019) or the basin outlet (Shook et al., 2021) are restored. While this specific 

wetland restoration scenario was not evaluated in this thesis, it is recommended as a future 

wetland mitigation policy direction in the Canadian Prairies. Pursing a combination of minimum 

wetland area fraction targets at sub-basin scales (~50-80 km2) and incentivising restoration of 

large wetlands near main stream networks could offer a reasonable balance between “preserving 

agricultural land” and mitigating the impacts of flooding through wetland restoration. Of course, 

an effective wetland mitigation policy will require evaluation and optimization of potential trade-

offs between the ecosystem services wetland provide and the socioeconomic costs of wetland 

retention or restoration in prairie basins.  
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Research presented in this thesis was focussed exclusively on the hydrological implications of 

wetland management and climate change. This was necessary to limit the scope of work and 

achieve meaningful progress in prairie hydrological modelling and research, however it is 

important to recognize that future wetland policy and/or wetland management strategies in the 

PPR must also consider water quality, biodiversity, and socioeconomic impacts (Baulch et al., 

2021). It is well documented in scientific literature that wetlands provide important ecosystems 

services in the PPR, including improved downstream water quality and diverse species habitat. 

Wetlands improve downstream water quality by retaining and recycling nutrient-rich runoff that 

can be harmful to downstream waterbodies in large quantities. While focussing wetland 

restoration projects on large wetlands might retain the most runoff volume, doing so could harm 

species biodiversity by homogenizing available habitat (McLean et al., 2020). Again, this brings 

forward the important role of evaluating socioeconomic trade-offs in developing wetland 

management strategies. For example, wetland drainage can have financial benefits for some 

individual farmers, while other farmers or the public incur costs downstream; and conversely, 

wetland restoration may have financial costs for some individual farmers, while other farmers 

and/or the public benefit downstream (Dias and Belcher, 2015). Evaluating these trade-offs and 

how they vary spatially and temporally within specific basins is needed to advance wetland 

mitigation policy development but was beyond the scope of this thesis.  

Due to the use of a case study approach in this thesis, the results presented herein do not reflect 

all possible outcomes from wetland drainage or restoration across the Canadian Prairies or the 

PPR. However, since predicted changes in streamflow characteristics were related to percent 

changes wetland area fraction (of basin area) the results may be very generalizable. Decision 

makers can potentially use the relationships between wetland area fraction and percent change in 

streamflow volume or peak discharge to assess risk-reward trade-offs between wetland drainage 

or restoration in basins throughout the Canadian Prairies. It will be important to estimate the 

current and potentially restorable wetland area fractions of various basins, to then understand if 

wetland restoration or drainage could significantly impact streamflow characteristics. Where 

LiDAR survey data is available, wetland delineation from a high-resolution DEM with roads 

breached at culvert locations will offer the best estimate of the current wetland area fraction. 

Where LiDAR survey data is not available, Canadian Wetland Inventory data can be used to 

estimate current and historical wetland areas with appropriate adjustments to account for small 

wetlands (less than 2000 m2) that are typically excluded from the dataset or if surface moisture 

conditions were particularly low during aerial photo collection periods. Since the SCRB is in the 

Aspen Parkland ecoregion or in the recently classified Pothole Till ecozone (Wolfe et al., 2019), 

which spans across a large portion of the eastern prairies excluding southern Manitoba, results 

presented in this thesis are expected to be most applicable to basins in these ecoregions or 

ecozones. Wetland drainage or restoration can be expected to generate similar upward or 
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downward trends in streamflow volume and peak discharge, respectively, in other portions of the 

Canadian Prairies, however variations in climate and wetland characteristics could influence the 

sensitivity of basins in the central and western Prairies to wetland drainage or restoration.  

Climate projections for the eastern prairies suggest a historical trend towards warmer air 

temperatures, higher intensity and longer duration rainfall, and increased streamflow (Dumanski 

et al., 2015; Shook and Pomeroy, 2012; Whitfield et al., 2020) will continue towards the end of 

the 21st century (Li et al., 2019). In the central and western Canadian Prairies, where annual 

streamflow volume is trending downward (Whitfield et al., 2020), climate models suggest 

continued warming will occur alongside minimal changes in annual precipitation amount but 

with more extremely intense summer rainfall events (Li et al., 2019). Recent hydrological 

modelling of the impacts of climate change in the central and western Prairies (Spence et al., 

2021; Zhang et al., 2021) agree that wetlands will be disproportionately impacted by climate 

change compared to other land use types. However, Spence et al. (2021) predicted drying of 

wetlands in the western prairies, while Zhang et al. (2021) predicted wetlands will become more 

persistent. These differences are due to different strategies for representing climate change and 

the use of different hydrological models. Spence et al. (2021) used a delta change method to 

simulate future climate scenarios (i.e., uniform changes to historical daily air temperature and 

precipitation records) and Zhang et al. (2021) used high-resolution dynamically-downscaled 

climate conditions from WRF with a pseudo-global-warming perturbation representing RCP8.5 

or the “worst-case-scenario” for future climate conditions. While Spence et al. (2021) used a less 

sophisticated climate change methodology, they developed a CRHM model with far greater cold-

regions hydrological process representations compared the Noah-MP model used by Zhang et al. 

(2021), which under-represents blowing-snow redistribution and intermittent runoff which can 

contribute significantly to wetland water balances. Results presented in this thesis also predict 

that mean annual wetland pond depths will decline slightly in the eastern Prairies, confirming 

predictions by Spence et al. (2021) for the central and western Prairies and extending those 

predictions to the entire Canadian Prairies. If warmer air temperatures continue in the central and 

western Prairies without increases in annual precipitation amount, streamflow in those regions 

could become more sensitive to changes in wetland area and wetland restoration may become 

more important for groundwater recharge and species habitat rather than for flood attenuation 

due to overall drier conditions. Conversely, if warmer air temperatures and greater rainfall 

intensity continue in the eastern Prairies, streamflow in this region could become slightly less 

sensitive to wetland drainage due greater risk of extreme flooding. Wetland restoration may 

therefore become more important for flood attenuation in the eastern Prairies compared to the 

western and central Prairies.  
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Throughout this thesis, several benefits of using a physically-based CRHM hydrological model 

forced with WRF atmospheric weather variables to simulate hydrological change in the SCRB 

were identified. Briefly, the CRHM platform offers process-based representations of cold-

regions specific hydrological processes like blowing snow redistribution, energy-balance 

snowmelt, and infiltration into frozen soils, while WRF provides dynamically downscaled, high-

resolution, physically connected weather variables that are critical for driving physically-based 

hydrological models like those built using CRHM. Some limitations of this approach included 

streamflow routing challenges in CRHM, which were addressed through parameter calibration 

and development of a CRHM-SWMM modelling approach, and lack of multiple future climate 

scenarios from WRF due to high computational demands. Uncertainties in future climate 

projection from WRF were minimized by perturbing WRF by the ensemble mean projection 

from CMIP5 global climate model outputs for the future scenario. Uncertainties in the simulated 

hydrological change between current and future climate scenarios were also minimized by 

comparing mean annual values across the 15-year simulation period. While there were some 

notable overpredictions of rainfall in the WRF simulation for the current period compared to 

observations, which produced larger than observed summer streamflow, the relative magnitude 

of change that occurred between hydrological variables between current and future climate 

periods was highly valuable and informative in this study. The work presented in this thesis 

using a physically-based CRHM-SWMM-WRF approach to predict future hydrological change 

in the Canadian Prairies represents an important step forward in prairie hydrological modelling. 

The revised CRHM hydrological model developed in this thesis for the SCRB can also be easily 

modified to represent basins across the Canadian Prairies, thus enabling further development of 

the “virtual-basin” approach that was recently used to assess the influence of climate change on 

hydrology in the central and western Prairies (Spence et al., 2021). Expanding the capabilities of 

the “virtual-basin” modelling approach to include evaluations of wetland drainage or restoration 

scenarios and driving the “virtual-models” with WRF simulated weather variables could provide 

advanced predictions of the influence of climate change and wetland management across the 

Canadian Prairies.   

In summary, it is unlikely that a “one-size-fits-all” wetland management strategy will work 

broadly across the PPR, due to wide ranging variations in geography, current and projected 

climate change, and stakeholder needs. The hydrological modelling research conducted in this 

thesis suggests that wetland restoration may be needed in prairie basins with extensive drainage 

to reduce peak discharge rates and annual streamflow volumes. Unfortunately, wetland 

restoration may not be enough to reduce projected future streamflow peaks to current levels, 

which means that additional infrastructure upgrades or emergency response plans beyond 

wetland mitigation policies may be needed in the Canadian Prairies to reduce flood risk during 

extreme rainfall events. Wetland restoration or retention targets based on fractional basin areas 
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and incentives to prioritize restoring or retaining wetlands near stream networks, however, will 

dampen peak flows and annual streamflow volumes and are therefore recommended as future 

wetland management strategies in the Canadian Prairies. Several questions remain unanswered 

regarding wetland restoration, including restoration costs and the willingness of various 

stakeholders and levels of government to work together in achieving greater levels of wetland 

restoration. Nonetheless, this dissertation offers new tools and information that support progress 

towards developing effective wetland management strategies and/or polices in the PPR.  

7.3 Future Work 

Several opportunities to advance prairie hydrological modelling and prairie hydrology research 

were identified in this thesis. Recommendations for future work are as follows.  

In Chapter 4, identifying culverts and manually breaching roads in the DEM to represent those 

culverts was an important limitation. The process was time consuming and subject to human 

error even though reasonable efforts were made to perform the road breaching systematically. 

Given LiDAR surveys are becoming more accessible and DEMs are being used more frequently 

to aid prairie hydrological model set up, it is suggested that culvert inventories also be diligently 

collected in conjunction with LiDAR surveys in the Prairies. This is seen as the easiest path 

forward in accurately modifying DEMs of prairie basins prior to depression delineation, however 

further research into automated road breaching algorithms is also warranted. At present, 

algorithms exist to breach roads at stream crossings (i.e., Whitebox GAT; Lindsay, 2016), but 

fine-scale stream network data to support the use of such tools is typically not available in prairie 

basins. The use of least-cost path DEM breaching algorithms is interesting as they can enforce 

drainage paths through roads, but they also breach depressions in the process, which is 

undesirable for depression identification. Perhaps there is a solution in first using least-cost path 

algorithms to identify fine-scale stream networks and then using that network to breach only 

roads. This option was briefly explored outside of the work reported in this thesis, but several 

road breaches occurred at locations that did not match known culvert locations, so manual road 

breaching was carried through as the best option at the time. Lindsay and Duhn (2015) suggested 

that with an inventory of known real depressions, their breaching algorithm could be modified to 

preserve those features, so perhaps that is an option to explore further as well. Recent advances 

in wetland identification using high-resolution satellite imagery (Vanderhoof and Lane, 2019) 

show promise for improving wetland delineation across the complete size distribution that exists 

in the PPR, so perhaps pairing wetlands delineated through those methods with a modified 

breaching algorithm could offer improved wetland storage capacity estimates in prairie basins.  

In Chapter 5, a few limitations in prairie hydrological processes representation in CRHM were 

noted that could benefit from further exploration and/or refinement. The frozen soil infiltration 
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algorithm of Gray et al. (1985) was found to under-predict snowmelt infiltration in the SCRB. 

Since Gray’s routine is in an empirical formula based on research in west-central Saskatchewan, 

under-estimated snowmelt infiltration in CRHM was partially attributed to greater snow 

accumulation in the eastern Prairies. Gray’s routine is also based on the pre-melt soil moisture 

content of the top 300 mm of soil, but in CRHM the pre-melt soil moisture is calculated from the 

entire soil column. This could lead to higher pre-melt soil moisture conditions than the empirical 

formula requires, resulting in lower snowmelt infiltration into frozen soils and higher meltwater 

runoff. Further evaluation of Gray’s frozen soil infiltration routine by others suggest deep soil 

cracks and tillage practices can influence frozen soil infiltration rates (Pomeroy et al., 1990), 

however little research has occurred on this subject in the Canadian Prairies since widespread 

adoption of conservation tillage practices. As such, further field-based research at sites with 

variable snow accumulation across the prairies is recommended along with improved modelling 

of infiltration into frozen soils that considers a range of soil types, land use, and tillage practices.  

In this thesis, groundwater/surface water interactions in wetlands were simulated using a one-

way approach. That is to say that surface water accumulating in wetlands was allowed to 

recharge groundwater, but that groundwater did not discharge to wetlands and was instead routed 

to streamflow. This conceptualization was based on a long-held assumption that 

groundwater/surface water interactions in prairie wetlands is negligible due to deep aquifers and 

low hydraulic conductivity of glacial till soils (Hayashi and van der Kamp, 2009). Recent 

research by Brannen et al. (2015) suggests that during wet conditions wetlands are more likely to 

receive groundwater discharge from shallow or perched groundwater aquifers. The disparity 

between simulated and observed wetland pond levels in Chapter 5 indicated that there is a need 

to incorporate two-way groundwater/surface water interactions in CRHM. It is hypothesized that 

this can be achieve rather simply in CRHM by assigning wetland HRUs as location of 

groundwater discharge using “gwwhereto” parameters. Additional long term wetland monitoring 

sites in the Aspen Parkland ecoregion, where wetland drainage is most intense, would also 

support better understanding groundwater/surface water interactions in prairie basins and provide 

data against which new simulation results can be compared.   

A novel link between a hydrological model and a hydraulic model was explored in Chapter 5 by 

routing CRHM simulated streamflow through a simple culvert-controlled reservoir in SWMM. 

This combined hydrologic/hydraulic model demonstrated great promise for future streamflow 

modelling in the prairies and potentially uncovered a critical component for accurate streamflow 

simulations in this highly modified environment. In this application, a single culvert-controlled 

reservoir was used to replace transient surface water storage capacity that was removed from 

along roadside ditches and the main stream channel during depressional wetland delineation and 

to better simulate culvert restricted flow at the basin outlet. Future applications of a coupled 
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CRHM-SWMM model could explore routing sub-basin or field scale runoff generated in CRHM 

through a SWMM model with more detailed representation of installed ditches and culverts. 

Given that climate change projections showed greater potential for rainfall runoff in the future in 

the SCRB, this type of modelling could be useful for evaluating the impacts of extreme rainfall 

on existing infrastructure and/or for designing more resilient infrastructure that can withstand the 

impact of future extreme precipitation events. Further developing this coupled model approach 

could be useful at a range of scales, from individual culvert design to strategizing key locations 

for basin-scale streamflow retention.  

In Chapter 6, a single future climate scenario was used to simulate potential hydrological change 

in the study basin. A pseudo-global-warming approach, using mean projections from the 19-

member ensemble of GCMs in CMIP5 under a high-end emissions scenario (RCP8.5), was used 

to perturb the dynamically-downscaled 4-km resolution WRF model. While this approach 

provided physically consistent weather variables, which is critical for driving physically-based 

hydrological models (Pomeroy et al., 2015), the method is computationally intensive and 

requires significant technical expertise. By using only one future climate scenario in this study, 

there was no quantification of uncertainty in climate projections and no consideration of other 

possible emissions scenarios. Further research to quantify uncertainty in climate projections is 

warranted, particularly with regard to precipitation data as there was significant inter-annual 

variability in the WRF precipitation data used in this study. There were also several rainfall 

events that were over-predicted in WRF compared to field observations, signalling that 

representation of both single day convective storms and multi-day frontal systems continues to 

be a challenge in high-resolution atmospheric models. In closing, the IPCC also recently released 

the Sixth Assessment Report (AR6), which considered a new generation of emissions scenarios 

called Shared Socioeconomic Pathways (SSP). These emissions scenarios are expected to 

include more plausible climate futures based on current and future energy-policy decisions 

(Peters and Hausfather, 2020). New climate projections from more than 40 GCMs are now 

available through the sixth generation Coupled Intercomparison Modelling Project (CMIP6). 

Future works should incorporate these projections. 
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APPENDIX A – Supplementary material for Chapter 3 

 

 

Figure A-1 SCRB basin boundary, roads, and locations of rainfall (SCR), water level (LR), 

hydrometeorology (SC) and streamflow (SG) observations (Pomeroy et al., 2010).   
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Table A-1 Soil moisture and vegetation survey data. 

 

Land 

Cover 

Volumetric soil moisture (%) Vegetation height (m)  

Site 

22 Oct 

2007 

23 Oct 

2008 

24 Oct 

2011 

22 Oct 

2007 

23 Oct 

2008 Comments 

LR.3 Stubble 38.1  57.3* 0.0  very sparse stubble with 5-15 

cm height 

LR.3 Wetland 68.3*   1.4  shrub and bush near wetland 

LR.6 Stubble 25.1 29.7  0.2 0.2 
moderately dense standing 

stubble (wheat) 

LR.6 Wetland 135* 59.1*  1.2 1.4 bush near wetland 

SC.1 Stubble 22.1  26.6 0.2  sparse standing stubble 

(canola) 

SC.1 Woodland 22.1 25.7 20.9 10.0 10.0 trees with grass underneath 

SCR.2 Stubble 24.8   0.0  cultivated stubble with bare 

ground 

SCR.2 Grassland 32.8   0.5  dense grassland on the edge 

of Governor's Lake 

SCR.2 Woodland 29.3   10.0  
clay soil, moderately dense 

trees, 2-3 m high bush and 

grass underneath 

SCR.4 Grassland 22.8 46.3 42.7 0.4 0.4 
dense grassland surrounding 

wetland, rocks at 40cm soil 

SCR.4 Wetland 45.2 45.5 34.8 0.7 1.7 
tall grass and shrubs (shrubs 

not included in 2007) 

SCR.6 Stubble 31.4 39.5 31.6 0.3 0.0 
sparse standing stubble 

(2007), bare field (2008) 

SCR.6 Grassland 30.5  42.0 0.4  dense grassland near drained 

wetland 

SCR.6 Wetland 226*  35.7 1.8  drained wetland with bush on 

the edge of pond 

SCR.7 Grassland 35.3 58.8*  0.4 0.5 
clay soil, grassland in the 

DUC conservation land 

SCR.7 Woodland 31.3  43.7 10.0  trees in the DUC 

conservation land 

SCR.9 Stubble 20.3   0.0  cultivated stubble with bare 

ground 

SCR.10 Stubble 22.9 30.9  0.0 0.2 

Cultivated stubble with bare 

ground (2007), some 

standing stubble (2008) 

*Indicates measurement error (soil moisture > porosity). Error likely due to organic materials 

volatilizing during sample drying at 105ºC or due to misclassified soil texture type during field 

survey.  
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Table A-2 Manual wetland pond depth measurements. 

 

a Average of LR-2 to LR-7 on Oct 15, 2008 is used as measured below-water-surface wetland 

pond depth for volume estimation in Chapter 4.  

 

 

 Wetland pond depth (cm) 

Site LR-1 LR-2 LR-3 LR-4 LR-5 LR-6 LR-7 

Date        
08/17/2007 -- 26.8 26.5 -- -- -- -- 

08/22/2007 58.9 27.5 28.7 -- 16.5 32 36.3 

10/23/2007 48.8 14.9 11.9 -- 4.1 -- 23.3 

04/30/2008 -- 22.1 37.6 47.7 -- 79.7 38.2 

05/05/2008 -- 19 32.5 44.5 -- 61 35.5 

05/06/2008 84 -- -- -- -- -- -- 

05/14/2008 89 17 22.8 40 -- 46 41.5 

05/21/2008 87.2 14 19.5 37.5 -- 28 29.5 

05/28/2008 88.5 12 19.5 38 22 28 29.5 

06/04/2008 87 9.7 18 36.5 20 26.7 27.5 

06/10/2008 88.5 13 19 39.5 22 27 30 

06/13/2008 92.5 16.5 23 43 26.5 33 35 

06/19/2008 90.7 15 19.7 42.5 25 29 36 

06/26/2008 91 16 18.5 42.5 25 30 37 

07/03/2008 89 10.5 14 40 22 26 35 

07/08/2008 86.5 10 12 37.5 20 24 32.5 

07/16/2008 90 14 15 40 21.5 27 34.5 

07/23/2008 96 25 29 45 42 33 43 

07/31/2008 110.5 35 50 47.5 53.5 130 43 

08/06/2008 128 32 49 45.5 51 128 39 

08/14/2008 111 40 53 59 49 115 42 

08/20/2008 97 36.5 48.5 56 45 92 48 

08/28/2008 95 37 50 54 44 85 42 

09/04/2008 109 36.5 47 55 43 79 42 

09/10/2008 117.5 37 47 53 42 71 40 

09/17/2008 121 35 43 51 40 61 38 

09/24/2008 121 32.5 39 48.5 38 58 36 

10/01/2008 119 31 37 46 36 53.5 34 

10/08/2008 117 31.5 37 46 36 55 34 

10/15/2008a 115 33.5 40 47 38 55 37 

10/22/2008 116 33 39 46 37 53 36 

11/05/2008 74 -- -- -- -- -- -- 
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Figure A-2 Continuous water level measurements in designated wetlands. Note: LR6 is 

connected to LR1 (Government Lake) via 18 inch culvert. Figure shows backwater connection. 

 

Table A-3 Maximum area of wetlands with water level recorders in 2007/2008.  

Location LR-1 LR-2 LR-3 LR-4 LR-5 LR-6 LR-7 

LiDAR area  (m2) 281,060 22,268 21,144 24,232a 24,508 147,004 7,548 

DUC area (m2) 358,892 na 7,751 2,979 86,936 260,382 84,687 

a LR-4 LiDAR area is for a cluster of 4 connected depressions that flow into the DUC wetland 
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Table A-4 Measured snow water equivalent (SWE) across 18 transects in 2008, 2009, 2011, and 2012.  
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Date                   

02/07/2008 33 65 55 25 72 23 56 78 38 53 35 103 46 45 25 47 29 105 

02/28/2008 46 70 92 51 118 40 75 129 50 49 32 116 63 75 32 58 35 315 

03/20/2008 46 79 52 45 109 38 64 140 50 47 28 128 70 75 17 62 36 380 

04/11/2008 29 92 0 19 88 42 50 139 20 17 7 176 21 86 0 59 17 -- 

04/12/2008 11 75 0 9 70 31 32 109 8 10 5 142 4 79 0 33 9 -- 

04/13/2008 3 55 0 3 52 18 7 99 0 2 0 132 0 51 0 5 0 -- 

04/14/2008 0 34 0 0 36 0 0 85 0 0 0 81 0 29 0 0 0 -- 

02/05/2009 46 70 63 37 96 50 53 64 49 53 60 109 65 43 54 62 48 73 

03/03/2009 70 112 105 69 131 81 79 91 93 72 77 142 95 77 78 102 69 167 

03/20/2009 69 125 110 58 119 82 79 85 86 70 86 160 90 88 66 96 64 192 

040/3/2009 38 84 0 19 107 59 47 105 72 26 33 160 53 82 17 83 12 -- 

04/05/2009 35 76 0 8 94 47 36 95 64 18 29 153 42 72 8 73 9 -- 

04/07/2009 13 68 0 3 85 23 15 87 52 4 14 131 26 58 4 60 2 -- 

04/09/2009 1 49 0 0 0 11 0 69 0 0 0 75 6 40 1 28 0  -- 

03/18/2011 -- -- -- 110 -- -- -- -- -- -- -- -- 126 143 -- -- -- -- 

03/19/2011 117 102 89 -- 85 -- -- -- -- 72 101 121 -- -- -- 87 106 141 

03/20/2011 -- -- -- -- -- 124 64 131 -- -- -- -- -- -- 60 -- -- -- 

04/06/2011 83 84 140 102 109 132 73 193 74 69 119 136 92 136 0 71 95 336 

04/08/2011 95 97 0 100 79 116 52 226 54 -- -- -- -- -- -- -- -- -- 

04/09/2011 -- -- -- -- -- -- -- -- -- 66 58 97 77 153 -- 38 89 -- 

04/11/2011 70 59 -- -- -- -- -- -- 24 0 45 0 52 102 -- -- -- -- 

04/12/2011 -- -- -- 44 0 -- -- -- -- -- -- -- -- -- -- 0 69 -- 

04/14/2011 -- -- -- 30 -- 86 -- 275 -- -- -- -- -- -- -- -- -- -- 

04/15/2011 59 0 -- -- -- -- -- -- -- -- -- -- 38 189 -- -- -- -- 

03/13/2012 -- -- 101 -- -- -- -- -- 97 85 68 224 79 96 -- -- -- -- 

03/14/2012 -- -- -- 59 -- 73 73 93 -- -- -- -- -- -- -- 88 72  -- 
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APPENDIX B – Supplementary material for Chapter 5 

 

CRHM-SC2021 Module Configuration 

Table B-1 Module configuration and descriptions for the Prairie Hydrological Model. 

No. Module name Description 

1 Basin Holds commonly used physical and control parameters 

2 Radiation  Calculates theoretical global radiation, direct and diffuse solar 

radiation, and maximum sunshine hours based on latitude, elevation, 

ground slope and azimuth (Garnier and Ohmura, 1970). Provides 

inputs for sunshine hour, EBSM, and net all-wave radiation modules. 

3 Observation Reads meteorological forcing data. Adjusts temperature with 

environmental lapse rate and precipitation with elevation and wind- 

undercatch. Estimates precipitation phase.  

4 Crop growth 

(macro)* 

Simulates linear crop growth from emergence to maturity and assigns 

stubble height when crop is harvested. 

5 Sunshine hours Estimates sunshine hours from incoming short-wave radiation and 

maximum sunshine hours. Provides inputs for EBSM, and net all-

wave radiation modules. 

6 Walmsley’s 

windflow 

Adjusts wind speed due to local topographic features using 

Walmsley et al (1989). Provides adjusted wind speed to the PBSM 

module.  

7 Long-wave 

radiation 

Estimates incoming long-wave radiation from air temperature and 

atmospheric transmittance, which is estimated from short-wave 

radiation and theoretical global radiation (Sicart et al., 2010). 

Provides input for EBSM module.  

8 Canopy Estimates snowfall and rainfall intercepted by forest canopies, 

updates sub-canopy snowfall and rainfall, and calculates sub-canopy 

short-wave and long-wave radiation and turbulent transfer of melting 

snow (Ellis et al., 2010). Includes option for open or forested 

environments.  

9 Net all-wave 

radiation 

Calculates snow-free net all-wave radiation from incoming short-

wave radiation (Granger and Gray, 1990). Provides input to 

Evaporation module for snow-free conditions.  

10 Prairie blowing 

snow model 

(PBSM) 

Simulates wind-induced sublimation and transport of snow between 

HRUs during the winter period (Pomeroy and Li, 2000).  
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11 Albedo Estimates snow albedo during winter and snowmelt periods (Gray 

and Landine, 1987). Indicates the beginning of melt for EBSM 

module.  

12 Energy-balance 

snowmelt model 

(EBSM) 

Simulates snowmelt on the Canadian Prairies by calculating the 

energy balance of net radiation, sensible heat, latent heat, ground 

heat, advection from rainfall, and change in internal energy of the 

snowpack (Gray and Landine, 1988).  

13 Evaporation  Estimates actual evapotranspiration from unsaturated surfaces (i.e., 

crops, grasslands, and forests) using the Penman-Monteith method 

(Monteith, 1965) with a Jarvis-style stomata resistance formulation 

(Verseghy, 1991). Estimates evaporation from saturated surfaces 

(i.e., wetlands and stream channels) using the Priestley and Taylor 

(1992) expression.  

14 Prairie-

Infiltration 

Estimates snowmelt infiltration into frozen soils based on fall soil 

moisture content and remaining snowpack water equivalent (SWE) 

(Gray et al., 1985). Estimates rainfall infiltration into unfrozen soils 

based on soil texture and ground cover (Ayers, 1959). Both 

infiltration routines link to soil moisture content in the soil module.  

15 Prevent-Refreeze 

(macro)* 

Prevents the frozen soil routine in the Prairie-Infiltration module 

from initializing during large spring snowfall events (>25 mm). See 

Section 5.5.2 for discussion and Appendix B for macro code.  

16 Soil Calculates the soil moisture balance, groundwater storage, subsurface 

and groundwater discharge, depressional storage, pond storage, and 

runoff for control volumes of two soil layers, a groundwater layer 

and surface depressions (Fang et al., 2010).  

17 Volumetric Calculates volumetric soil moisture content from variables in the Soil 

module on a particular date prior to ground-freeze. Provides input for 

the frozen soil routine in the Prairie-Infiltration module. 

18 Routing Routes runoff between HRUs and sub-basins using the Muskingum 

method, which is based on a variable discharge-storage relationship 

(Chow, 1964). Routes subsurface and groundwater flow using 

Clark’s lag and route algorithm (Clark, 1945). Runoff and/or flow 

from one HRU may be distributed to multiple downstream HRUs. 

*Macros are short scripts written into CRHM project files. They are not part of the CRHM 

module library. Instead, users write them for specific modelling purposes.  
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Prevent Refreeze Macro 

'Prevent_Refreeze' 

'declparam, Enable_Prevent_refreeze, NHRU,"[0]", 0, 1, "0 - not enable prevent refreeze, 1 - 

enable prevent refreeze", ()' 

'declparam, JPrevent_refreeze_Start, NHRU,"[121]", 1, 366, "start Julian day for prevent 

refreeze", ()' 

'declparam, JPrevent_refreeze_End, NHRU,"[274]", 1, 366, "end Julian day for prevent 

refreeze", ()' 

'declputvar, *, snowinfil, (mm/d)' 

'declputvar, *, meltrunoff, (mm/d)' 

'declgetvar, *, snowmeltD, (mm/d)' 

'command' 

'if(Enable_Prevent_refreeze[hh])' 

'  if(JULIAN > JPrevent_refreeze_Start[hh] && JULIAN < JPrevent_refreeze_End[hh])' 

'    if(snowmeltD[hh] > 0.0)' 

'      snowinfil[hh] = snowmeltD[hh]' 

'      meltrunoff[hh] = snowmeltD[hh] - snowinfil[hh]' 

'    endif' 

'  endif' 

'endif' 

'end' 
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Depression and wetland areas of the 46 representative depressions and wetlands by sub-

basin for the DEM and CWI model versions, respectively 

 

Figure B-1 Depression HRU areas by sub-basin for the DEM version CRHM-SC2021. 
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Figure B-2 Wetland HRU areas by sub-basin for the CWI version of CRHM-SC2021.  
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Sub-region simulations and scaling factors 

Following Pomeroy et al. (2014), a sub-region of each sub-basin was simulated and the resulting 

streamflow was scaled-up to represent sub-basin streamflow. Sub-region areas were calculated as 

the sum of the selected 46 wetland HRU areas plus adjusted non-wetland HRU areas. Non-

wetland HRU areas were adjusted to maintain the actual ratio of non-wetland to wetland areas in 

each sub-basin. A scale factor was calculated for each sub-basin based on the ratio of sub-region 

area to actual sub-basin area. The scale factor was then applied to the simulated sub-region 

streamflow to produce sub-basin streamflow. Equations B-1 to B-5 describe how sub-basin 

streamflow was calculated based on the scale factor applied to the simulated sub-region 

streamflow.  

𝐴𝑤𝑒𝑡𝑙𝑎𝑛𝑑_𝑆𝑅 = ∑ 𝐴𝑤𝑒𝑡𝑙𝑎𝑛𝑑

𝑛=46

𝑛=1

                                               [𝐵 − 1] 

where 𝐴𝑤𝑒𝑡𝑙𝑎𝑛𝑑_𝑆𝑅is sub-region wetland area and 𝐴𝑤𝑒𝑡𝑙𝑎𝑛𝑑 is the area of each wetland to be 

simulated in the sub-region (46 total). 

𝐴𝑛𝑜𝑛_𝑤𝑒𝑡𝑙𝑎𝑛𝑑_𝑆𝑅 =  ∑ (
𝐴𝑛𝑜𝑛_𝑤𝑒𝑡𝑙𝑎𝑛𝑑_ℎ𝑟𝑢

𝐴𝑤𝑒𝑡𝑙𝑎𝑛𝑑_ℎ𝑟𝑢
 ∗ 𝐴𝑤𝑒𝑡𝑙𝑎𝑛𝑑_𝑆𝑅)ℎ𝑟𝑢=6

ℎ𝑟𝑢=1                       [B-2] 

where 𝐴𝑛𝑜𝑛_𝑤𝑒𝑡𝑙𝑎𝑛𝑑_𝑆𝑅 is the non-wetland area of the sub-region, and 𝐴𝑛𝑜𝑛_𝑤𝑒𝑡𝑙𝑎𝑛𝑑_ℎ𝑟𝑢 and 

𝐴𝑤𝑒𝑡𝑙𝑎𝑛𝑑_ℎ𝑟𝑢 are actual non-wetland and wetland HRU areas delineated above for each sub-

basin. There are six non-wetland HRUs – road, cropland, grassland, woodland, ditch, and river.  

𝐴𝑠𝑢𝑏_𝑟𝑒𝑔𝑖𝑜𝑛 = 𝐴𝑛𝑜𝑛_𝑤𝑒𝑡𝑙𝑎𝑛𝑑_𝑆𝑅 +   𝐴𝑤𝑒𝑡𝑙𝑎𝑛𝑑_𝑆𝑅                                 [𝐵-3] 

where 𝐴𝑠𝑢𝑏_𝑟𝑒𝑔𝑖𝑜𝑛 is the area of a simulated sub-region, 𝐴𝑤𝑒𝑡𝑙𝑎𝑛𝑑_𝑆𝑅 is the area of each of 46 

wetlands, and 𝐴𝑛𝑜𝑛_𝑤𝑒𝑡𝑙𝑎𝑛𝑑_𝑆𝑅 is the  

𝑆𝑐𝑎𝑙𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =  𝐴𝑠𝑢𝑏_𝑟𝑒𝑔𝑖𝑜𝑛 𝐴𝑠𝑢𝑏_𝑏𝑎𝑠𝑖𝑛⁄                                     [𝐵-4] 

where 𝐴𝑠𝑢𝑏_𝑏𝑎𝑠𝑖𝑛 is the area of a sub-basin. 

𝑄𝑠𝑢𝑏_𝑏𝑎𝑠𝑖𝑛 =  𝑄𝑠𝑢𝑏_𝑟𝑒𝑔𝑖𝑜𝑛  ×  𝑆𝑐𝑎𝑙𝑒 𝐹𝑎𝑐𝑡𝑜𝑟                                   [𝐵-5] 

where 𝑄𝑠𝑢𝑏_𝑏𝑠𝑠𝑖𝑛 is the streamflow from a sub-basin and 𝑄𝑠𝑢𝑏_𝑟𝑒𝑔𝑖𝑜𝑛 is the streamflow from a 

simulated sub-region.  
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Due to different selected depressions or wetlands in each model, sub-regions and scale factors 

varied between model versions. Table 5-4 provides a summary of sub-region areas and 

corresponding scale factors used to represent sub-basin streamflow generation in depression and 

wetland versions of SC2021. Sub-regions for the depression based model were significantly 

smaller than for the wetland based model due to significantly more small depressions than small 

wetlands in the SCRB (Chapter 4, Figure 4-5).  

Table B-2 Simulated sub-region areas, scaling factors for the DEM and CWI model versions. 

 DEM version CWI version 

Sub-

basin ID 

Sub-region 

area (km2) 

Scale 

factor 

Sub-region 

area (km2) 

Scale 

factor 

1 0.438 94.0 2.00 20.5 

2 0.282 118 1.53 21.7 

3 0.814 101 4.14 20.0 

4 0.553 116 1.87 34.4 

5 0.549 66.5 2.57 14.2 

6 0.349 149 3.00 17.3 

7 0.593 58.9 3.97 8.76 

8 0.531 75.9 4.10 9.84 

9 0.330 26.5 3.14 2.76 

 

Instructions for setting soil moisture parameters when using the Volumetric module 

In the “Volumetric” module, volumetric soil moisture is calculated as:  

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 = (
𝑠𝑜𝑖𝑙_𝑚𝑜𝑖𝑠𝑡

𝑠𝑜𝑖𝑙_𝐷𝑒𝑝𝑡ℎ
+

𝑤𝑖𝑙𝑡

1000
)            [𝐵-6] 

Where soil_moist is the soil moisture (mm) on a given date, soil_Depth is the depth of the soil 

profile from the soil surface to the bottom of the rooting zone (m), and wilt is the wilting point 

soil moisture for a given soil type (coded as 110 mm for loam soils in CRHM). The 

soil_moist_max parameter was updated as follows to reflect the addition of wilting point soil 

moisture when volumetric soil moisture content is calculated in CRHM.  

𝑠𝑜𝑖𝑙_𝑚𝑜𝑖𝑠𝑡_ 𝑚𝑎𝑥 = 𝑠𝑜𝑖𝑙_𝐷𝑒𝑝𝑡ℎ ∗ (𝑝𝑜𝑟𝑒 − 𝑤𝑖𝑙𝑡)/1000 [B-7] 

Where pore is the porosity of a given soil type (coded as 451 mm for loam soils in CRHM). If 

soil_moist_max is not updated when adding the “Volumetric” module to the CRHM-PHM, 
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volumetric soil moisture will be calculated too high, which then sets the fallstat variable too high 

and prematurely restricts frozen soil infiltration. Comments that clarify these definitions of 

soil_moist and soil_moist_max were added to the CRHM code in version 04/14/20.  

 

Mean flow path length and mean drainage channel lengths used to set route_L parameters 

for wetland HRUs in DEM and CWI model versions, respectively 

Table B-3 Mean flow path length between depressions and mean drainage channel length 

between wetlands by sub-basin. 

Sub-

basin 

Mean flow path 

length between 

depressions (m) 

Mean drainage 

channel length 

between wetlands (m) 

1 42.5 109 

2 40.3 135 

3 65.0 142 

4 45.0 140 

5 51.4 126 

6 54.9 132 

7 70.5 144 

8 57.6 122 

9 55.9 103 

 

Wetland shapes for measured depth adjustment to compare to simulated wetland depth  

      Simulated wetland pond depth 

       Measured wetland pond depth   

    

 

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝𝑜𝑛𝑑 𝑑𝑒𝑝𝑡ℎ = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝𝑜𝑛𝑑 𝑑𝑒𝑝𝑡ℎ/1.61 
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APPENDIX C – Supplementary material for Chapter 6 

 

Power-law relationships between wetland areas and storage capacities for each sub-basin 

from the 2008 DEM 

 

Figure C-1 Power law relationships between wetland area and volume by sub-basin from 2008 

DEM. 
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Equation to determine storage capacities for wetlands based on area 

Equation C-1 was used to determine storage capacities for wetlands from the “historical 1958 

DEM” based on wetland areas from the “historical 1958 DEM”.  

𝑙𝑛(𝑉𝑤1958,𝑠𝑏) = 𝑙𝑛(m) + b ∗ (𝑙𝑛(𝐴𝑤1958,𝑠𝑏))     [C-1] 

were b is the slope of the line in the logarithmic plot and m is the intercept.  

 

Bias-corrected WRF-CTRL cumulative annual precipitation for all sub-basins 

 

Figure C-2 Cumulative annual precipitation for all sub-basins from bias-corrected WRF-CTRL 

compared to observed cumulative annual precipitation. 

 


