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Abstract 

 The IPCC (Intergovernmental Panel on Climate Change) has predicted a median increase 

of 2.4 to 3.5 ℃ of median air temperature by 2100. The Arctic is predicted to be more severely 

affected due to arctic amplification, where higher latitudes are warming at a rate faster than the 

global mean. In Canada’s North, observed data are not readily available due to the remote nature 

of rivers, and accessibility issues. Therefore, modelling offers a solution as a way to estimate 

variables in remote locations. This project seeks to investigate the effects of climate change on 

stream temperature and river ice thickness in the Nelson–Churchill and Mackenzie River basins. 

These basins cover roughly one third of Canada and both drain to the Arctic Ocean.  

The Arctic HYPE model was used to model five climate scenarios from 1981 to 2070, 

continuously. The Mann–Kendall trend test was used to determine the stream temperatures and 

river ice thickness trends, based on pre–whitened yearly mean data. Overall, stream temperatures 

are expected to increase at a mean rate of 0.022 ℃/year, increasing more quickly in the southern 

portions of the study area, and disproportionately in the summer months, at an average rate of 

0.041 ℃/year. River ice thickness is expected to decrease at an average rate of 0.22 cm/year, and 

the number of days with river ice cover are expected to decrease at an average rate of 0.4 

days/year. Due to increases in stream temperature, cold–water fish species will likely thrive, 

which would result in disrupting the ecosystem balance. Ocean and major lake inflows are 

expected to increase in temperature, causing potential harm to ice cover, flora and fauna, and 

processes such as mixing and stratification in these areas. Ice roads will be affected by shorter 

frozen river seasons and an overall decrease in ice thickness. Remote communities, and in 

particular Indigenous communities, will be affected by the decrease in river ice as they 

disproportionately rely on ice roads for transportation. 
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1.0 Introduction 

 Climate change is a serious issue causing an increase in global temperatures and affecting 

the future of the Earth. The IPCC (Intergovernmental Panel on Climate Change) has recently 

predicted a global warming median increase of 2.4 to 3.5 ℃, with medium confidence (IPCC, 

2021). There is risk that the arctic will be more severely impacted climate change, due to a 

phenomenon known as arctic amplification (Serreze and Barry, 2011). Arctic amplification 

suggests the arctic is warming at a faster rate than the global mean, and that warming is 

increasing disproportionately at higher latitudes. This is of particular concern for Canada 

considering more than 40% of Canadian territory is classified as the Arctic (Stadnyk & Déry, 

2021). Zhang, et al. (2019) found that climate change projections suggest that the average 

temperature in Canada will increase by 2 – 6 ℃ by the late 21st century. 

Due to the strong relationship between air and water temperature (Liu, et al., 2005; Yang 

& Peterson, 2017), water temperatures are also expected to increase. This increase in water 

temperature is vital to understanding climate change impacts in Arctic regions. As stream 

temperatures increase, different aspects of the Arctic ecosystem will be affected, such as fish and 

ocean estuaries. Fish are directly affected since water temperatures dictate their growth and 

reproduction rates (Eaton & Scheller, 1996). As well, water temperature affects dissolved 

oxygen and the growth of aquatic plants, both of which fish rely on for survival. Changes in 

stream temperature will also affect ocean estuaries, and risk potentially increasing stratification 

in these areas and changing sea ice formation dynamics (Brink & Robinson, 2005). Furthermore, 

stream temperature affects sea surface temperature and will affect the formation and break-up of 
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sea ice. Both the Nelson–Churchill and Mackenzie River basins drain to the arctic ocean, as a 

result sea ice is expected to be affected.   

Increasing stream temperatures will also impact the growth and formation of river ice. Ice 

cover on rivers plays an important role in the hydrologic cycle. The presence of ice covers 

decreases flows and increases water levels, and during break–up the ice cover can cause flooding 

if the ice becomes piled up and rough, and forms an ice jam (Prowse & Beltaos, 2002). Ice 

covers also allow for the use of winter and ice roads, which northern communities rely upon as 

an economic mode of transportation for goods and services (Beltaos & Burrell, 2003; Derksen, et 

al., 2019).  

 Due to the remoteness of the Arctic and low population density, it is difficult to access 

and establish sampling locations to measure stream temperature and river ice thickness. 

Modelling can offer a solution because it allows for the estimation and prediction of data in areas 

that are not easily accessible. Through modelling and the use of global climate models for 

climate change predications, the effects of climate change can be analyzed over great regions, 

where data may not be as ready or accessible. This thesis seeks to use modeling as a way to 

analyze the effects of climate change on stream temperature and river ice thickness in the 

Nelson–Churchill and Mackenzie River basins, and to learn about the potential effects on fish 

populations, ocean and lake estuaries, and ice roads.  

1.1 Study Location 

The focus of this project is on the Nelson–Churchill and Mackenzie River basins, as seen 

below in Figure 1. 
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Figure 1: Map showing the study location in relation to North America 

 The Nelson–Churchill and Mackenzie River basins are two massive watersheds in 

Canada, that drain to the Arctic Ocean. They are both transboundary basins, and therefore they 

are subject to several transboundary water agreements that consider both the quality and quantity 

of water. Three of the most important agreements are the Prairies Provinces Water Board, the 

Boundary Waters Treaty, and the Mackenzie River Basin Transboundary Waters Master 

Agreement. The Nelson–Churchill River basin is subject to the Prairie Provinces Water Board, 

which ensures the water flowing through Alberta, Saskatchewan and Manitoba are equitably 

allocated and protected (PPWB, 2022). As well, the Nelson–Churchill River basin is subject to 

the Boundary Waters Treaty by the International Join Commission (IJC, 2022). This treaty 

promotes cooperation between Canada and the United States concerning waters that affect 

citizens of both countries. The Mackenzie River Basin is subject to the Mackenzie-NWT Master 



4 
 

Agreement which is committed to managing the maintenance of the ecological health of the 

watershed and the management of sustainable water allocation (Mackenzie River Basin Board, 

1997). This agreement is made between the governments of Canada, British Columbia, Alberta, 

Saskatchewan, the Northwest Territories, and the Yukon. 

Overall, the Nelson–Churchill and Mackenzie River basins cover a total area of 3.1 

million km2 in Canada, where the Mackenzie makes up for 1.8 million km2 and the Nelson–

Churchill makes up 1.3 million km2. This is an immense watershed area, however, hosts little 

population. The major cities within this region, host most of the region’s population, and are 

Winnipeg, Regina, Saskatoon Edmonton, Calgary, and Yellowknife. The total population of 

these cities is approximately 4.5 million, which accounts for 12% of Canada’s total population 

(Statistics Canada, 2016). Figure 2 below, shows Indigenous land in red, and shows the location 

of the major cities in the study domain, along with Gillam, which hosts a climate station. 

Indigenous reserve data was obtained from Natural Resources Canada (2022).  

Figure 2: Map of the study area highlighting significant cities and Indigenous land 
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The climate varies throughout the region, including the amount of snowfall and rainfall, 

and average daily temperatures, as summarized below in Table 1. All climate normal data was 

obtained from the Government of Canada Climate Normal data (Environment and Climate 

Change Canada, 2022a).  

Table 1: 1981–2010 Climate normal summary for four climate stations in the study area 

 Winnipeg A Gillam A Calgary A Yellowknife A 
Latitude 49°55’00” N 56°21’27” N 51°06’50” N 62°27’46” N 
Average Daily Temperature 
(℃) 

3 –3.7 4.4 –4.3 

Daily Average Temperature 
July (℃) 

19.7 15.8 16.5 17.0 

Daily Average Temperature 
January (℃) 

–16.4 –24.4 –7.1 –25.6 

Annual Rainfall (mm) 418.9 315.3 326.4 170.7 
Annual Snowfall (mm) 113.7 221.2 128.8 157.6 

  

The large study area passes through many different landscapes. The land classification in 

the study area can be seen below in Figure 3.  

Figure 3: Land classification in the study area 
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 Figure 3 highlights the vast changes in landscape throughout the study area. In the south 

of Alberta, Saskatchewan, Manitoba, and the north of North Dakota and Minnesota, the area is 

largely grasslands and herbaceous cover, and hosts a lot of agricultural practices. Throughout 

much of the rest of the study area, primarily needle leaved forests are present, mixed with some 

wetlands, bodies of water, broadleaved forests, and mixed forests. In the north–east of the area, 

and north of great bear lake and Yellowknife, areas of sparce vegetation exist. Of note are the 

areas with wetlands. These wetland areas are significant for the overall hydrologic cycle, and for 

winter road construction, as the winter roads will not only have to be built over lakes and rivers, 

but also over the wetlands.  

The hydrology of both river basins is characterized by a general flow from south to north, 

with discharge locations into the Arctic Ocean and into the Hudson Bay (also an Arctic basin). 

Therefore, water flows from warmer regions to colder regions. This is significant during the 

freeze–up and break–up processes of ice cover. Freeze–up will begin sooner at higher latitudes, 

and water from lower latitudes will continue to flow northward, slowing flows and causing 

potential backwater effects (Beltaos & Prowse, 2009). This is more dangerous in the spring, 

causing potentially more violent river ice break–up; flows are much higher due to increasing 

southern spring runoff, which exert pressures on more northern river reaches that are still ice 

covered, and can encourage the formation of ice jams (Prowse & Beltaos, 2002). Ice jams are 

significant because they can store water, which can cause overland flooding, and can form and 

be released very quickly and unexpectedly, causing the stored water to surge downstream.  

In the study area, water flows through four major lakes: Lake Winnipeg, Lake Athabasca, 

Great Slave Lake, and Great Bear Lake. All of these lakes host and support local flora and fauna 

and are important to the traditional livelihood of many First Nations and Métis communities. 
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These lakes support commercial and angling fisheries that add to local economies through 

recreational spending and commercial sales. In particular, Lake Winnipeg contributes 

significantly to the Manitoba economy. From 2016 to 2017, it is estimated that Lake Winnipeg 

has contributed $221 million in direct spending by anglers, $102 million to the Gross Domestic 

Product, $44.5 million in wages and $52 million in tax revenue to governments (Manitoba 

Wildlife Federation, 2018). Furthermore, Lake Athabasca is at the headwaters of the Peace–

Athabasca delta, which is a location of semi–regular ice jam flooding that the area relies on to 

replenish perched basins, making the lake ecologically significant (Rokaya, Das, & 

Lindenschmidt, 2017). 

1.2 Climate Change across the Study Domain 

 Climate change is affecting the study region and warming of air temperatures has already 

been reported. Zhang, et al. (2000) notes a mean annual temperature increase between 0.5 and 

1.5 ℃ in southern Canada. Vincent, et al. (2012) found that the annual mean surface air 

temperature has increased by 1.5 ℃ between 1950 and 2010. Vincent, et al. (2015) found 

significant trends in annual mean temperature ranging from 1 to 3 ℃ in Canada from 1948 to 

2012. The Arctic Monitoring and Assessment Programme (AMAP, 2021) found that the annual 

mean surface temperature in Canada is increasing at a rate three times as fast as the global 

average between 1971 and 2019. In the Mackenzie River basin, Vincent, et al. (2015) found that 

the greatest warming (4 – 6 ℃) in Canada over the last 65 years has occurred in Western 

Canada, in an area that includes the Mackenzie River basin, and some surrounding regions. 

Furthermore, warming trends in Canada has noted by the IPCC (2022) and Canada’s Changing 

Climate Report (Cohen, et al. 2019).   
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In the future, air temperature is expected to continue to increase (Cohen, et al. 2019; 

AMAP, 2021; IPCC, 2022), which will have effects on stream temperature and river ice 

thickness. In the Mackenzie River basin, Kuo, et al. (2020) found that air temperature will 

increase by 2.5 – 3.8 ℃ in the 2050s and by 4.5 – 6.9 ℃ in the 2080s. They also note that air 

temperature is projected to increase at a slightly faster rate at higher latitudes. The Nelson–

Churchill River basin is part of the larger Hudson Bay system, that is projected to see a mean 

warming of 3.9 ℃ by 2070 (Joly, et al., 2011). As well, Gagnon & Gough (2005) found that by 

2100, temperatures in the Hudson Bay are expected to increase by 3.9 – 4.5 ℃ for a 2 x CO2 

scenario. The warming trends observed and predicted in Canada, are expected to affect stream 

temperatures and river ice thickness.  

1.3 Previous Research on Stream Temperature and River Ice 

 Previous research on stream temperature has primarily focused on relatively small study 

areas. Ahmadi–Nedushan, et al. (2017) compared different statistical approaches to relate mean 

daily stream temperatures to air temperature on the Moisie River in Quebec. Caissie, El–Jabi & 

Satish (2001) modelled maximum daily stream temperatures in a small stream in New 

Brunswick, using a statistical model. Leach & Moore (2017) developed and tested a stream 

temperature model for a small headwater catchment near Vancouver. Some studies focus on 

watershed scales such as a study in the Yukon by Frabis, et al. (2020) or studying stream 

temperature in the north–west United States (Isaak, et al., 2017). However, these are still 

relatively small compared to the Nelson–Churchill or Mackenzie River basins. Very few studies 

have focused on stream temperature analysis over vast areas. Vincent, et al. (2015) analyzed how 

stream temperatures were changing in Canada due to climate change, from 1948–2012. van 

Vliet, et al. (2013) looked at the of climate change on global river flows and temperature and 
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predicted future global stream temperature increases of 0.8 – 1.6 ℃ by 2100. Overall, stream 

temperature is an under–studied parameter, and has primarily been studied at local to regional 

scales (not continental) and creating models that represent the region well. This study seeks to 

analyze future stream temperature trends on a very large scale to fill this gap of knowledge and 

learn more about impacts of stream temperature in the future on the Arctic draining basins of the 

Nelson–Churchill and Mackenzie River basins. 

 Research on river ice thickness has mostly focused on analyzing observed trends in the 

phenology of river ice (i.e., freeze–up and break–up dates). Park, et al. (2016) found trends for 

later fall freeze–up, earlier spring break–up, and longer ice–free periods from 1979 to 2009 in the 

pan–Arctic. Magnuson, et al (2000) found freeze-up dates are occurring 5.8 days per 100 years 

later and break–up dates are occurring 6.5 days per 100 years earlier, based on data in the 

Northern Hemisphere from 1846 to 1995. Lesack, et al. (2014) found that earlier break–up in the 

Mackenzie River basin is related to local spring warming during melt. Shiklomanov & Lammers 

(2014) found a decrease in the duration of ice cover of 7 to 20 days for 6 large rivers in Russia 

that discharge to the Arctic Ocean. As well, they noted a decrease in river ice thickness for five 

of the rivers, and an increase in maximum ice thickness was observed in one river. Lacroix, et al. 

(2005) found that Canadian rivers are trending towards earlier break–up dates, based on data 

from 1961–1990. These studies focus primarily on identifying trends using observed data for 

river ice freeze–up and break–up. This project seeks to explore how river ice phenology and river 

ice thickness will change in the future, in the Nelson–Churchill and Mackenzie River basins.  
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1.4 Objectives 

The primary objective of this research is to explore the effects of climate change in two large 

Canadian rivers on stream temperature and river ice thickness. These two variables provide a 

good indication of the state and health of the ecosystem overall, as they affect ecological aspects 

such as fish reproduction and water storage. River ice formation also affects remote communities 

that rely on ice roads during the winter months. Not much has been done to address the effects of 

climate change on stream temperature and river ice thickness on a large scale, which this project 

seeks to address. The objectives of this project are as follows:  

1. What trends can we expect for stream temperature and river ice thickness in the Nelson–

Churchill and Mackenzie River basins? 

2. Are changes in stream temperature likely to affect freshwater and saltwater estuaries? 

3. How will winter road seasonality be impacted by climate change?  

2.0 Literature Review 

This section provides important background information including factors affecting water 

temperature (2.1), methods of modelling water temperature (2.2), effects of water temperature on 

fish (2.3), the effects of climate change on water temperature (2.4), information on the processes 

of river ice formation and break–up (2.5), the effects of climate change on river ice (2.6), factors 

affecting river ice (2.7), and information on winter road construction and winter roads in the 

study domain (2.8). 
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2.1 Factors Affecting Water Temperature 

Water temperature, and changes in water temperature are affected by many variables, 

including air temperature, solar radiation, river features, and daily and yearly temperature cycles.  

2.1.1 Air Temperature 

Air temperature is one of the main factors influencing water temperature and changes in 

water temperature. It primarily affects water temperature through sensible heat transfer and net 

long–wave radiation (Webb & Zhang, 1997; Webb et al., 2008). Water temperature is also 

affected by other factors including short–wave solar radiation, evaporation, groundwater inflows, 

friction and more (Łaszewski, 2013). However, interactions between the water surface and the 

atmosphere account for the largest influence in changes in the water temperature (Evans, 

McGregor, & Petts, 1998). Stream temperatures have been shown to be strongly correlated with 

air temperature (Liu, et al., 2005; Yang & Peterson, 2017), and stream temperature is often 

modelled based on its relationship with air temperature (Caissie, et al., 2001; Westhoff, et al., 

2007; Caissie, et al., 2011). 

2.1.2 River Morphology 

The surrounding topography of a river can influence its temperature because the 

topography can determine weather patterns and atmospheric conditions, and influences the shape 

of the river (Caissie, El–Jabi, & Satish, 2001; Caissie, 2006). The shape of the river, in particular 

the width and depth of the river, influences the ability of the water to change temperature. In 

general, the smaller the stream, the more susceptible it is to changes in water temperature 

because it has low volumes of water, and therefore a lower heat capacity. Larger rivers require 
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more energy to change the temperature, and therefore they heat more slowly (Łaszewski, 2013). 

The depth of the river can also influence the water temperature, where shallower channels heat 

more easily. Other river features that can affect stream temperature include turbulence, 

deforestation, human activity, vegetation, and discharge (Caissie, 2006). 

2.1.3 Daily and Annual Water Temperature Cycles 

Water temperature follows both diurnal (daily) and annual cycles (Evans, McGregor & 

Petter, 1998; Caissie, 2006; Łaszewski, 2013). Day to day, water temperature drops overnight, 

and rises during the day, reaching its coldest and hottest moments at sunrise and late afternoon, 

respectively. Solar radiation strongly influences this daily cycle, so the largest daily variations 

are observed in the summer when solar radiation is at its strongest (Łaszewski, 2013). Annually, 

water temperatures reach its peak during the summer, and minimum in the winter. In the north, 

this is most evident due to the freezing of the water in the winter. During the winter in the 

northern regions, while some river water will freeze, the water underneath the ice will reach 

temperatures near freezing and continue to flow. On a seasonal basis, in the study domain, water 

temperatures begin to decrease in autumn and lakes and rivers begin to freeze. During winter, 

waters remain frozen. At higher latitudes, winter is a longer season, due to overall colder 

temperatures. In the spring, river and lake ice begins to melt and water temperatures begin to 

rise. Water temperatures continue to rise and reach their peak in the summer.  

2.2 Modelling water temperature 

Water temperature is predicted using a variety of methods and models. This includes 

regression models, stochastic models, deterministic models, and machine learning models 

(Chenard & Caissie, 2008). Regression and stochastic models typically use air temperature to 
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predict water temperature, whereas deterministic models apply a full energy budget to calculate 

changes in water temperature (Caldwell, et al., 2015). Machine learning models use large 

datasets to learn about relationships between variables, instead using these relationships as the 

basis for the model (Chenard & Caissie, 2008). 

2.2.1 Regression and Stochastic Models for Water Temperature 

Regression and stochastic models typically use air temperature to predict water 

temperature (Punzet, et al., 2012; Caldwell, et al., 2015; Du, Shrestha, & Wang, 2019). The 

difference is that regression models typically use an empirical relationship, whereas stochastic 

models use a statistical approach (Ahmadi-Nedushan, et al., 2007).  Stochastic models consider 

the autocorrelation structure of the stream temperature and its relation to air temperature 

(Caissie, et al., 2001). Regression models tend to be preferred for studies modelling stream 

temperature, as it is a simple modelling technique that several studies have successfully used to 

predict stream temperatures with air temperatures (e.g., Crisp & Howson, 1982; Mohseni & 

Stefan, 1999; Bogan, Mohseni, & Stefan, 2003).  

There are two main types of regression models: linear and nonlinear. Nonlinear 

regression models provide an advantage, because research has shown that the relationship 

between air and stream temperature is nonlinear (Mohseni & Stefan, 1999), especially when 

stream temperature nears freezing or exceeds 20℃, when evaporative cooling slows heating 

(Punzet, et al., 2012). These nonlinear models are very attractive, due to the simplicity and the 

strong relationship between stream and air temperature (Punzer, et al., 2012). However, there is 

uncertainty, because nonlinear regression models do not consider the effects of hydrological 

processes, such as surface runoff, groundwater flow or snowmelt. Since climate change is 
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changing hydrological cycles, ignoring these parameters may have effects on results (Du, 

Shrestha, & Wang, 2019). 

2.2.2 Deterministic Models (Energy Budget Models) for Water Temperature 

Deterministic models are more complex models that include all energy exchanges 

between the water and the surrounding area to calculate heat energy balance (Caldwell, et al., 

2015). This includes interactions between the water and the atmosphere and interactions with the 

stream bed and other sources (Evans, McGregor, & Petts, 1998).  Deterministic models are best 

used when users want to modify specific parameters of the energy budget and compare different 

impact scenarios (St-Hilaire, et al., 2000). They can be effective for smaller scale problems, such 

as calculating daily estimates of the water temperature, but are more difficult to apply to large 

scale problems due to the large amount of data required and the lack of available data (Caissie, et 

al., 2011; Caldwell, et al., 2015). 

2.2.3 Machine Learning Methods for Water Temperature 

 Machine learning methods are effective methods for modelling stream temperature, that 

can improve predictions (Rajesh & Rahanna, 2021). Artificial neural networks (ANN) are an 

increasingly common type of machine learning model, that have been previously used to predict 

stream temperatures (e.g., Sahoo, et al., 2009; DeWeber & Wagner, 2014; Zhu, et al., 2019). 

These models offer the benefit of being able to solve nonlinear and multivariate problems 

efficiently (Zhu, et al., 2019), as well as not needing to understand the relationship between input 

and output parameters prior to running the model (Chenard & Cassie, 2008). However, they also 



15 
 

require large training datasets, which can be difficult to obtain, particularly in data sparse 

regions, such as the pan–arctic system.  

2.4 Water Temperature Trends Due to Climate Change 

 Climate change is affecting stream temperatures around the world. Since stream 

temperature is closely linked with air temperature, this is most likely linked to increasing air 

temperatures under climate change (Liu, et al., 2005; Lammers, et al., 2007; Webb & Nobilis, 

2007; Sujay, et al., 2010). Current climate projections performed by the Intergovernmental Panel 

on Climate Change predict that global warming will cause a median increase of 2.4 to 3.5 ℃ by 

2100, with medium confidence (IPCC, 2021), which will affect stream temperatures. In Canada, 

climate change projections predict a 2 – 6℃ increases, on average, of air temperature by the late 

21st century (Zhang, et al., 2019). Climate change has been shown to already be affecting stream 

temperature all over the world, and there is considerable research linking increases in stream 

temperatures to global warming (Null, Viers, & Mount, 2010; Isaak, et al., 2012; Isaak, et al., 

2017). Climate change projections have shown that stream temperatures will continue to rise 

under a warming climate. van Vliet, et al., (2011) found that stream temperatures are expected to 

rise by an average of 0.8 – 1.6 ℃ worldwide. In the Athabasca River basin, Du, Shrestha, & 

Wang (2019) found that stream temperatures are expected to increase by up to 3 ℃ by the end of 

the century and the summertime stream temperatures will be most susceptible to warming and 

warm 2 – 7.4℃. Climate change has been shown to be increasing stream temperatures and will 

continue to increase stream temperatures as global air temperatures rise.  
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2.3 Effects of Water Temperature on Fish 

Water temperature is an important water quality parameter because it directly affects the 

chemical, biological and ecological processes, and functions of watersheds (Caissie D. , 2006). 

When stream temperature changes, it will directly affect the health of the ecosystem because 

biological organisms, such as algae and fish, will be affected (Du, Shrestha, & Wang, 2019). 

Fish are very sensitive to changes in temperature because temperature dictates their growth, 

survival, and reproduction. All fish reproduce and thrive at different water temperature ranges, 

therefore as water temperatures rise with climate change, fish populations will be affected by the 

new conditions. Fish depend on external sources for body heat, and therefore when water 

temperatures rise, fish can be put under increased stress (Isaak, et al., 2012; Warren, et al., 2012).  

The effect of changing water temperatures becomes more pronounced in the north, as 

many fish species are winter specialists, where they have adapted to extended periods of low 

temperature, light, and food levels (Minns & Moore, 1992). As temperatures rise, these cold–

water specialists may have a hard time adapting to rapid changes in water temperature, which 

could lead to reductions in fish populations and biodiversity (Poesch, Chavarie, Chu, Pandit, & 

Tonn, 2016). Below is a table summarizing three common fish species in the Nelson–Churchill 

and Mackenzie River basins, and their desired temperature ranges for growth and reproduction.  
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Table 2: Summarizing temperature ranges for common fish species in the Mackenzie and 
Nelson–Churchill River basins 

Fish Species Spawning Temperature Range, ℃ 
Optimal Growth Temperature Range, 

℃ 

Northern Pike 
8 – 12 (Casselman, Age, growth, 
and environmental requirements 

of pike, 1995) 

22 –23 
(Casselman, Age, growth, and 

environmental requirements of pike, 
1995) 

Walleye 1 –11 
(Scott & Crossman, 1973) 

18 –22 

(McMahon, Terell, & Nelson, 1984) 

Yellow Perch 
6.7 –12.8 

(Scott & Crossman, 1973) 
21 –24 

(Scott & Crossman, 1973) 

 

Note that the ranges in optimal growth temperatures for all fish, though different, are all 

small. Therefore, if water temperatures increase by a couple of degrees on average, these fish 

will be affected. 

2.5 Effects of River Discharge on Sea Ice 

 Freshwater moves through rivers and lakes and flows downstream until it discharges into 

an ocean, in a dynamic area called an estuary. The Nelson and Churchill Rivers discharge to the 

Hudson Bay, and the Mackenzie River discharge to the Arctic Ocean. Estuaries are complex 

transition areas that deliver freshwater into the ocean and have large gradients in salinity, 

temperature, organic matter, light, and nutrients (Brink & Robinson, 2005). In autumn, sea ice 

begins to form on the shorelines, when temperatures drop. During this time, the stratification in 

the estuaries increases, due to salt rejection during ice formation and cooler air temperatures 

(Brink & Robinson, 2005). During the winter, river discharge is reduced, due to the freezing of 

upstream lakes and rivers, however rivers do continue to flow and add freshwater throughout the 

winter. This can also increase stratification, because the freshwater discharge has a much lower 
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salinity and higher temperature than the ocean (Brink& Robinson, 2005). There is an observed 

increase in discharge to the arctic ocean, and this trend is expected to increase due to the climate 

change (Haine, et al., 2015). This is problematic as this increase in incoming freshwater will alter 

the stratification and mixing of estuaries, which will affect estuary dynamics. Sea ice growth will 

be encouraged, due to the freshening of waters (Jacquemot, et al., 2021), stratification due to 

changes in salinity and temperature will increase (Brink & Robinson, 2005), and microbial 

eukaryote communities will be affected as estuarine circulation is found to be a major driver of 

their dynamics and composition (Jacquemot, et al., 2021).  

2.6 River Ice Formation and Break–up Processes 

River ice formation and break–up are very complicated processes that are influenced by 

many factors including air temperature, water temperature, discharge, and snow accumulation. 

River ice follows a seasonal pattern, defined by freeze–up and growth in autumn and winter, and 

break–up and melt in the spring.  

2.6.1 River Ice Formation (Freeze–up) 

 River ice begins to form in the autumn or winter when stream temperatures cool to 0 ℃. 

River ice beings to form on the edges of the rivers, where velocities are low, and forms border 

ice (Beltaos, 2013). Unlike lakes, river ice does not continue grow from this border ice, but 

rather forms under constant mixing and dynamic conditions (Beltaos & Prowse, 2009). In the 

centre of the river, where water is turbulent, freeze–up begins as very small pieces of 

supercooled frazil ice which aggregate together to form larger frazil flocs, floes, and pans 

(Beltaos & Prowse, 2009). These combine together to begin to form the ice cover. Once an ice 
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cover has formed, freeze–up continues in an upstream fashion, as more large pieces of ice merge 

with the ice cover.  

River ice begins to form in the autumn or winter when stream temperatures reach 0 ℃. 

River ice beings to form on the edges of the rivers, where velocities are low, and forms border 

ice (Beltaos, 2013). In calm rivers, velocities may be low enough in the channel centre to allow 

ice cover to grow. Larger and more dynamic rivers, form under constant mixing and dynamic 

conditions (Beltaos & Prowse, 2009), In the centre of the river, where water is turbulent, freeze–

up begins as very small pieces of supercooled frazil ice which aggregate together to form larger 

frazil flocs, floes, and pans (Beltaos & Prowse, 2009). These combine together to begin to form 

the ice cover. Once an ice cover has formed, freeze–up continues in an upstream fashion, as 

more large pieces of ice merge with the ice cover.  

River ice formation is significant to hydrologic processes because it affects water levels 

and storage. The presence of ice cover adds additional hydraulic resistance and tends to increase 

channel water levels, and decrease flows (Prowse & Beltaos, 2002). Ice cover can also cause 

additional storage of large volumes of water. On the Mackenzie River, Prowse & Carter (2002) 

found that the amount of water in storage due to ice–growth and hydraulic resistance amounts to 

27% of the flow that would normally have occurred if the ice cover had not been formed. The 

greatest hydraulic resistance occurs when the ice cover is rough, which is common during ice 

cover formation when the ice cover is formed through large pieces of ice merging together. This 

effect will decrease over time, as the ice cover becomes smoother with the additional growth due 

to thermal processes and frazil ice deposition (Ashton & Zufelt, 1991).  
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2.6.2 River Ice Break–up  

 Break–up of river ice begins as temperatures warm in the spring. This begins through the 

melting of snow on the ice cover surface and thinning of the ice cover (Prowse, et al., 2011b). 

The break–up can be defined as either a thermal or mechanical break–up (Lindenschmidt, 2020). 

Thermal break–ups commonly occur when warming temperatures in the spring are the driving 

force for the break–up, and water levels and flows remain relatively consistent (Beltaos, 2013). 

In rivers, the ice will begin to melt towards the centre of the river first, due to the high velocities 

which can provide greater heat transfer (Lindenschmidt, 2020). Mechanical break–ups are more 

common in rivers and occur when the river ice begins to break–up due to increased flows and 

rising water levels. In this case, the ice has not, or has just started to thermally melt, and an 

increase in flow and water level begins. This forces the ice in the centre of the stream to break 

off the border ice and float to the top of the now higher water surface. As water levels continue 

to rise, this will allow the floating ice sheets to rotate and break–up more. This is more common 

as flows increase in the spring due to the excess runoff from snowmelt (Beltaos & Prowse, 

2009).  

During break–up, the ice cover has the opportunity to severely change the water levels 

and storage water due to thick and rough ice accumulations, called ice jams (Prowse & Beltaos, 

2002). Ice jam formation is a risk during mechanical break–up (Beltaos & Prowse, 2001). Ice 

jams occur when the ice sheets that are breaking up into smaller and smaller pieces, begin to 

accumulate at a downstream intact ice cover or other obstruction, such as bridge piers. This can 

cause the ice to pile up, and this pileup can hold and store water behind it, forming an ice jam. 

Ice jams can form rapidly and collapse suddenly. If the ice jam suddenly collapses, it can cause a 

surge of water to travel downstream. The collapse is unpredictable, and the release wave can 
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cause damage downstream and provide enough additional force to break–up further downstream 

ice jams, causing a chain reaction and a large surge of water.  

Break–up is a dynamic event, that plays a significant role in the hydrologic cycle. During 

break–up, water levels can fluctuate due to changing characteristics in the ice cover including 

changes in roughness, thickness, and the eventuality that the ice cover will be gone. As well, ice 

jams can cause flooding and slow flowrates (Prowse & Beltaos, 2002). Break–up processes 

erode riverbanks and is considered a major period of sediment transport (Prowse, 2001). Break–

up affects many aspects of the hydrologic cycle and therefore it is important to understand the 

timing of the break–up, and the ice thickness prior to break–up, since this will affect flows and 

ice jam potential.  

2.7 River Ice Trends Due to Climate Change 

 River ice has already been shown to be decreasing over the last century, and many studies 

have shown this trend based on historical data. Park, et al. (2016) found that ice thickness and 

volume over pan–arctic rivers have deceased from 1979–2009 and that the timing of break–up 

has advanced, leading to fewer days with ice. Prowse (2012) found that in Canada there is 

evidence that river ice is breaking up earlier, due to increasing air temperatures. In the 

Mackenzie River basin, break–ups have been shown to be occurring significantly earlier (de 

Rham, Prowse, & Bonsal, 2008). In the Red River, it has been shown that the ice season has been 

shortened by 2 to 3 weeks (Magnuson, et al., 2000). Throughout Canada, Zhang, et al. (2001) 

and Lacroix et al., (2005) both found earlier break–ups occurring in rivers during the second half 

of the 20th century. Furthermore, later freeze–up dates, earlier break–up dates and reduced ice 
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cover trends were observed by Magnuson, et al., (2000) in the Northern Hemisphere over the last 

century.  

 In general, these studies have focused on finding trends in the 20th century for ice timing 

and the duration of the river ice cover. Projections of river ice under future climate scenarios are 

less well studied. One study by Prowse, et al. (2011c), found that lake ice thickness in the 

northern hemisphere will continue to decrease and later freeze–up dates and earlier break–up 

dates are expected. Mullen, et al., (2017) found that the lake ice thickness affecting the Tibbitt to 

Contwoyto Winter Road in the Northwest Territories is decreasing and will affect the window of 

time when the lake ice is sufficiently thick for use as an ice road. As well, Canada’s Changing 

Climate Report (Derksen, et al., 2019) predicts and later freeze–up days by 5 to 15 days, and 

earlier break–up days by 10 to 25 days by mid–century. Furthermore, Beltaos & Prowse (2009) 

point out that changes in climate can affect the ice strength, water levels and flow rates, all of 

which control the break–up process, making predictions about break–up and ice jams difficult.  

2.8 Factors Affecting River Ice  

River ice formation and break–up is influenced by several factors including climatic 

conditions such as air temperature and precipitation, and hydraulic conditions such as water 

levels and flows (Beltaos & Burrell, 2003; Prowse, et al., 2011c). Air temperature is a strongly 

correlated with water temperature (Liu, Yang, Ye & Berezoyskava, 2005; Prowse, et al., 2010; 

Yang & Peterson, 2017), and river water cannot begin to freeze until it has reached freezing 

levels. Therefore, air temperature strongly influences freeze–up. As well, as air temperatures rise 

in the spring, snow and ice begin to melt, which both affect the overall break–up processes, 

making air temperature a significant contributing factor to break–up. Precipitation affects break–
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up as an immediate effect, in the form of rain by contributing to ice melt, or as a delayed effect, 

in the form of snow, by altering the flow hydrograph. Increasing flows in the spring can cause 

earlier break–ups through the additional force contributed by high water levels and high flows. 

Flowrates can also contribute to freeze–up and ice growth, as low flows allow the ice to grow 

and thicken thermally (Beltaos & Prowse, 2009).  

2.9 Ice and Winter Roads 

Ice roads are road sections that run over frozen lakes and rivers. They are part of the 

larger winter road network, where portions of the winter roads are ice roads, and other sections 

are over compacted snow on the ground. The bearing capacity of these roads are based on the ice 

thickness, where thicker ice can hold higher loads. 

During autumn and early winter, ice growth is monitored in areas that will be used as ice 

roads (Ministry of Highways and Infrastructure, 2009). Since the ice is not yet thick enough to 

bear weight, possible trouble locations are identified through routine aerial views. The trouble 

areas may require pre–packing, flooding, or route alteration. Early testing begins as soon as ice is 

thick enough. This includes testing the ice thickness along the ice road route to determine if ice is 

thick enough for trucks and to find any previously unmarked trouble locations. If the ice is thick 

enough, clearing of the ice road can begin and signage can be installed. Ice roads are constructed 

by first clearing the snow off the ice, which helps gain access to the area and promote ice growth, 

since ice growth can be slowed due to snow’s insulation properties. Then through flooding of the 

ice road sections, which increases ice thickness, and therefore increases the bearing capacity of 

the road. 
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Ice roads are fantastic resources for remote communities to provide goods and supplies to 

Northern communities at reduced (relative to air freight) costs; however, they are only open for a 

short window of time during the winter season, when the ice is thick enough to support the loads 

(Ministry of Highways and Infrastructure, 2009).  As well, temporary closures due to excessive 

cracking, severe weather or excessive snowfall can limit the number of available days for the use 

of the ice roads. Furthermore, to minimize the ice deflection caused by the heavy loads of 

vehicles, speed limits on ice and winter roads are relatively low (Department of Transportation, 

2015). Maximum speed limits can vary, but in general, in Saskatchewan, for vehicles over 7000 

kg gross vehicle weight, the speed limit is 15 km/h. Loaded trucks are able to drive at 25 km/hr 

on the Tibbitt to Contwoyto Winter Road in the Northwest Territories (JVMC, 2022). These 

speeds need to be reduced further near shorelines or when meeting other vehicles (Ministry of 

Highways and Infrastructure 2009; Department of Transportation, 2015). Driving over the speed 

limit can cause excessive cracking and deflection of the ice sheet, which can cause severe 

damage to the ice road and make it more dangerous. These low–speed limitations also mean that 

during the short window when ice and winter roads are available for the remote communities, 

that the transportation on these roads takes a significant amount of time. 

Being able to predict and rely on these winter road networks is critical for remote 

northern communities. However, being able to rely on and predict the ice road season will be 

more difficult under a warming climate with increasing temperatures and decreasing ice 

thickness. Initially this can be mitigated through additional flooding or modifying transportation 

schedules (Prowse, et al., 2009). As climate change progresses however, more drastic changes 

may need to be made. For example, using barges to access communities on the water, or building 

additional rail and road networks for land–locked communities. However, these are likely to 
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have very high upfront costs. This is a concern for the future since the ice road season has 

already been shown to be decreasing (Strum, et al., 2017), and the season is expected to continue 

to decrease under climate change (Mullan, et al, 2017). 

The number and availability of ice and winter roads varies significantly on the province 

or territory. Based on this limited information, the following image, Figure 4, shows the locations 

of ice and winter roads within the study area; however, more ice and winter roads may exist. This 

information was gathered from several provincial and territory websites. 

 

Figure 4: Map of study area highlighting the locations of winter roads 

2.9.1 Tibbit to Contwoyto Winter Road 

The winter road highlighted in red (Figure 4) is a ground transportation corridor for 

Canada and winter road known as the Tibbitt to Contwoyto Winter Road (TCWR). The TCWR is 

a 550 km winter road that runs from outside of Yellowknife to connect to mines in the Nunavut 

(Perrin, et al., 2015; Mullen, et al., 2017). This road is considered the busiest heavy-haul ice road 

in the world with a record of hauling an average 217,000 metric tonnes of goods over an average 
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of 6600 truckloads between 2002 and 2012 (JVMC, 2022). It is vital to the Northwest Territories’ 

economy as over $500 million of goods are transported each year across this road (JVMC, 2015). 

The winter road opens when thicknesses reach 29 in (74 cm), which can support light vehicle 

loads, when ice thickness reaches 39 in (99 cm) the winter road opens to full load capacity.  

The road is operated by a joint venture between the three mining companies, called the 

JVMC. The JMVC contracts support for engineering, maintenance, and security for the road. 

Each winter, the road is expected to be open for 60 days, from January 30 to March 31 based on 

a 20-year average (Government of the Northwest Territories, 2022). During this window, the 

mining companies use the road to transport goods for the entire year. When the winter road 

season is shortened, the goods must be transported by plane or helicopter, which increases costs 

of hauling substantially (Perrin, et al., 2015).  

Perrin, et al. (2015) performed a vulnerability study and economic analysis of the TWCR 

under climate change and found that operational season length is the most important cost driver 

because it signals a need to alternative transportation and production costs. An operational season 

below 50 days triggers an adaptive scenario where flexible schedule is required to meet the 

season demands. A season less than 45 days is considered a critical conditions scenario where the 

winter road is no longer able to accommodate an average season’s demand and may no longer be 

viable, where increased net costs are due to alternative forms of transportation and production 

loss.  
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3.0 Methodology 

3.1 Metadata Analysis 

Stream temperature data were obtained from Water Survey of Canada (Water Survey of 

Canada, 2022) and were composed primarily of spot measurements. Most stations have at least 

25 years’ worth of data, and the data had a measurement reading accuracy of +/– 0.2℃. Data is 

available from 1950, however only data from 1971 onwards was considered for analysis because 

the HYPE model was run from 1971–2015. Below in Figure 5, the number of data points 

available per year, from 1971 to 2015 is displayed. There is more stream temperature data 

available in the Nelson–Churchill River basin than the Mackenzie River basin, and more data 

available after 1995.  

Figure 5: Stream temperature data availability per year from 1971 to 2015 
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Overall, there are 1052 number of stations with available water temperature data for this 

project, which are physically dispersed fairly well, as shown below in Figure 6. Each station is 

represented by a marker on the map, where the size of the marker is proportional to the number 

of available data points at the station. All stations shown in Figure 6 are located on a body of 

water (stream, lake), however they do not necessarily appear as such in the Figure. This is 

because the hydrology presented in the Figure is high level (250 000 km), and therefore only the 

largest lakes and rivers are visible. It should be noted that the density of these stations decreases 

with increasing latitude, which is expected because Canada’s north is very remote and there are 

fewer cities and populations, making access to these stations more difficult.  

Figure 6: Locations of stations with available stream temperature data 

River ice thickness data was obtained from the Canada River Ice Database (Environment 

and Climate Change Canada, 2022b). For each station, only one data point was provided each 

year of available data, the mean river ice thickness. River ice data is available from the 1960s for 

most stations, however only data from 1971–2015 was used for analysis. Below in Figure 7, the 



29 
 

number of available river ice thickness measurements per year is presented, considering data 

from all 89 stations. Most years have data available from most stations, and there is more data 

collected from the Mackenzie River basin, than the Nelson–Churchill River basin.  

Figure 7: River ice thickness data availability per year from 1971 to 2015 

 Most stations have at least 30 years of data between 1971 and 2015. Figure 8 below 

shows all the 89 stations with available river ice thickness data, where the size of the marker is 

proportional to the number of available data points at the station. There are fewer river ice 

stations, and they are more dispersed than the available stream temperature stations.  
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Figure 8: Map of study location showing all stations with available river ice thickness data 

3.2 HYPE Model 

The HYPE (HYdrologic Predictions for the Environment) model is a semi–distributed 

catchment model created by the Swedish Meteorological and Hydrology Institute (SMHI, 

2020a). This open–source hydrological model calculates hydrological processes in individual 

subbasins (SMHI, 2020a). It is meant to be applied in a multi–basin manner in order to get high 

spatial distribution of flow paths within the research area, which is exactly the manner in which 

this project used the model.  

The Arctic–HYPE v3 model (Andersson et al., 2015; Gelfan et al., 2017) was used for 

this project. This model specifically simulates global drainage to the Arctic Ocean, totaling 23 

million km2, and is divided into 32 599 subbasins with an average size of 715km2 (SHMI, 2016). 

A subset of the Arctic–HYPE v3 model was used for this project, comprising of 5584 subbasins 

in the Nelson–Churchill and Mackenzie River basins. Arctic–HYPE was truncated from HYPE 
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v3 and has a resolution of 700 km2. Variables were calculated at a daily timestep, driven by total 

precipitation and minimum, average, and maximum air temperature from the Hydrologic Global 

Forcing Dataset (HydroGFD2).  

3.2.1 Water Flow in the HYPE Model 

Figure 9 below shows how water moves within and between subbasins in the HYPE 

model. Runoff in each subbasin is generated separately for each hydrologic response unit. Total 

subbasin runoff from the landcover flows to a local stream, part of which is routed through the 

smaller, internal lake which can be used to approximate multiple smaller waterbodies. The main 

river collects inflow from the upstream subbasins and the local stream, passing then to an outlet 

lake, if one is present, or to the next subbasin downstream otherwise. Outlet lakes are important 

for storage and routing as well as for mixing and temperature modelling. Lakes are modelled 

with a moving thermocline and the surface area of these lakes is a major interaction zone for 

energy balance. Daily net radiation is approximated by the difference in the day’s maximum and 

minimum temperature.  

 

Figure 9: How water movement is modelled in HYPE  
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3.2.2 Modelling water temperature and river ice thickness in HYPE 

In the HYPE model, water temperature is simulated as a tracer. It follows the water paths 

in HYPE and is calculated in degree Celsius. HYPE considers multiple sources of heat, including 

precipitation, point sources, soil processes, soil temperature and runoff (SMHI, 2020a).  

In lakes, HYPE models water temperature in two layers, to represent the epilimnion (the 

upper layer) and hypolimnion (the lower layer) (SMHI, 2020b). The depths of these layers are 

determined by the thermocline, which is estimated for each outlet lake, using the following 

equation, where 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎 is in km2, 𝑒𝑝𝑖𝑑𝑒𝑝𝑡ℎ is in meters below lake surface and precipitation, 

evaporation and inflow are in meters. If the water depth is larger than the 𝑒𝑝𝑖𝑑𝑒𝑝𝑡ℎ, the lake is 

treated as one mixed unit for temperature calculations. 

                           𝑒𝑝𝑖𝑑𝑒𝑝𝑡ℎ = 6.95 × 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎 . + 𝑝𝑟𝑒𝑐𝑖𝑝 − 𝑒𝑣𝑎𝑝 + 𝑞                     [1] 

Evaporation is not assumed to affect water temperature. The atmosphere exchange is 

calculated when there is no ice present. This is calculated based on Piccolroaz et al. (2013) and is 

modified based on fractional ice cover. This equation considers a temperature difference 

coefficient, a solar radiation coefficient, a constant coefficient, and a linear coefficient.  

Lake and river ice growth begins when the water temperature reaches below 0℃ (SMHI, 

2020b). Lake and river ice is simulated using a floating snow–covered ice sheet model, that has 

three layers: black ice, snow ice and snow. When ice is present evaporation is assumed to be 0 

and heating and cooling of the rivers and lakes through surface heat exchange is set to 0.  

Black ice growth ( ) is calculated in cm/s and is derived from the modified Stefan’s 

equations from Leppäranta (1993): 
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𝑞ℎ × 100
𝜌

𝑇
                                   [2] 

Where 𝑘  is the thermal conductivity of ice (0.022 J/℃/cm/s), 𝜌  is the density of ice 

(0.917 g/cm3), and 𝐿  is the latent heat of freezing (334 J/g). 𝑇  is the freezing temperature of 

lake or river water (℃) and 𝑇  is the air temperature (℃). 𝐻  is the ice depth (cm) and 𝐻  is the 

snow depth on ice (cm). 𝑘  is the heat exchange coefficient from the atmosphere (J/℃/cm/s) and 

𝑘  is the thermal conductivity of snow (J/℃/cm/s), which is derived from the density of snow.  

     𝑘 = 𝑘 ×                                                               [3]  

Where 𝜌  is the density of snow (g/cm3). HYPE considers that snow density changes over 

time through a change parameter, sndens.   

Finally, 𝑞ℎ is the heat flow from water during the time step (MJ/m2/day) and is constant 

for lakes and calculated for rivers based on river velocity and depth.  

                 𝑞ℎ = 𝑇 − 𝑇 ×
𝐶  ×  𝑣𝑒𝑙 .

𝐻 . × 𝑢𝑛𝑖𝑡𝑓                                     [4] 

Where 𝑇  is the water temperature (℃) and 𝑇  is the freezing temperature of lake or river 

water (℃). 𝐶  is the heat exchange coefficient, 𝑣𝑒𝑙 is the river velocity, 𝐻  is the river depth 

and 𝑢𝑛𝑖𝑡𝑓 converts from W/m2 to MJ/m2/day.  

Snow ice growth is calculated using an equation from Leppäranta (1993):  

                                                       
𝑑𝐻

𝑑𝑡
=

𝑘

𝜌 𝐿 1 −
𝜌
𝜌

×
𝑇 − 𝑇

𝐻 +
𝑘
𝑘

                                                  [5] 
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 Where all variables are defined the same as above (equation 2, for black ice growth).  If 

the mass of the snow layer is greater than the buoyant force of the ice, the bottom of the snow 

layer will become submerged in lake water, and a slush layer (Hsl) will form with a depth 

according to:  

                                                            𝐻 =
𝐻 × 𝜌 − 𝐻 (1 − 𝜌 )

𝜌 /𝜌
                                                          [6] 

 Where all variables are defined the same as above. Snow and ice melt are calculated 

using a temperature index model, based on air temperature, when the air temperature is above 0 

℃. Ice melt cannot begin until the snow on the ice has melted.  

3.3 Model Performance  

Before the climate runs were completed, it was important to understand how reliably the 

HYPE model predicts stream temperature and river ice thickness across the study domain. The 

HYPE model was run for the years 1971–2015 and the results were compared to measured data, 

as outlined in Section 3.1, to determine the capability of the model to predict water temperature 

and river ice thickness. The hydrologic forcing dataset HydroGFD2 (Berg, et al., 2018) was used 

as forcing data and provides precipitation and temperature data on a daily time scale and uses 

several interim products to fill gaps between available meteorological data. This data set is 

updated frequently, and the version used for this project had data up to 2015. 

To analyze the model performance spatially, the results were evaluated through use of the 

normalized Root Mean Squared Error. Root Mean Squared Error provides an advantage over the 

R–squared value because it is an absolute measure of fit, whereas the R–squared value is a 

relative measure of fit. The RMSE was normalized using two different methods: once using the 
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standard deviation, and once using the range (maximum – minimum), given there is yet no 

established standard in the literature on assessing relative error in temperature data.  

The model performance is analyzed based on spatial results using the NRMSE, but it is 

also important to analyze the model on a temporal basis. Temporal results are analyzed four 

times, once for each zone, as delineated in Figure 10. These zones are delineated based on 

latitude, watershed boundaries and the land use for the Nelson River, the Churchill River, Great 

Slave Lake and Great Bear Lake and the outflow of the Mackenzie River. For stream 

temperature, the mean observed stream temperature (at a gauge location) is plotted with the 

mean modelled temperature (subbasin scale) for each Julian day. For river ice, the observed 

mean river ice thickness is plotted relative to the mean seasonal river ice thickness for a given 

year. 

Figure 10: Latitudinal Zones for model performance temporal assessment 
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3.3.1 Model Performance for Stream Temperature 

Spatial Analysis 

The RMSE is normalized using the standard deviation of the measured data first because 

the standard deviation represents the error inherent to the majority (highest frequency) of 

measurements or simulated values and is representative of dispersion in these data relative to the 

mean. Therefore, the mean model error across a variety of subbasin scales can be cross 

compared. The equation below describes how the NRMSE was calculated and standardized by 

the standard deviation of the measured results. In the equation, 𝑆𝑡𝑟𝑒𝑎𝑚 𝑇𝑒𝑚𝑝  refers to 

stream temperature data collected from the model runs, and 𝑆𝑡𝑟𝑒𝑎𝑚 𝑇𝑒𝑚𝑝  refers to the 

observed stream temperature. The NRMSE is unitless.  

𝑁𝑅𝑀𝑆𝐸 . .,  =
[(   ) ]

 
    [7]  

In general, it is considered that lower RMSE values indicate better model performance 

(Morisasi, et al., 2015). When considering the standard deviation, Singh, et al. (2004) suggested 

that RMSE values of less than half the standard deviation of the observations may be considered 

low representative error. Taking this into account, the following Figure 11, uses a scale that 

highlights stations with a NRMSE (standardized using the standard deviation) of less than 0.5. 

Stations with NRMSE between 0.5 and 1 should be considered fair, considering these 

recommendations were made based on flow data, and not water temperature data.  
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Figure 11: Model performance in the study area for stream temperature, using NRMSE 
standardized by the observed data standard deviation 

Overall, the results suggest fair model performance. There is a good spread of data 

available and most of the station markers are relatively large, indicating that most stations (55%) 

have at least 50 spot measurements to compare against. 12% of all stations in the study area have 

good results (NRMSE < 0. 5), and most (75%) of the stations throughout the study basin have 

fair results (0.5 < NRMSE < 1). The stations which have poor results (NRMSE > 1) are 

classified into three types: (1) headwater basins in the mountains, (2) anthropogenically 

disturbed, and (3) at the downstream end of the Nelson–Churchill River basin. Type one errors, 

in the headwaters of the mountains, may be the result of small catchments that experience 

temperature variability greater than the standard deviation, or may be prone to hot spring 

activity. Type two errors are best seen in the oil sands region, near the inflow to Lake Athabasca 

or Great Bear Lake and downstream of the oil sands where production activity would alter the 

observed temperature record, alterations that would not be reflected in model output. Type three 
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errors accumulate along the flow path from upstream to down (i.e., in a very large basin), and 

therefore the stations with poor results at the downstream of the study area, are expected. 

Normalizing by the standard deviation is recommended for discharge, but stream temperature 

variability would be appreciably different. Normalizing the RMSE by the standard deviation 

does not consider the full variability of stream temperature in seasonal environments, however 

normalizing the RMSE by the range can consider variability. 

The RMSE was normalized using the range, which is defined as the maximum – 

minimum of the measured results. This was done in order to account for areas that have 

anthropogenic alteration, and to consider extremes. In the equation below, Model Results refers 

to data collected from the model runs, and Measured Results refers to data measured in the field, 

for both stream temperature and river ice thickness. This equation was applied to every subbasin 

with available measured data. The NRMSE is unitless.  

 𝑁𝑅𝑀𝑆𝐸 ,    =
𝑀𝑒𝑎𝑛[(𝑆𝑡𝑟𝑒𝑎𝑚 𝑇𝑒𝑚𝑝 − 𝑆𝑡𝑟𝑒𝑎𝑚 𝑇𝑒𝑚𝑝 ) ]

𝑚𝑎𝑥 − 𝑚𝑖𝑛
    [8] 

 Below, in Figure 12, the NRMSE standardized using the range is presented for the study 

area. The NRMSE for stream temperature is displayed on a colour scale in the study area, and 

the size of the marker is proportional to the number of data points for that station. For this project 

when considering the NRMSE standardized by the range, NRMSE less than 0.25 is considered 

good, NRMSE between 0.25 and 0.50 is considered fair, NRMSE between 0.5 and 1 is 

considered poor and NRMSE greater than 1 is considered bad.  
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Figure 12: Model performance in the study area for stream temperature (oC) 

Most of the station markers for stream temperature are teal and green, which indicate 

good to moderate results. As well, this map displays how the model results are best in the 

headwaters, once complete observed variability is accounted for. In the Nelson–Churchill basin 

in particular, the headwater stations in the western Rocky Mountains and Alberta are mostly teal. 

Then moving downstream across the Prairies, into Saskatchewan and Manitoba, the station 

markers become green, indicating moderate results and a modest degradation in prediction 

quality. This is expected as simulation errors are cumulative across the watershed, and therefore 

moving downstream, the error estimates accumulate, which creates greater uncertainty in the 

downstream stations. This trend is not as evident in the Mackenzie River basin; however, this 

could be due to an increasing lack of data as the stations become more remote and sparse 

downstream, or increased anthropogenic disturbance in the oil sands region, and not necessarily 

that a cumulative error trend does not exist.  
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Temporal Analysis 

Stream temperature is analyzed based on the Julian day, analyzing how well the model is 

predicting the seasonal stream temperature cycle. Results are analyzed using observed data from 

1980 to 2015, and daily simulation output from 1971 to 2015. The mean stream temperature for 

each Julian day of the observed data is calculated and compared to the mean stream temperature 

for each Julian date of the model results. February 29 was not taken into consideration, and any 

data from this date was removed prior to calculating the mean. Below, in Figures 13, 14, 15, and 

16, the stream temperature data is plotted against the Julian date for the Great Bear Lake and 

Mackenzie Drainage Area, the Great Slave Lake Area, the Churchill River Basin and the Nelson 

River basin. Daily observed data are presented as black markers, the mean of the observed 

stream temperature data for each Julian day is presented as a blue line and the mean of the 

modelled stream temperature data for each Julian day is presented as a red line.  

 

Figure 13: Mean daily stream temperature (℃) for observed (black points), observed mean (blue 
line) and modelled mean (red line). Data for the Great Bear Lake and Mackenzie drainage area 
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Figure 14: Mean daily stream temperature (℃) for observed (black points), observed mean (blue 
line) and modelled mean (red line) for the Great Slave Lake area. 

 

Figure 15: Mean daily stream temperature (℃) for observed (black points), observed mean (blue 
line) and modelled mean (red line) for the Churchill River basin. 
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Figure 16: Mean daily stream temperature (℃) for observed (black points), observed mean (blue 
line) and modelled mean (red line) for the Nelson River basin. 

In general, the model under predicts the stream temperature in the spring and summer, 

when stream temperatures are rising, and over predicting stream tempeature during the autumn 

and winter as stream temperature drops until the water freezes. The model performance does not 

appear to be impacted by latitude. Overall, the model adequately predicts the seasonal cycling, 

where the model is, on average, under predicting stream temperature by 0.78 ℃, with a standard 

deviation of 1.79 ℃.   

3.3.2 Model Performance for River Ice Thickness  

Spatial Analysis 

For stream temperature, NRMSE was calculated based on daily data, comparing available 

measured stream temperature data (℃) to the corresponding stream temperature results from the 

model. For river ice thickness, NRMSE was calculated based on the yearly mean river ice 

thickness (cm), comparing the measured yearly mean river ice thickness data to corresponding 
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river ice thickness results from the model. The process was the same, and therefore the same 

equations apply, only using river ice thickness data instead of stream temperature data. 

 

𝑁𝑅𝑀𝑆𝐸 . .,  =
𝑀𝑒𝑎𝑛[(𝐼𝑐𝑒 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 − 𝐼𝑐𝑒 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ) ]

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
    [9] 

 

𝑁𝑅𝑀𝑆𝐸 ,    =
𝑀𝑒𝑎𝑛[(𝐼𝑐𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 − 𝐼𝑐𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ) ]

𝑚𝑎𝑥 − 𝑚𝑖𝑛
    [10] 

 

The NRMSE standardized using the standard deviation for river ice thickness is presented 

below in Figure 17.  

Figure 17: Model performance across the study area for river ice thickness (cm) using NRMSE 
standardized by the standard deviation of the observed data 

 The results are not as strong for river ice thickness compared to the results for stream 

temperature when normalizing using the standard deviation. This may be due to a lack of data or 

fluctuation year to year on river ice thickness that is not captured by the simulated measurement 
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of an annual thickness. There is a maximum of one data point per year (yearly mean ice 

thickness), and therefore there is little data to compare to the model results, which may be 

yielding poor results. As well, river ice thickness is heavily influenced by the year-to-year 

weather, and therefore ice thickness varies year to year. Therefore, considering the extremes, and 

normalizing the RMSE by the standard deviation can provide more realistic insight into how well 

the model is performing. The NRMSE standardized using the range, (maximum – minimum of 

the measured data), can be seen below in Figure 18.  

Figure 18: Model performance across the study area for river ice thickness (cm) 

The results for river ice thickness are also considered satisfactory, however, were not as 

strong as for stream temperature as there are far fewer stations, and simulation quality is 

condensed into representing one mean thickness across an entire season. Within the Nelson–

Churchill River basin, the results are best in the southern portion of the basin. In the Mackenzie 

River basin, the model performance does not seem to follow any specific patterning and the 

results are not as good as for stream temperature. This is likely due to the lack of data. Since the 

only data available for comparison is the yearly mean river ice thickness, there can only be one 
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data point each year. Over a 25–year period, this would result in a maximum of 25 data points to 

calculate the NRMSE statistic. Therefore, the results are expected to be more random in nature 

and not necessarily as good compared to stream temperature. 

Temporal Analysis 

For river ice thickness, the temporal analysis is analyzed based on the model’s ability to 

predict mean river ice thickenss each year from 1971 to 2015 by comparing it to observed mean 

river ice thickenss observed data from 1971 to 2015. Below, in Figures 19, 20, 21, and 22, the 

mean river ice thickness data is plotted by year for the Great Bear Lake and Mackenzie Drainage 

Area, the Great Slave Lake Area, the Churchill River Basin and the Nelson River basin. 

Observed point measurements are presented as black markers, the mean annual river ice 

thickness data is plotted as a blue line and the mean annual modelled river ice thickness is the red 

line.  

 

Figure 19: Yearly mean river ice thickness (cm) for observed (black markers), observed mean 
(blue line), and modelled mean annual river ice thickness (red line) for the Great Bear Lake and 

Mackenzie drainage area 
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Figure 20: Yearly mean river ice thickness (cm) for observed (black markers), observed mean 
(blue line), and modelled mean annual river ice thickness (red line) for the Great Slave Lake 

area 

 

Figure 21: Yearly mean river ice thickness (cm) for observed (black markers), observed mean 
(blue line), and modelled mean annual river ice thickness (red line) for the Churchill River basin 
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Figure 22: Yearly mean river ice thickness (cm) for observed (black markers), observed mean 
(blue line), and modelled mean annual river ice thickness (red line) for the Nelson River basin 

In general, the model is under predicting river ice thickness on average but is predicting 

mean annual river ice thickness more accurately at lower latitudes (the Nelson River basin). This 

may be due several factors, including better quality and a higher quantity of data collected at 

lower latitudes because of the proximity of stations to cities and due the physiography of the 

basin. The Nelson River basin is largely composed of the prairies and is less forested than the 

rest of the study area. Furthermore, lower latitudes have an overall shorter ice on season, leading 

to thinner ice, and less annual variability in mean annual ice cover thickness, which may be 

easier for the model to predict based on air temperature alone. At higher latitudes, it is likely that 

significant ice jamming and annual variations in temperatures more significantly influence the 

ice cover. Overall, ice thickness results are not as good as for stream temperature, likely due to a 

lack of data and the simplicity of the model. The model is on average under predicting yearly 

mean river ice thickness by 12.8 cm, with a standard deviation of 11.0 cm. However, in the 

Nelson River basin this is greatly improved, where the model is underestimating mean annual 

river ice thickness by only 2.7 cm, with a standard deviation of 7.2 cm.  
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3.4 Climate Runs 

General Circulation Models (GCMs) model the circulation of the atmosphere and of the 

ocean (IPCC, 2014). Each general circulation model represents its own climate scenario 

including its own atmosphere, land surface, ocean, and sea ice component (Stadnyk, et al., 2021). 

These are used in conjunction with representative concentration pathways (RCPs) to allow study 

of a wider range of futures. Representative concentration pathways (RCPs) provide information 

on different possible developments for the climate change including changes in emissions, land 

use and policies that are taken to achieve certain emission targets (Taylor, et al., 2011; van 

Vuuren, et al., 2011). RCPs are defined by their total radiative forcing pathway and level by 

2100 (Kumar, 2019). RCP 8.5 is considered a high emission scenario, and RCP 4.5 is considered 

an intermediate mitigation scenario. Together, these represent different future climate conditions 

due to climate change, resulting in potentially more severe or less sever outcomes, depending on 

the model.  

Five different climate scenarios were selected, as outlined below in Table 3, including 

three global circulation models and two representative concentration pathways. This group of 

global climate models and representative concentration pathway combinations were selected by 

Braun, et al. (2021) as a way to maximize climate variability across the pan-Arctic and Hudson 

Bay domain for the BaySys project. The Nelson–Churchill River Basin is a part of the Hudson 

Bay domain, and the Mackenzie River basin is geographically adjacent to the Nelson–Churchill, 

flows to the arctic ocean and has similar climate to the Hudson Bay domain.   
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Table 3: GCM–RCP Combinations used in the pan–Arctic analysis (adapted from Table 2 – 
Stadnyk, et al., 2021) 

 
Model Name 

 
Organization 

Resolution 
(Lat x Long) 

 
RCPs 

GFDL–CM3 NOAA Geophysical Fluid Dynamics 
Laboratory 

2.0° x 2.5° 4.5 

MIROC5 University of Tokyo, National Institute for 
Environmental Studies and Japan Agency for 
Marine–Earth Science and Technology 

1.4° x 1.4° 4.5 and 8.5 

MRI–CGCM3 Meteorological Research Institute 1.1° x 1.1° 4.5 and 8.5 

 

The five climate scenarios were used in HYPE, in order to push the model into the future, 

and analyze different potential consequences of climate change on water temperature and river 

ice thickness. These were set up to force the model into the future up to 2070 in order to observe 

the effects of water temperature and river ice thickness in the future under these scenarios.  

3.5 Analysis  

 Results from HYPE were analyzed using R and ArcMap. R was used first to perform 

statistical tests and learn about the trends in the data. For each subbasin, the Mann–Kendall trend 

test was used to detect any future temporal trends in the stream temperature and river ice 

thickness. This was repeated five times – one for each GCM. The mean of the results from each 

GCM was taken, in order to analyze the mean trends for stream temperature and river ice 

thickness in the future. The Pettitt test was used in R to identify change points for river ice 

thickness in subbasins affecting winter roads. ArcMap was used to plot the trend data visually, in 

order to identify spatial trends and areas that may be more sensitive to climate change.  
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3.5.1 Mann–Kendall Trend Test 

The Mann–Kendall trend test was used to identify long term statistically significant 

trends in the output obtained from the climate change scenario results in HYPE. This test 

identifies a linear slope to describe the trend including the slope and direction of the trend, and 

the statistical significance of the trend (Pohlert, 2020). In this report, a trend is considered 

significant if the statistical significance (the p–value) is less than the significance level of 5% 

(0.05). This trend test is a nonparametric test that depends only on the rank of the data, and not 

their actual value. This provides the advantage that it is insensitive to outliers and no distribution 

assumptions are required, however this does imply that there is no serial correlation. However, 

the presence of serial correlation can increase the likelihood that the Mann–Kendall trend test 

detects a significant trend, when there may actually be no trend (von Storch & Navarra, 1995). 

Therefore, to ensure these data were independent, the pre–whitening method was applied before 

performing the Mann–Kendall trend test.  

Pre–Whitening Method 

The pre–whitening process begins by estimating the slope of the trend using the Theil–

Send approach (Yue, et al., 2002). If the slope is roughly zero, there is no need to continue; if the 

slope does not equal zero, then it is assumed the trend is linear and is subtracted from the data, 

resulting in a detrended series. Next, the lag–1 serial correlation coefficient of the detrended 

series is calculated and removed from the detrended series, resulting in a residual series. Finally, 

the identified trend and modified residual series are combined and the Mann–Kendall test is 

applied.  
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Pre–whitening has been applied in the past primarily for river discharge (Novotny & 

Stefan, 2006; Déry et al., 2016) as well as for precipitation (Blain, 2015; Mullick et al., 2019) 

and air temperature (Tabari et al., 2011; Mullick et al., 2019). More recently, pre–whitening was 

applied to water temperature data by Basarin et al. (2016). Pre–whitening provides the advantage 

of improving the detection of significant trends in serially correlated hydrological time series, by 

ensuring the data are not serially correlated (Yue, et al., 2002).  

3.5.2 Pettitt Test 

 The Pettitt test is a nonparametric test that seeks to identify a single change–point in the 

series (Pohlert, 2020). A change point is a point where there is a sudden change in the statistics 

of the series. This can be caused by a variety of circumstances, including climate change and 

streamflow regulation. Change points can occur due to climate change, or man–made changes 

such as reservoirs, regulation or dams and diversions. This test does have limitations, in that it 

can only detect a single shift in the series, even though more shifts may occur. This test was 

performed in order to detect the first, significant change–point in the series, in order to identify 

how soon we may see a shift in trends.  

4.0 Results 

4.1 Stream Temperature 

4.1.1 Stream Temperature Trends 

 For every year, from 1981 to 2070, the mean stream temperature is calculated in each 

subbasin. Pre–whitening is applied to the resulting series of yearly mean stream temperatures, 
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and trends are detected using the Mann–Kendall trend test. This process is repeated five times, 

once for each climate scenario. In every subbasin, the mean of the Mann–Kendall trends from 

each climate scenario is taken to determine mean trends based on the five climate models. These 

mean trends are displayed below in Figure 23.  

 

Figure 23: Ensemble mean results for stream temperature from climate change scenario 
analyses. 

Stream temperature is expected to increase between 0.011 and 0.030 ℃/year in the study 

domain. On average, stream temperatures will increase at a rate of 0.022 ℃/year, with a standard 

deviation of 0.003 ℃/year and a significant average p–value of 1.32 × 10–6. This amounts to an 

average increase of 1.1 ℃ by 2070. Figures for all five individual climate runs can be found in 

Appendix A. In general, the Nelson–Churchill River basin is expected to be more impacted (i.e., 

greater warming) than the Mackenzie River basin, as trends are more severe in the South. The 

southern half of the study area is expected to increase by 1 to 1.5 ℃ by 2070, whereas the 

northern half is expected to increase by 0.6 to 1 ℃ by 2070.  



53 
 

 Applying the same method as for the entire study period (1981 – 2070), the mean stream 

temperature trends for every subbasin are calculated for the years 2021 – 2050 and 2041 – 2070, 

to analyze how stream temperature will be impacted in the near and distant future. Figure 24 

shows the mean rate of stream temperature increase for the 2021 – 2050 and 2041 – 2070 

periods. 

Figure 24: Ensemble mean results for stream temperature from climate change scenario 
analyses in the near future (2021–2050) and the distant future (2041–2070) 

Stream temperatures are increasing at faster rates in the near future, than in the distant 

future, as observed in Figure 24. In the near future, stream temperatures are rising at an average 

rate of 0.024 ℃/year, with a standard deviation of 0.0056 ℃/year and an insignificant average p–

value of 0.064. This amounts to an increase of 0.72 ℃ between 2021 and 2050. In the distant 

future, stream temperatures will continue to increase, at a slightly slower rate, averaging 

0.022 ℃/year, with a standard deviation of 0.004 ℃/year and an insignificant average p–value of 

0.131. The very south of the study area is most vulnerable to climate change in the near future, 

including the Assiniboine River, Red River, Winnipeg River watersheds at a rate of 0.031 – 

0.040 ℃/year. 
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Variability is a key factor when discussing climate change, because no outcome is certain, 

and there are a variety of possible outcomes. Presented below in Figures 25 and 26 are the 

boxplots for the Nelson–Churchill River basin (Figure 25) and the Mackenzie River basin 

(Figure 26). The whiskers in the boxplots are displaying the first and third hinges (R 

Documentation, 2022). The hinges are equal to the quartiles if the number of data points (N) is 

odd and differ when N is even. Quartiles only equal observations when the remainder is equal to 

one when dividing N by four. Hinges can also accommodate when the remainder is equal to two 

when dividing N by four. Otherwise, it is in the middle of the two observations. The centre line is 

representative of the median, and the markers are outliers. IQR is defined as the difference 

between the two hinges.  

Boxplots were created for three study periods: 1981–2020 (the past), 2021–2050 (the 

near future) and 2041–2070 (the distant future). The data used to create boxplots were the yearly 

mean stream temperature, for every year in the related study period, for all five climate runs.  

Figure 25: Variability in yearly mean stream temperature in the Nelson–Churchill River basin 
for three study periods: 1981–2020, 2021–2050 and 2041–2070 

IQR = 1.270           IQR = 1.308           IQR = 1.456 

IQR = 1.226           IQR = 1.422           IQR = 1.561 
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Figure 26: Variability in yearly mean stream temperature in the Mackenzie River basin for three 
study periods: 1981–2020, 2021–2050 and 2041–2070 

 

The variability, or the spread of the data, increases as time passes, for both the Nelson–

Churchill and Mackenzie River basin. IQR increases from past to far future, and the whisker size 

increases. Further in the future, climate projections are less certain, therefore an increase in 

variability and uncertainty is expected, which is evident through the increased IQR and larger 

spread of outliers. The median stream temperature is increasing in the future for both the 

Nelson–Churchill and Mackenzie River basins, which complements Figure 23.  

 For all four seasons, the seasonal mean stream temperature is calculated each year from 

1981 to 2070, in every subbasin. The seasons are defined as follows: Spring is defined as March, 

April and May, summer is defined as June, July and August, Autumn is defined as September, 

October and November, and Winter is defined as December, January and February. Each of the 

four series of seasonal stream temperature data is then pre–whitened and the Mann–Kendall 

IQR = 1.270           IQR = 1.328           IQR = 1.456 
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trend test is applied to identify trends. This process is repeated five times, once for each climate 

model, and the mean of the trends from all five climate models for each season for every 

subbasin, is visually represented below in Figure 27.  

Seasons are not perfectly defined because the length of the seasons depends on latitude. 

At higher latitudes winter is longer and summer is shorter and at lower latitudes, summer is 

longer, and winter is shorter. It is difficult to define when seasons should begin or end and may 

vary depending on air temperatures, and the number of days with ice cover. The seasonal split in 

this study simplifies calculations by creating four seasons of equal length, which should follow 

trends relatively well and are consistent with studies in the Hudson Bay (MacDonald, et al., 

2018; Braun, et al., 2021). This is significant because the Nelson–Churchill River basin drains to 

the Hudson Bay, and the Mackenzie River basin has similar physiography and hydrology.  

Figure 27: Mean stream temperature trends (℃/year) during the four seasons from 1981–2070 
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 The effects of climate change will by far be felt most severely in the summertime, where 

stream temperatures are expected to increase at a rate of 0.031 to 0.050 ℃/year, which by 2070 

leads to a total increase of 1.55 to 2.5 ℃. On average, the summer stream temperatures are 

expected to increase at a rate of 0.041 ℃/year, with a standard deviation of 0.0031 ℃/year, and a 

significant average p–value of 0.0001. Autumn also sees more severe impacts, and some 

evidence of latitudinally stratified trends is observed. On average, stream temperatures in autumn 

are expected to increase at a rate of 0.033 ℃/year, with a standard deviation of 0.005 ℃/year, 

and a significant average p–value of 3×10–6. In the spring, the trends are also latitudinally 

stratified, and overall are less severe than autumn. However, warming is still noted in all 

subbasins, and most severely is affecting the Prairie regions. Spring stream temperatures are 

expected to increase at an average rate of 0.014 ℃/year, with a standard deviation of 

0.0076 ℃/year, and a significant average p–value of 0.0042. Winter will see some warming 

however, the trends are milder, and all subbasins are warming at a rate of up to 0.01 ℃/year, 

which would result in a total warming of up to 0.5 ℃ by 2070. All p–values of calculated trends 

in the winter are considered significant (< 0.05).   

4.1.2 Inflow to Major Lakes 

 Four major lakes are identified in the study area: Lake Winnipeg, Lake Athabasca, Great 

Slave Lake, and Great Bear Lake. These lakes are significant because they hold large amounts of 

water and are important to the hydrological cycle, they all have large amounts of commercial and 

recreational fishing, and all have First Nation communities living on their shorelines. The inflow 

locations of note are labelled below on Figure 28, where Grand Rapids, Berens River and Red 

River are all inflow locations for Lake Winnipeg.  
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Figure 28: Locations of river inflows to major lakes in the study region. 

 These locations are analyzed through use of trend tests and change point analysis. In 

every subbasin, the mean stream temperature is calculated for each year, for three different study 

periods (1981–2070, 2021–2050, and 2041–2070). These series of yearly mean stream 

temperatures are then pre–whitened and the Mann–Kendall trend test is applied to detect trends. 

This process is repeated five times, once for each climate model. Change point analysis is 

calculated using the Pettitt test, which finds the first significant change point in the series. Trends 

prior to, and after the change point are calculated using pre–whitened yearly mean stream 

temperature, for the periods of 1981 to the change point year, and from the change point year to 

2070. These results are summarized in Table 4 below, and are visually summarized in time–

series plots in Appendix B. All p–values for all trends are found to be significant (< 0.05) and all 

trends are in ℃/year. 
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Table 4: Summary of trends and change point analysis of major inflow locations to major lakes 

 Lake Winnipeg Mackenzie River Basin 

Name 
Red 

River 
Berens 
River 

Grand 
Rapids 

Lake 
Athabasca 

Great Slave 
Lake 

Great 
Bear Lake 

SUBID 1023197 1019657 1019713 1133207 1115286 1003335 
Change Point 2029 2029 2029 2029 2020 2029 
Trend prior to 
change point 

0.023  0.023 0.022 0.017  0.012  0.014  

Trend after 
change point 

0.027  0.027 0.026 0.021 0.015 0.016 

Trend 1981–2070 0.027  0.026 0.025 0.022 0.019 0.018 
Trend 2021–2050 0.032 0.030 0.031 0.025 0.022 0.020 
Trend 2041–2070 0.027 0.026 0.025 0.021 0.018 0.016 
Summer Trend 0.044 0.045 0.045 0.045 0.038 0.040 

 

 Overall, all locations report a more rapid rate of increasing stream temperature after the 

change point. All locations had a change point occur in 2029, except for the inflow to Great 

Slave Lake, which sees a change point in 2020. These change points are likely due to climate 

change. As seen previously, stream temperatures are increasing with climate change, especially 

in the near future (Figure 24). Considering most change points are in 2029, which is within the 

range of the near future (2021-2050), it is likely this change is climate induced. In 2015, the 

model switches from working with historic records, to future trend modelling using GCMs, 

which could be the reason for the earlier change point at Great Slave Lake. Increases in stream 

temperature are occurring at a rate slightly higher into Lake Winnipeg, than at any location in the 

Mackenzie River Basin. Increases in stream temperature are occurring at their quickest in the 

near future (2021–2050) and all locations see summer stream temperature trends increasing at a 

rate roughly twice as high as their overall trend from 1981–2070.  
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4.1.3 Discharge to the Arctic Ocean 

 Water discharges from the study area into the Ocean at the outlet of three rivers: the 

Nelson River, the Churchill River, and the Mackenzie River. The Nelson and Churchill Rivers 

discharge into the Hudson Bay, at the outlets of the Nelson–Churchill River basin. Figures 29 

and 30 below show the trends of stream temperature at the Nelson and Churchill River’s outlets. 

Solid lines represent trends that are statistically significant (p–value < 0.05), and dashed lines 

represent trends that are not statistically significant.  

Figure 29: Stream temperature trend analysis of the discharge of the Nelson River into the 
Hudson Bay 



61 
 

 

Figure 30: Stream temperature trend analysis of the discharge of the Churchill River into the 
Hudson Bay 

 Both outlets experience a total warming of approximately 2℃ from 1981 to 2070, and 

have a change point in 2029, where the rate of warming increases slightly after 2029, likely due 

to climate change, and more rapid trends for increasing stream temperature in the near future. 

Specifically, the outlet of the Churchill River increases from 0.0184 ℃/year to 0.0220 ℃/year in 

2029, and the outlet of the Nelson River increases from 0.0182 ℃/year to 0.0235 ℃/year. 

Variability in the minimum and maximum temperatures increase through time and all p–values 

are statistically significant at the 5% level (<0.05).  

 The discharge from the Mackenzie River to the Arctic Ocean follows a similar trend, as 

seen below in figure 31. 
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Figure 31: Stream temperature trend analysis of the Mackenzie River discharge into Arctic 
Ocean 

 The Mackenzie River outlet experiences a total warming of approximately 1.5℃ over the 

90–year study period (1981 to 2070) and experiences a change point in 2020, which is slightly 

earlier than the change points at the outlets of the Nelson and Churchill Rivers. This is likely 

climate induced, or due to the model switching from historic records to GCMs. The rate of 

stream temperature warming increases from 0.0127 ℃/year to 0.0157 ℃/year in 2020. All p–

values are significant at the 5% significance level (<0.05).  
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4.2 River Ice  

4.2.1 River Ice Thickness 

 Future river ice thickness data are predicted using the Arctic HYPE model. For each 

subbasin, the yearly mean river ice thickness is calculated based on the water year (Oct 1 – Sept 

30). The data are pre–whitened prior to being used in the Mann–Kendall trend test. This process 

was repeated five times, once for each climate run, and the mean of the five trends is displayed 

visually in the following figure. This same procedure was performed for several study periods: 

the entire study period (1981–2070), the near future (2021–2050) and the distant future (2041–

2070). The rates of change of river ice thickness for these study periods can be seen in Figure 32 

below.  

Figure 32: Rates of change in river ice thickness (cm/year) from 1981–2070 

 River ice thickness is expected to decrease in the study area. The average rate of ice 

thickness decrease is calculated to be 0.22 cm/year, or a decrease of 11 cm by 2070, with a 
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significant average p–value of 0.021 and a standard deviation of 0.12 cm/year. Twelve subbasins 

are unexpectedly predicted to have increasing river ice thickness throughout the study period and 

are expected to increase in ice thickness at an average rate of 0.03 cm/year, or a total increase of 

1.5 cm by 2070, with a standard deviation of 0.03 cm/year and an insignificant average p–value 

of 0.145. There is also a west to east increase in the rate of decreasing river ice thickness. This is 

likely due to landcover, and mimics trends seen in Figure 3. The boreal wetland regions in the 

northeast are losing ice faster than the mountainous headwaters.  

 Rates of change for river ice thickness are considered for the near future (2021 – 2050) 

and the distant future (2041 – 2070), as seen below in Figure 33. 

 

Figure 33: Rates of change in river ice thickness (cm/year) for the near future (2021–2050) and 
the distant future (2041–2070) 

 Depending on the area of the study region, river ice thickness will be more or less 

affected by climate change in the near future and distant future. In the near future (2021–2050), 

river ice thickness will affect the Churchill River basin most severely, as well as the area north of 

Great Slave Lake. Overall, during this study period, the river ice in the study area is expected to 
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decrease by 0.27 cm/year from 2021–2050, or a decrease of 8 cm by 2050, with an insignificant 

average p–value of 0.331 and a standard deviation of 0.24 cm/year. In the distant future, river ice 

is expected to decrease by 0.17 cm/year on average across the study area, or an additional 5 cm 

reduction by 2070, with an insignificant p–value of 0.351 and a standard deviation of 0.31 

cm/year. The area between Great Slave Lake and Great Bear Lake, the discharge area of the 

Mackenzie and the very south of the Nelson–Churchill River basin are expected to be the most 

severely affected.  

Variability and certainty in the data is expected to decrease, the further the projections 

into the future. Presented below in Figures 34 and 35 are the boxplots for the Nelson–Churchill 

River basin (Figure 34) and the Mackenzie River (Figure 35) basin for yearly mean river ice 

thickness data. These were calculated for three study periods: 1981–2020 (the past), 2021–2050 

(the near future) and 2041–2070 (the distant future). The data used to create the boxplot was the 

yearly mean river ice thickness, for every year in the applicable study period, for all five climate 

runs. Years were defined as the water year, from October 1 to September 30.  
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Figure 34: Variability in yearly mean river ice thickness (cm) in the Nelson-Churchill 
River basin for three study periods: 1981–2020, 2021–2050 and 2041–2070 

Figure 35: Variability in yearly mean river ice thickness (cm) in the Mackenzie River basin for 
three study periods: 1981–2020, 2021–2050 and 2041–2070 

IQR = 27.0             IQR = 25.1             IQR = 24.5 

IQR = 34.6              IQR = 32.0              IQR = 30.1 
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 The variability (size of the interquartile range) decreases as time passes, for both the 

Nelson–Churchill and Mackenzie River basin. Further in the future, climate projections are less 

certain; therefore, an increase in variability and uncertainty is expected. Likely the decrease in 

variability is occurring because more time is spent without ice cover. If the ice cover takes longer 

to form, it will also then have less time to thicken. This brings down the average ice thickness 

overall, and fewer very thick ice covers are reached. Fewer very thick ice covers may skew the 

data to smaller ranges. The median stream temperature is increasing in the future for both the 

Nelson–Churchill and Mackenzie River basins.  

In the western Mackenzie River basin, in a zone largely defined by the mountains in the 

Yukon and northern British Columbia, river ice thickness is predicted to increase between 2041 

and 2070. A total of 149 stations in this area are experiencing an increase in river ice thickness, 

with an average rate of 0.04 cm/year, with a standard deviation of 0.03 cm/year and an 

insignificant average p–value of 0.42. As well, several subbasins in the Nelson–Churchill basin 

are affected, mostly along the Churchill River. These 49 stations predict river ice increasing at an 

average rate of 0.12 cm/year, with a standard deviation of 0.16 cm/year and an insignificant 

average p–value of 0.29. 

4.2.2 Timing of River Ice 

 River ice formation and break–up are complicated processes. Winter roads rely on river 

ice to cross frozen lakes and rivers in the winter. The availability of these roads is critical to 

remote northern communities and are affected by the number of days with available river ice and 

the ice thickness. The timing of river ice is analyzed by three different metrics: the first day with 

ice cover (freeze–up), the last day of ice cover (break–up), and the total number of days with ice 
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cover. In table 5 below, the average dates throughout the basin are summarized for the freeze–up, 

break–up and total days with ice on. These were calculated using the mean of all subbasins 

across the study area, for the specified study period.  

Table 5: Mean freeze–up dates, break–up dates and mean number of days with ice cover over 
different study periods 

 Freeze–up Break–up Days with Ice Cover 
1981–2070 Nov 4 April 27 121 
2021–2050 Nov 5 April 25 115 
2041–2070 Nov 12 April 13 109 

 

 As seen in table 5, in the future, freeze–up is occurring later in the year, break–up is 

occurring earlier, and there is a decrease in the total number of days with ice on.  

Below in figures 36, 37 and 38, freeze–up date, break–up date, and number of days with 

ice cover, are displayed using colour scales on a map of the study area. This provides more 

context for how quickly these variables are changing through the study period, and which 

locations may be worse affected. Rates of change were calculated using the Mann–Kendall trend 

test on pre–whitened data. This process was repeated five times, once for each climate model. 

The mean of the five Mann–Kendall trends for each subbasin is visually represented in the 

following figures. For freeze–up and break–up dates, the Julian date was used and the total 

number of days per year with ice cover in a water year was used to calculate the number of days 

with ice cover for each year. 



69 
 

 

Figure 36: Rates of change in freeze–up date (1981 – 2070) (days/year) 

 The rate of change for the first day of ice on, or when freeze–up occurs, is displayed 

above in Figure 36. Julian dates of freeze–up were used to calculate the trends, therefore on the 

scale, if the rate is negative, it implies the Julian date is decreasing, and therefore freeze–up is 

occurring earlier in the year. Positive rates imply the Julian date is increasing, and therefore 

freeze–up is occurring later in the year. Throughout the basin, freeze–up is generally occurring at 

later dates throughout the study period (1981 – 2070). On average, freeze–up is occurring later in 

the year as time passes, at a rate of 0.1 – 0.2 days later per year. Specifically, throughout the 

study area, the average rate was found to be 0.15 days/year with a standard deviation of 0.07 

days/year and a significant mean p–value of 0.024. Over 50 years, this results in freeze–up 

occurring 6 days later. However, a total 140 sub-basins were identified as having freeze–up dates 

occurring earlier in the year by a mean of 0.13 days sooner per year, with a mean standard 

deviation of 0.14 days/year and an insignificant mean p–value of 0.20. 
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Figure 37: Rates of change in break–up date (1981 – 2070) (days/year) 

 Break–up is on average occurring earlier in the year. Julian dates of break–up were used 

to calculate the trends, therefore on the scale, if the rate is negative, it implies the Julian date is 

decreasing, and therefore break–up is occurring earlier in the year. Positive rates imply the Julian 

date is increasing, and therefore break–up is occurring later in the year.  Break–up is on average 

occurring roughly 0.2 to 0.3 days/year sooner. This amounts to 10 to 15 days sooner from 2020 

to 2070. Specifically, the average rate of change for the study area was found to be 0.23 

days/year sooner with a standard deviation of 0.06 days/year and a significant mean p–value of 

0.007. However, 35 sub–basins were identified as having break–up dates occurring later in the 

year in the future at a mean rate 0.06 days/year later, with a mean standard deviation of 0.04 

days/year and an insignificant mean p–value of 0.18.  
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Figure 38: Rates of change in number of days with ice cover (1981 – 2070) (days/year) 

 The number of days with ice cover is severely affected throughout the region. The 

number of days with ice cover on rivers is rapidly reducing at a rate of 0.3 to 0.5 days/year, 

which amount of 15 to 25 days of lost ice cover by 2070. Specifically, the average rate for the 

study area was found to be 0.40 days/year, with a standard deviation of 0.11 days/year and a 

significant average p–value of 0.003. However, 19 sub–basins were identified as having an 

increase with the number of days with ice on in the future, at an average rate of 0.08 days/year, 

with a mean standard deviation of 0.08 days/year and a significant mean p–value of 0.02.  
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4.2.3 Effects on Ice Roads 

Winter roads are individually analyzed and are labelled below in Figure 39.  

  

Figure 39: Identified significant ice roads in the study domain 

Rates of change for freeze–up dates, break–up dates, number of days with ice cover were 

all calculated by taking the mean of these rates for every subbasin that each winter road passes 

through for the entire study period of 1981 to 2070. The rates of change for ice cover thickness 

over several study periods (1981–2070, 2021–2050, 2041–2070) where calculated by taking the 

mean of the corresponding rates of change for each subbasin that each winter road passes 

through. These variables are summarized below in Table 6. Any values in italics indicate the p–

value was insignificant for this trend (> 0.05).  
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Table 6: Rates of change for identified ice roads; values in italics are insignificant trends at the 
5% level (p>0.05). 

 Freeze–up 
(days/year) 

Break–up 
(days/year) 

Days Ice Cover 
(days/year) 

1981–
2070 

(cm/year) 

2021–
2050 

(cm/year) 

2041–2070 
(cm/year) 

A 0.186 –0.218 –0.387 –0.363 –0.219 –0.334 
B 0.194 –0.199 –0.391 –0.265 –0.160 –0.144 
C 0.148 –0.195 –0.400 –0.301 –0.301 –0.309 
D 0.197 –0.261 –0.460 –0.191 –0.174 –0.041 
E 0.174 –0.265 –0.448 –0.271 –0.243 –0.201 
F 0.193 –0.215 –0.384 –0.289 –0.372 –0.266 
G 0.187 –0.235 –0.459 –0.284 –0.281 –0.306 
H 0.128 –0.213 –0.381 –0.206 –0.227 –0.136 
I 0.168 –0.208 –0.374 –0.252 –0.369 –0.192 
J 0.127 –0.208 –0.395 –0.252 –0.486 –0.123 
K 0.148 –0.249 –0.401 –0.217 –0.259 –0.204 

  

The winter road labeled as F in Figure 39, is a very significant winter road referred to as 

the Tibbitt to Contwoyto Winter Road (Hayley & Proskin, 2008), as previously discussed in 

section 2.9.1. This road runs from just outside Yellowknife to the Lupin mine and is vital to the 

Northwest Territories’ economy as over $500 million of goods are transported each year over 

this winter road (JVMC, 2015). This is considered the world’s busiest heavy haul winter road, 

and spans 550 km (Mullan, et al., 2017). 
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5.0 Analysis and Discussion 

5.1 Climate Change Projections  

5.1.1 Changes in Stream temperature 

 In general, stream temperature is increasing at a higher rate in the southern portion of the 

study region. This is unexpected as previous studies have showed that observed data suggests 

that the further north, the more quickly the air temperature is warming (Collins, et al., 2013; 

Zhang, et al., 2019). This has been reported as arctic amplification by Serreze and Barry (2011). 

As well, temperatures are expected to continue to rise in the future, and warming is expected to 

be approximately twice the global mean (Zhang et al., 2019; Stadnyk and Déry, 2021). 

Considering there is a strong relationship between air temperature and water temperature, it may 

be expected that water temperature would follow similar trends, where stream temperatures will 

increase more quickly in more northern regions. However, Figure 23 clearly shows that stream 

temperatures are increasing at a higher rate in the southern portion of the study area.   

However, in more northern regions, water spends more time frozen, and near zero 

degrees, as the winters are longer. Therefore, this increased number of days with very cold water, 

can bring down the yearly mean water temperatures, and decrease the projected rates of 

increasing water temperatures. As well, air temperatures are noted to be increasing the most 

during the winter and spring months (Vincent, et al., 2015), which would affect water 

temperatures less in the North, due to the prolonged winter.  

 Furthermore, climate projections for water temperatures have found similar trends. van 

Vliet, et al. (2013) found that stream temperatures are increasing more quickly in the United 
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States, Europe and eastern China, and increasing less quickly in more northern regions in 

Canada, due to decreasing flows. van Vliet, et al. (2011) performed a sensitivity analysis that 

showed that as air temperatures increase, river temperatures increase as well, and demonstrated 

in Figure 22, that stream temperatures are increasing at a slower rate at higher latitudes in 

Canada. Prowse, et al. (2011), observed changes in mean daily lake water temperature based on 

latitudes and demonstrated that those northern regions are experiencing greater warming in the 

summer.  

 Seasonal trends indicate that water temperatures will increase most severely in the 

summer and will be least affected by climate change in the winter months. This is reasonable as 

during the winter, the river water will be frozen, or near freezing temperatures, and therefore 

there are fewer days available out of December, January and February where the water will be 

able to increase in temperature and cause additional warming. Furthermore, any potential runoff 

during these months will not affect the river temperature, as the runoff is unable to reach the 

river due to the ice cover. This further explains why the spring is less effected as well, and why 

we see such latitudinal stratification, because at more northern latitudes, break–up occurs later in 

the year, and therefore the water will spend more days near or at 0℃, and therefore will overall 

be less affected.  

5.1.2 Changes in River Ice 

 In general, river ice thickness is expected to decrease throughout the study area. River ice 

loss will be more severe in the North, and less severe in the south and in the mountainous 

headwater regions. River ice thickness will be more affected in the near future (2021–2050), than 

in the distant future (2041 – 2070). This is consistent with other projected trends. Prowse, et al., 
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(2011c) found that maximum lake–ice thickness is expected to decrease by 10 – 15 cm in the 

Arctic before 2080. Brown & Duguay (2011) found that mean maximum lake ice thickness in 

Canada is expected to decrease by 10 – 60 cm with no snow cover, and by 5–50 cm with snow 

cover. These results are reasonable as changes in ice thickness are linked to changes in air 

temperature (Bush & Lemmen, 2019), and since air temperatures are expected to increase more 

rapidly in higher latitude regions (Stadnyk & Déry, 2021; Government of Canada, 2019, van 

Vliet, et al., 2013), it is expected that river ice would follow similar trends.  

 Based on the results of this research, break–up dates are predicted to begin earlier, and 

freeze-up dates are predicted to begin later in the year, causing a decrease in total number of days 

with ice cover. This is consistent with trends identified by several other studies (e.g., Brown & 

Duguay, 2011; Prowse, et al., 2011; Bush & Lemmen, 2019) and is consistent with observed 

trends (Magnuson, et al., 2000; Lacroix, et al., 2005; Prowse, et al., 2011). These results seem 

reasonable as ice phenology is linked to changes in air temperature (Bush & Lemmen, 2019), 

and therefore as air temperatures rise, it is expected that freeze–up begins later, break–up begins 

sooner, and that there is an overall decrease in the number of days with ice cover.  

 Unexpectedly, there are 12 subbasins, where on average, between all five climate 

projections, will see an increase in river ice thickness, by roughly 1.5 cm. This was also observed 

on the Lena–Kusur River in Russia by Shiklomanov & Lammers (2014). Shiklomanov and 

Lammers believe the increasing ice thickness is due to the relationship between air temperature, 

river ice and river discharge, and its complexity. This phenomenon may also be due to 

decreasing velocities and changes in flow regimes. Further investigation into the subbasins with 

increasing ice thickness should be performed to analyze why river ice thickness may be 

increasing at these locations. 
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5.2 Effects of Rising Stream Temperature on Fish 

 The effects of climate change on water temperature were analyzed through use of the 

Mann–Kendall trend test, on climate projections from Arctic–HYPE under five different climate 

change scenarios. Water temperature is increasing in all subbasins throughout the study region, 

as seen in Figure 23, and are especially increasing in the summer (Figure 27), which is a critical 

time for growth and spawning for fish populations.  

 Fish thrive and reproduce in narrow ranges of water temperature, and therefore changes 

in the water temperature can affect fish populations. In the northern portion of the Mackenzie 

River basin, summertime water temperatures reach an approximate high of 15 ℃ (Long, et al., 

2007; Johnson, 2011; Yang, Marsh, & Ge, 2014). This area includes Great Bear Lake, Great 

Slave Lake, and the discharge location of the Mackenzie River to the Arctic Ocean. This is 

slightly above the spawning temperature ranges for the northern pike, walleye, and yellow perch, 

and is below their optimal growth temperature ranges. This area is expected to see an average 

increase in water temperature of 0.01 – 0.02 ℃/year, or a total of 0.5 – 1℃ by 2070, as seen in 

Figure 23. In the summer stream temperature is expected to increase by 0.03 – 0.05 ℃/year, or a 

total of 1.5 – 2.5 ℃ by 2070, as seen in Figure 27. In these high latitude areas, an increase in 

water temperature may cause these fish species to thrive, as warming temperatures will push the 

average summer water temperature closer to their optimal growth temperature range. This has 

been previously observed in Lake Ontario. Casselman & Dietrich (2003) noted an increase in 

pike population in eastern Lake Ontario over a 70–year period, which was correlated with an 

increase in water temperature. Therefore, as water temperatures rise, we can expect to see an 

increase in many cold–water fish species as water temperatures approach their optimal growth 
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temperature range. This, however, is doomed to disrupt the delicate balance of the ecosystem and 

the predator and prey hierarchical structure. 

 In the southern portion of the Mackenzie River basin, and the Nelson–Churchill River 

basin, average summertime water temperatures are expected to reach around 20 ℃ (Government 

of Manitoba, 2020; Alberta Water Portal Society, 2022). This area includes the Peace–Athabasca 

watershed and Lake Winnipeg. These temperatures are within the optimal growth rate for 

northern pike, walleye, and yellow perch. This area is expected to have water temperature 

increases of 1 – 1.5 ℃ on average, and 1.5 – 2 ℃ in the summer. This would bring the 

summertime water temperatures slightly higher than the optimal growth temperature for these 

fish species. This can cause an abundance of these fish species, and other cold–water fish 

species, since the time the water temperature spends in their optimal growth rate will likely 

extend, with shorter winters. However, during the summertime, as temperatures rise and surpass 

the optimal growth range, it is likely these fish will experience some stress. High maximum 

water temperatures are becoming a concern, and many eastern Canadian rivers have already been 

found to regularly approach or exceed the maximum water temperature for many cold–water 

species (Jeong, Daigle, & St–Hilaire, 2013; Daigle, Jeong, & Lapointe, 2015). As well, Caissie, 

El–Jabi, & Turkkan (2014) found that water temperatures in the Little Southwest Miramichi 

River in New Brunswick are increasing, and that maximum summertime water temperatures 

reach 29 ℃ on average of one day per year, and the frequency of these high–water temperature 

dates are expected to increase with climate change. Northern pike, walleye, and yellow perch, 

along with many other cold–water fish species (Cassie, El-Jabi, & Turkkan, 2014) have a lethal 

water temperature of around 30 ℃ (Scott & Crossman, 1973; Casselman, 1995) so increasing the 

water temperature any closer to this could cause additional stress to the fish.  
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5.2.1 Warming Inflows to Major Lakes 

 Overall, stream temperatures at inflow locations of these major lakes are increasing. 

Rates are higher in Lake Winnipeg than in the Mackenzie River basin, which follows the overall 

warming trend where the south of the study area is more affected by climate change and 

experience higher warming rates, as discussed in section 5.1.1. These increases in stream 

temperature, will cause an increase in lake temperature near these discharge locations. These 

locations are very dynamic, where a lot of mixing is occurring between the inflows and the lake. 

Fish will be affected by warm incoming flows. Fish often exist in areas of river discharge into 

lakes, and therefore these areas are critical. Many cold–water fish species will experience water 

temperatures closer to their optimal growth and spawning range, causing increases in these fish 

populations, which can affect the balance of the ecosystems. In the peak of summer, there is 

concern that the water temperatures will be too warm and cause additional stress on fish in these 

areas. Further research into the effects of warm influents in these areas is required, as the 

increases in water temperature at these locations could be more severe and may see more 

warming than the rest of the lake. 

 Furthermore, inflows into large lakes play a role in lake stratification (Christianson, 

Johnson & Hotten, 2020). Therefore, as inflow temperatures increase, stratification may get more 

severe, and the difference in temperature between the top layer and deep waters of the lakes will 

increase. The lake then becomes more resistant to wind–induced mixing (Hondzo & Stefan, 

1993; Vincent, 2009; Magee & Wu, 2017). This is problematic as the continued stratification can 

inhibit lake turnover, which is where the entire volume of the lake is at the same temperature, 

allowing the entire lake to mix by wind. This is an important process as it replenishes dissolved 

oxygen content in the deepest parts of the lake, which deep water fish rely upon (Fafard, 2018). 
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If warming inflows increase lake stratification, deep water fish populations will be severely 

affected, as they rely on lake turnover for their oxygen needs.  

5.3 Effects of Warming Inflows on the Arctic Ocean Estuaries  

  The effects on rising freshwater temperature on the Hudson Bay and the Arctic Ocean at 

the discharge locations of the Nelson River, Churchill River and Mackenzie River are analyzed 

by examining the time–series plots at the respective discharge locations. Discharge from these 

rivers impacts the Arctic Ocean, seasonal ice formation, and continental shelves of ecological 

significance; therefore, rising temperatures may affect mixing and other processes at the interface 

of salt and fresh water.  

 In the springtime, river flows increase due to an increase in runoff from melting snow and 

ice and are discharged into the ocean where land fast ice is still in place (McClelland, et al., 

2012). These flows push out under the ice and mix or displace the river water that was slowly 

built up during the winter (Macdonald, 2000). As stream temperatures increase, this can cause 

additional melting of sea ice and can cause fewer days with ice cover. Ice cover is critical as it 

affect nutrient and light availability, as well as providing hunting ground for polar bears and 

habitats for seals. Additionally, certain fish species, such as the Arctic cod, rely on the sea ice 

cover for incubation (Ponomarenko, 2000). Therefore, a reduction in the number of days with 

available ice cover can reduce the incubation duration, potentially affecting the fish populations. 

If the Arctic cod hatch too early, there may be poor feeding and survival conditions, which can 

cause stress to the fish (Schembri, et al., 2022). However, this may also allow the fish to have 

longer growth periods, and they could reach larger sizes (Fortier, et al., 2006). The effects on fish 
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are therefore unknown, but a reduction or increase in the population of a fish species can affect 

the balance of the ecosystem, and the balance of predator and prey. 

 During the winter, streams continue to discharge into the ocean estuaries. As stream 

temperatures increase, these warmer inflows can contribute to thinner sea ice cover during the 

winter and cause earlier break–up, due to loss of ice volume and strength. As well, warmer 

inflows may increase stratification in the estuaries. The effect of increasing stream temperatures, 

coupled with increasing flow rates (Stadnyk, et al., 2021), will continue to degrade the sea ice, in 

an unknown cumulative way. This will not only affect the ecosystem, by changing the sea ice 

patterns, but it also can become a safety issue when using the sea ice as a winter road to transport 

goods and services.  

5.4 Effects of Climate Change on Ice Roads 

 Winter and ice roads, as identified in Figure 39, will be affected by climate change. 

Freeze-up dates will begin to happen later in the year, and break–up will begin sooner, as evident 

in Table 6. Of important note for ice roads is the number of days with ice cover available. The 

number of days with ice cover will directly impact how long the ice roads are available for use. 

Shorter ice road seasons can lead to fewer supplies and goods being transported on the ice road 

and can increase costs due to the alternative method of transportation, flying. Ice thickness is 

also important for ice roads, as the ice thickness of the ice road directly impacts the ice road’s 

bearing capacity.   

 On the world’s busiest heavy haul winter road, the Tibbitt to Contwoyto Winter Road 

(Road F in Figure 39), the number of days with ice cover is expected to decrease based on 

climate projections (Mullan, et al., 2017). This leads to a decrease in operational days for this ice 
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road, potentially having detrimental impacts to the NWT economy, and those that the rely on the 

winter road access. This winter road is expected to see river ice thickness decrease at a rate of 

0.217 cm/year from 1981 to 2070, which will lead to a reduction of 11 cm by 2070. This is a 

significant amount as the minimum ice thickness for the ice road is 70 cm, for carrying light 

loads (JVMC, 2015). Thicknesses upwards of 100 cm are required for very heavy loads (Perrin, 

et al., 2015). Therefore, a decrease of 11 cm in ice thickness will seriously affect the maximum 

loading. Furthermore, the number of days with ice cover is expected to reduce at a rate of 0.401 

days/year, which leads to a reduction of 20 fewer days with ice cover. Considering the season is 

on average open for 60 days a year, this will significantly affect the accessibility of the winter 

road. Since operational seasons with fewer than 50 days trigger adaptive scenarios and seasons 

with fewer than 45 days may no longer be viable, a reduction of 20 fewer days with ice cover 

will significantly affect how and if this winter road is used. A decrease in overall ice thickness 

and a decrease in the number of days with ice cover will affect the accessibility of the winter 

road, as well as require planning and scheduling to determine how to best maximize the winter 

road while is can be used and may result in the road not being built.  

 Medium– and long–term mitigation strategies generally require 5–years worth of design 

and planning to lead to implementation (Hayley & Proskin, 2008). Hayley & Proskin (2008) 

suggest that for a shorter number of operational days mitigation techniques such as creating 

separate lanes for loaded and empty trucks, building multiple routes across lakes and the 

development of additional winter roads could help. Barrette (2018) additionally suggests laying 

structural bridges across river crossings, building all–weather roads, and extending power grids 

to remote communities to reduce their reliance on diesel fuel. Finally, Derksen, et al. (2019) adds 

that barges could be used in open water areas and that modification to ice road construction 
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techniques and modification of transport schedules may help. However, these suggestions all 

have high capital costs and take a relatively long amount of time to plan and implement. 

Potentially shorter–term mitigation strategies could include additional flooding, using spray ice, 

and covering the ice with saw dust to insulate against warm temperatures (Derksen, et al., 2019). 

These offer some more readily available mitigation techniques, however, are not long–term 

solutions. 

 Ice roads will be negatively affected by climate change, as river ice thickness decreases 

by an expected 11 cm by 2070 and the available time of ice roads narrows. Remote northern 

communities will be affected, as they rely on winter and ice roads for transportation of goods and 

supplies. Specifically, Indigenous populations will be disproportionately affected. As well, mines 

will be affected, as they will not be able to transport the same number of resources, therefore 

negatively impacting the economy. Many Indigenous populations living on reserves rely on 

access to ice roads, which can be seen in Figure 39. Specifically, the ice roads labeled as A, B, 

and C. Communities in these areas area very remote, and any decrease in ice thickness or 

duration or ice cover will significantly affect these populations. Mitigation techniques are 

available but are either short term or require large upfront capital costs.  

6.0 Summary and Conclusion  

 Climate change is warming air temperatures and causing the Arctic to warm at twice the 

rate as the rest of the planet. There is a strong relationship between air temperature and stream 

temperature, and therefore as air temperatures rises, it is expected stream temperatures will rise 

as well. Stream temperature is a vital water quality parameter because it directly affects fish 

spawning and growth. Fish have a very small optimal spawning and growth temperature range, 
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and therefore any changes in the water temperatures will affect fish populations. As well, streams 

that discharge into the ocean have a role in estuary processes. As stream temperatures increase, 

these estuaries will be affected, and fish, organisms, sea ice, mixing and other estuary 

components will be affected. This is also an important variable to understand as it is a critical 

input parameter for ocean circulation models. Additionally, stream temperature and air 

temperature affect river ice. River ice is not able to form until stream temperatures reach 0℃ and 

air temperature is the main driving factor in decreasing stream temperatures, thermal ice growth, 

and river ice melt and break–up.  

In northern regions, population is scarce and therefore observed data are more difficult to 

obtain. Modelling can offer a solution, in order to estimate variables in more remote locations. 

The goal of this project was to determine the effects of climate change on stream temperature 

and river ice thickness in the Nelson–Churchill and Mackenzie River basins. A subset of the 

Arctic–HYPE model was used to model the study area and various parameters. First the model 

was evaluated against observed stream temperature and river ice data from 1971–2015. Spatially, 

the results for stream temperature were good, with most NRMSE normalized using the standard 

deviation and the range, with values being less than 0.50. The model was found to be more 

reliable in the study area’s headwaters, in the mountains. For river ice thickness, the results were 

also good, however there was more uncertainty, and fewer stations with available data. 

Temporally, the model tends to under predict stream temperature during the spring and summer 

and over predict stream temperature in autumn. River ice is underpredicted, except in the Nelson 

Basin, where it is suitably predicted.  
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Methodology 

The model was then run under five different climate scenarios. Pre–whitened yearly 

mean data was obtained for stream temperature and river ice thickness, and the rates of change 

were estimated using the Mann–Kendall trend test. Stream temperature is expected to be 

increasing at an average rate of 0.022 ℃/year with a standard deviation of 0.003 ℃/year, from 

1981–2070. The near future (2021–2050) is expected to see a greater increase in stream 

temperature at a rate of 0.024 ℃/year compared to the distant future (2041–2070) at a rate of 

0.022 ℃/year. Seasonally, the summer will experience the greatest increase in stream 

temperatures, where it is expected to increase at a rate of 0.041 ℃/year between 1981 and 2070. 

In general, stream temperatures are expected to increase at a faster rate in the south of the study 

area. River ice thickness is expected to decrease at an average rate of 0.22 cm/year from 1981 to 

2070. In the near future, it is expected to see a more severe decrease of river ice thickness, at an 

average rate of 0.27 cm/year compared to the distant future which will see a decrease in river ice 

thickness at a rate of 0.17 cm/year. River ice thickness is expected to decrease more quickly in 

the north of the study area, and it is expected that there will be overall fewer days with ice cover, 

with later freeze–up dates and earlier break–up dates. 

Trends in Stream Temperature 

Since air temperature is rising more quickly in the north, it was expected that stream 

temperature would follow a similar trend. As well, it was expected that stream temperatures 

would increase more quickly in the winter, not the summer, based on climate change projections 

for air temperature and the strong relationship between air temperature and stream temperature. 

However, stream temperatures were projected to be increasing more quickly in the south of the 

study area, and in the summer. Stream temperature increasing more quickly in the south of the 
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study area agreed with other studies (van Vliet, et al., 2011; Prowse, et al., 2011) and is 

reasonable because stream temperatures at higher latitudes will spend longer at or near freezing, 

since the winters are longer. Therefore, the average stream temperatures will have more 

difficulty increasing. As well, stream temperatures are increasing the most quickly in the 

summer, because in the winter streams are frozen, and stream temperatures are expected to 

remain around 0℃.  

Effects of Increasing Stream Temperatures 

Since stream temperatures are increasing so quickly in the summer, there will be effects 

on fish populations. Most cold–water fish species in the study region will actually experience 

summer stream temperatures closer to their optimal growth and spawning ranges. Therefore, it is 

expected that fish species within the study area will begin to thrive. This may be beneficial to 

fisheries; however, it will disrupt the ecosystem and challenge the balance of predator and prey. 

Stream temperatures entering major freshwater lakes in the study area and discharging into the 

oceans are predicted to increase. This will affect fish populations that live near these discharge 

locations, and the overall health of the lake. Ocean estuaries will be affected by changing inflow 

stream temperatures because these are dynamic areas that support many fish species, mammals, 

and other organisms. As well, sea ice will be affected by changing inflow stream temperatures. 

Sea ice is important because it controls nutrient and light levels and provides a habitat and 

hunting area for seals and polar bears.  

Trends in River Ice Thickness 

River ice thickness is expected to decrease throughout the basin, except for in 12 

subbasins, where on average, the river ice thickness is expected to decrease. This was 
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unexpected, however was also observed by Shiklomanov & Lammers (2014) on the Lena–Kusur 

River in Russia. It is not known why this trend is predicted; however, it could be due to the 

complex relationship between air temperature, river ice and river discharge, or due to decreasing 

velocities and changes in flow regimes. Across the study area, river ice thickness is expected to 

decrease at an average rate of 0.22 cm/year, or a decrease of 11 cm by 2070. River ice thickness 

is expected to decrease at an overall quicker rate in the near future (0.27 cm/year) than in the 

distant future (0.17 cm/year). River ice phenology is expected to change as well under climate 

change, with freeze–up dates occurring later in the year at an average rate of 0.15 days/year. 

Break–up is expected to occur earlier in the year, at an average rate of 0.23 days/year sooner, and 

the total number of days with ice cover is decreasing at an average rate of 0.40 days/year. 

Effects of Decreasing River Ice Thickness on Winter Roads 

Ice roads will be affected by this decrease in river ice thickness, and by decreasing 

number of days with ice cover. The Tibbitt to Contwoyto Winter Road is located just north of 

Great Slave Lake and is considered the busiest heavy haul winter road in the world. This winter 

road can expect to see a decrease in total river ice thickness of 11 cm by 2070, which will affect 

the bearing capacities of the road. Furthermore, there is expected to be a decrease of 20 fewer 

days of ice cover for this winter road. Mitigation strategies will have to be addressed, but often 

require high capital costs and require time to design and implement the strategies.  

Climate change will have significant effects on the stream temperature and river ice 

thickness throughout the study area. Fish populations may increase, disrupting the balance of the 

ecosystem. Oceans and lakes will see higher inflow stream temperatures, affecting mixing, ice 

levels, and the fauna and flora that exist in these locations. Ice roads will see a decrease in 

strength and in days of availability, disrupting the economies of those that rely on winter roads.  
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6.1 Future Works 

Scope limitations and assumptions were made throughout this project. Some 

recommendations are presented as follow, to address the limitations and assumptions.  

When looking at the climate projection results, the analysis of river ice thickness data 

focused on trends for ice thickness and the ice phenology. While this is a common approach to 

studying the effects of climate change on river ice (e.g., Brown & Duguay, 2011; Prowse, et al., 

2011c; Bush & Lemmen, 2019), this is a simplified approach that does not capture midwinter 

thaws. Midwinter thaws are becoming more frequent with climate change (Jeong, et al., 2016), 

and therefore further study should be done to determine the effects of these midwinter thaws, and 

what the impact of midwinter thaws are on ice thickening and ice phenology.  

The HYPE model calculates the ice thickness and ice growth based on air temperature 

and snow cover. However, rain can influence ice thickness as well. Rain can contribute to the 

melt of ice, however stagnant rainwater left on top of the ice can freeze and contribute to its 

growth. The relationship between rain and ice growth should be studied more carefully to 

determine its impacts on river ice growth. This is especially important since precipitation events 

are changing due to climate change, and we can expect more intense storms in the future (Zhang, 

et al., 2019), and more midwinter thaws and rains.  

There were 16 subbasins identified which on average, see an increase in river ice 

thickness between 2020 and 2070. These subbasins should be studied more closely to determine 

the reasons behind this trend. Analysis should focus on why ice grows in these subbasins, and the 

potential effects of this ice growth on the local ecosystem and downstream flows.  
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Appendix A – Individual Climate Run Results 

 Stream Temperature Results 

Figure A–1: Stream temperature trends for climate run GF3r41 (1981–2070) 

 

 

Figure A–2: Stream temperature trends for climate run MI5r41 (1981–2070) 
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Figure A–3: Stream temperature trends for climate run MI5r81 (1981–2070) 

 

 

Figure A–4: Stream temperature trends for climate run MR3r41 (1981–2070) 
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Figure A–5: Stream temperature trends for climate run MR3r81 (1981–2070) 
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River Ice Thickness Results 

 

Figure A–6: River ice thickness trends for climate run GF3r41 (1981–2070) 

 

 

Figure A–7: River ice thickness trends for climate run MI5r41 (1981–2070) 
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Figure A–8: River ice thickness trends for climate run MI5r81 (1981–2070) 

 

 

Figure A–9: River ice thickness trends for climate run MR3r41 (1981–2070) 
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Figure A–10: River ice thickness trends for climate run MR3r81 (1981–2070) 



114 
 

Appendix B – Time Series Graphs 

 

Figure B–1: Stream temperature changes at the Grand Rapids influent to Lake Winnipeg (SUBID 1019713) 

 

 

 

Figure B–2: Stream temperature changes at the Red River influent to Lake Winnipeg (SUBID 1023197) 
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Figure B–3: Stream temperature changes at the Berens River influent to Lake Winnipeg (SUBID 1019657) 

 

 

Figure B–4: Stream temperature changes at the influent to Lake Athabasca (SUBID 1133207) 
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Figure B–5: Stream temperature changes at the influent to Great Slave Lake (SUBID 1003335) 

 

 

Figure B–6: Stream temperature changes at the influent to Great Bear Lake (SUBID 1167893) 

 


