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Abstract  
  
 A study of suspended sediment transport dynamics was undertaken in the West 

River at Cape Bounty, Melville Island, Nunavut.  Hydrometerological conditions and 

sediment transport were measured over three seasons in order to characterize suspended 

sediment transport and grain size characteristics in relation to catchment and channel 

snowpack.  Catchment snow water equivalence was measured at the beginning of the 

season, and discharge, suspended sediment concentration (SSC) and grain size were 

measured at high temporal resolution through the runoff period to evaluate diurnal-, 

event- and seasonal-scale discharge-suspended sediment and grain size hysteresis.  In 

addition, two models of a time-integrated suspended sediment trap, modified from Philips 

et al. (2000), were deployed in both streams to assess the representativeness of the 

captured sediment.   

 The West stream discharge was dominated by the snowmelt peak in all three 

seasons.  From 54-96% of suspended sediment was transported during this short period, 

although hysteresis relationships indicate that delivery of sediment and water were not 

synchronous and interannual relationships suggest disproportionate increases in sediment 

discharge with increased catchment snowpack.  Clockwise and counter-clockwise 

suspended sediment hysteresis relationships were apparent and associated with lesser and 

greater snowpack, respectively.  Additionally, grain size hysteresis suggested variable 

sediment sources during the season.    

 Assessment of the time-integrated suspended sediment trap in the East and West 

streams illustrated that the captured material was not representative of the ambient stream 

conditions.  Captured mass was typically two orders of magnitude less than expected 
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capture rates (<1%) and that the captured sediment was significantly coarser than the 

ambient stream suspended sediment load.   

 Investigations of suspended sediment transfer in this small, High Arctic 

catchment reveal that sediment transport increased with increased catchment snowpack, 

but delivery of water and sediment were not synchronous during the nival discharge 

event suggesting changing sediment accessibility during the season.  An attempt to 

collect a time-integrated suspended sediment sample that would incorporate variability in 

the character and magnitude of sediment delivery provided an unrepresentative sample, 

but results indicate that a detailed examination of hydraulic relationships between the trap 

and ambient conditions could ultimately lead to the development of a more representative 

trap.   
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Chapter 1: Introduction 

 Although arctic streams only flow for 3-4 months per year, it is recognized that 

they can have a significant geomorphic impact on the landscape.  A number of 

hydrological investigations of small arctic fluvial systems have been undertaken (e.g., 

McCann et al., 1972; Woo, 1983; Lewkowicz and Wolfe, 1994; Cockburn and 

Lamoureux, 2007), although limited data exists in comparison to temperate regions.  

Stream flow and sediment delivery in many arctic catchments is dependent primarily on 

spring snowmelt.  Snowfall in the High Arctic can represent up to 80% of the annual 

precipitation (Pryzbylak, 2002), and can have a significant impact on the hydrological 

system during its rapid release as spring meltwater (Yang and Woo, 1999).  The 

geomorphic impact of streamflow during this period can also be significant, with up to 

90% of sediment discharge during the nival discharge peak (Preisnitz and Shunke, 2002; 

Beylich and Gintz, 2004; Forbes and Lamoureux, 2005).  The lack of data from arctic 

regions makes it difficult to assess contemporary fluxes of water and sediment from 

northern, particularly small, river systems (Woo and McCann, 1994).  Further research of 

fluvial processes in northern environments can allow an increased understanding of 

ecosystem interactions in a region where direct anthropogenic influences are minimal, 

offering insight into the extent to which global climate variability influences northern 

landscapes. 

 Predicted future warming has the potential to impact northern aquatic and 

terrestrial ecosystems through changes in annual precipitation, permafrost melt, 

ecological productivity and the timing and magnitude of sediment and water release into 
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lakes and the Arctic Ocean (Gordeev, 2006).  More so than large systems, water and 

sediment discharge from small river systems are influenced by rare events that could be 

triggered by local, regional or global hydroclimatic shifts and geomorphic changes 

(Syvitski, 2003).  Through close examination of streams and small rivers in northern 

latitudes, we can understand the extent to which aquatic and terrestrial ecosystems, as 

well as the links between the two, are affected by short- and long-term hydroclimatic 

variability.   

 The investigation of temporal variability in discharge and suspended sediment 

quantity and grain size provide the means to characterize the extent and relative location 

of sediment sources, as well as changes to suspended sediment and erosive processes 

through a discharge event.  In High Arctic environments, snowpack and frozen channel 

material can significantly impact sediment accessibility and subsequent erosion and 

transport. Suspended sediment and grain size hysteresis relationships are a useful means 

of evaluating spatial and temporal variability in suspended sediment transport and 

suspended sediment delivery dynamics unique to Arctic environments.   

 The primary objective of this thesis is to examine the response of discharge and 

suspended sediment to variable hydroclimatic conditions in a localized High Arctic 

environment.  This was achieved through assessment of the hysteretic behaviour of 

suspended sediment transport and grain size characteristics in relation to discharge 

variability, along with the role that catchment and channel snowpack played in 

determining the timing and magnitude of sediment delivery.  In addition, the function of a 

time-integrated suspended sediment sampler in two highly ephemeral, High Arctic 

streams was examined to contribute to a potential method for future research. 
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 The research described in Chapter 3 of this thesis will contribute to literature 

surrounding arctic stream and sediment discharge through a detailed examination of the 

relationships between snowpack, discharge and sediment delivery.    Results of this study 

suggest that the amount and distribution of catchment snowpack can influence sediment 

accessibility and transport and result in hysteresis relationships at diurnal-, event-, 

seasonal- and potentially inter-seasonal scales.  These relationships are assessed through 

a detailed investigation of suspended sediment concentration and grain size hysteresis 

during three years of study in the “West” (unofficial name) River (7.9 km2) at Cape 

Bounty, Melville Island, Nunavut.  The complex relationships present at the small scale 

can offer insight into the contributions that small hydrological systems have on regional 

and global discharge and sediment fluxes, as well as the potential impacts associated with 

hydroclimatic variability.       

 Previous investigations have revealed high resolution variability in sediment 

delivery (Lewis, 1996; Brasington and Richards, 2000).  These studies point to the 

importance of high resolution sampling to establish an understanding of the variability in 

suspended sediment transport and grain size characteristics.  A time-integrated suspended 

sediment trap, first employed by Philips et al. (2000) was modified and deployed in two 

streams in adjacent watersheds at Cape Bounty.  The function of the sediment trap is to 

sample the suspended sediment load continuously over a period of time and collect an 

integrated sample to characterize sediment and particulate biogeochemical fluxes over an 

event or season.  Chapter 4 of this thesis assesses the use of this method through 

examination of capture quantity and quality in a highly ephemeral High Arctic fluvial 

environment.  Event-, seasonal- and interannual scale suspended sediment transport 
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variability in this and other studies (McLaren, 1981; Woo and McCann, 1994; 

Lewkowicz and Wolfe, 1994) highlight the benefits of a time-integrated sediment 

sampling method in arctic regions where logistics and personnel can make high 

resolution manual sampling problematic. 

 In summary, the goal of this research is threefold: 

1. to examine the influence of hydroclimatic variability on discharge and suspended 

sediment transport unique to localized High Arctic environments and understand 

its importance at regional and larger scales; 

2. to investigate the potential of a time-integrated suspended sediment collection 

method that could contribute to efficient sediment delivery studies in the arctic 

and elsewhere; 

3. to augment existing literature on arctic hydrology by contributing a detailed three 

year record of discharge and suspended sediment transport from a small, High 

Arctic stream. 

 

 The importance of climatic variability in the High Arctic is well-recognized 

(ACIA 2004; IPCC, 2007) and continued research to contribute to existing knowledge is 

essential to understand and anticipate future change in this region.   
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Chapter 2: Literature Review 

2.1 Introduction 

 Arctic natural systems are increasingly recognized as sensitive indicators of 

environmental and climatic change (Syvitski, 2002; Bobrovitskaya, 2003; ACIA, 2004) 

Hydrological research in northern environments can provide useful information regarding 

the characteristics of the hydrological regime and related landscape processes.  Through 

the examination of relationships between climatic variability, hydrology and fluvial 

suspended sediment delivery, research can develop insight into the impacts of projected 

climate changes on hydrology and land surfaces.  This chapter outlines and summarizes 

the research literature for snow and permafrost hydrology and suspended sediment 

erosion and transport in the Canadian High Arctic and related high latitude settings.  The 

Canadian Arctic can be defined as an area underlain by discontinuous and continuous 

permafrost, spanning from northern Quebec to northern Alaska (Figure 2.1).  The 

southern boundary of the continuous permafrost zone is delineated by the area where the 

mean annual ground temperature remains at 0 ºC or lower.  In the arctic, mean January 

and June air temperatures range from approximately -30 ºC to 10 ºC, respectively 

(Lewkowicz and Young, 1990; McCann and Cogley, 1971).  The High Arctic is generally 

defined as the region north of approximately 74º latitude, which encompasses the Queen 

Elizabeth Islands in the Canadian Arctic Archipelago. 

The arctic hydrological cycle is dominated by physical elements that include 

snow, ice, permafrost and seasonally frozen soils, as well as wide annual fluctuations in 

the surface energy balance (Kane et al., 1991).  While surface processes are similar to 

those occurring in temperate regions, the presence of a permafrost layer generally 
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Figure 2.1:  Extent and location of continuous, discontinuous and sporadic permafrost in 
Canada (Smith and Riseborough, 2002).  
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constrains processes to the active layer and the extreme seasonality of energy inputs limit 

measurable hydrological and sedimentological processes to a relatively short melt season 

that lasts only a few months. 

Fluvial sediment transport in Arctic regions can have significant impacts on the 

landscape and downstream hydrological and ecological systems.  Investigation of the 

variability in suspended sediment concentration (SSC) and grain size characteristics with 

relation to discharge can potentially provide insight into the manner and extent to which 

the landscape is affected by surface hydrology (Walling and Moorehead, 1989).  It is 

predicted that warming in the Arctic will be evident in the hydrological system and will 

act to increase sediment load in rivers (Woo and McCann, 1994; Syvitski, 2002).  By 

developing linkages between hydrology and sediment dynamics it may be possible to 

establish how changes to the hydroclimatic regime can impact watershed processes and 

the removal of sediment from the landscape.   

   

2.2 Permafrost and active layer development 
 
 During the snowmelt period, the water balance of a typical High Arctic watershed 

can be expressed using the following mass conservation equation (after Kane et al., 

1991):   

 

R = P – E – ∆G – ∆S; 

 

where R is the quantity of runoff, P is the  precipitation (snow and rainfall), E is the 

evaporation and/or evapotranspiration, ∆G is the change in volume of storage in the 
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active layer and ∆S is the change in surface storage.  Each parameter is typically 

measured in water depth per unit area in millimetres.  

 In the High Arctic, the landscape is underlain by continuous permafrost that 

extends to several hundred metres depth and essentially isolates surface hydrology from 

deep subsurface processes (Kane et al., 1991).  Active layer (thawed surface) 

development will begin when ground surfaces become free of snow and are exposed to 

incoming radiation.  Surface ponding of meltwater can occur while the frost table is close 

to the surface and any surface flow typically occurs as saturated overland flow (Woo, 

1983).  As the melt season progresses and the active layer thickens, infiltration of 

meltwater is permitted and subsurface flow will dominate over surface flow (Quinton and 

Marsh, 1999).   

The area from which the meltwater originates will depend on the distribution of 

snowpack in the catchment and the longevity of that snowpack.  Woo and Slaymaker 

(1975) re-examined the variable source area concept presented by Hewlett and Hibbert 

(1967), and reinforce the idea that the distribution of snow and ice in the catchment as 

well as energy supply to the basin will dictate the meltwater source area and pathway. 

 As meltwater is generated it will travel to the stream channel via overland flow or 

subsurface flow, with the pathway defined by surface morphology, soil properties and the 

position of the frost table.  Infiltration of meltwater can occur into frozen soils and is 

dependent on the ice content of the soil at the surface (Kane, 1980).  Soils prone to high 

moisture content have high ice content in pores at the onset of melt, are less conducive to 

infiltration and can encourage overland flow (Kane, 1980).    
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 As snowmelt commences and bare ground becomes exposed, the bulk of the heat 

flux to the ground is expended thawing the active layer (Woo, 1983).  The thaw depth of 

the active layer changes most rapidly at the beginning of the season and reaches a 

maximum of approximately 0.5-1.0 m.  In the early stages of active layer development, 

saturation overland flow may occur because subsurface storage is minimal and highly 

variable (Woo, 1983).   

 Typically, evaporation from a catchment will peak in late June or early July when 

soil moisture and solar radiation reach their annual maximum values, after which time 

availability of water in the catchment and the energy supply decrease leading to a 

reduction in evaporative losses (Woo, 1983).  Solar radiation inputs are diminished due to 

more frequent low-level cloud and fog as sea ice breaks up (Woo, 1983).  Across the 

majority of the High Arctic, moderate and high-intensity summer precipitation is 

infrequent.  Consequently, evaporation and evapotranspiration usually exceed 

precipitation, and result in large evaporative losses from the surface and active layer 

through the season (Bowling et al., 2003).  Due to the varying extent and thickness of the 

active layer and of conductive surface material, the hydrologic network can become 

highly fragmented as evaporation and evapotranspiration become the dominant means of 

water export from a catchment.  In a study conducted in the low-relief Putuligayuk River 

catchment on the Alaskan North Slope, Bowling et al. (2003) estimated the amount of 

snowmelt water entering active layer storage, and found that 24 – 42 % of snow 

meltwater recharged the evaporation deficit from the previous year, rather than exiting 

the catchment as surface runoff.  This water may remain in storage, subject to 

evaporation from the active layer or travel as subsurface flow to the stream channel.  
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2.3 Snow 

Snow plays an essential role in the hydrology of arctic environments.  As the 

primary form of annual precipitation, it acts to insulate the ground surface and exerts a 

strong influence over the surface energy balance through surface albedo effects, energy 

consumption and, in catchments dominated by nival melt, it provides the principal source 

for surface runoff.   

In a compilation of precipitation data from the Canadian Arctic from 1951-2000, 

Pryzbylak (2002) illustrated that the 50-year mean annual snowfall at four High Arctic 

sites ranges from 99-215 mm, with snow representing 70-88 % of the annual 

precipitation.  These areas effectively represent polar deserts, and receive less 

precipitation than coastal and more southerly areas of the arctic.  Once deposited, snow is 

extensively redistributed by wind during the winter due to strong winds and lack of 

vegetation, and collects in channels, gullies, slope concavities and on leeward hillslopes 

(McCann et al., 1972; Woo, 1983; Kane et al., 1991).  Snow distribution patterns have 

been found to be relatively similar over several seasons, which suggests that the influence 

of prevailing winter winds and topography is relatively consistent and can lead to inter-

seasonally persistent snowpack (Woo, 1976).   

 

2.3.1 Snow water equivalence 

The end-of-winter snowpack represents winter precipitation less any sublimation 

and will be the primary contributor to runoff.  It is important to characterize the end-of-

winter snowpack since this precipitation is often released quickly in the spring as peak 

river runoff (Yang and Woo, 1999), which can, in turn, play a primary role in sediment 
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erosion and transport (e.g., Forbes and Lamoureux, 2005).  Spatial variability of the 

snowpack is important because snow in low lying areas, including stream channels, 

affects stream channel development and thick, relatively dense snowbanks can provide a 

residual source of meltwater through the season (Lewkowicz and Young, 1990, Young et 

al. 1997). 

Snow water equivalence (SWE) can be defined as the total amount of water stored 

in the form of snow reported as a specific depth (e.g., millimetres per unit area) and is 

determined by multiplying the depth of snow by the density of snow (Elder et al., 1998).  

The SWE represents the initial amount of water available for runoff in a catchment.  

Snow surveys are typically carried out in order to determine the amount and distribution 

of snowpack in a catchment and the SWE.  The terrain index method, detailed by Yang 

and Woo (1999), is a common method for performing a snow survey and involves 

selection of transects in areas of the catchment that are representative of the major terrain 

types.  For example, in a study using three High Arctic locations, Yang and Woo (1999) 

used aerial photography to determine terrain types including plateaus, peaks, lakes, and 

gullies.  Transects of variable length (metres to kilometres) were selected depending on 

the underlying terrain.  At each site, snow depth measurements were taken at regular 

intervals and periodic snow density measurements were taken.  These data were compiled 

to develop an estimate of the catchment SWE.   

It has been reported that terrain is the controlling factor in snowpack distribution 

with increased depths in gullies and valleys and little snow on exposed areas (e.g., Woo, 

1976; Yang and Woo, 1999; Forbes and Lamoureux, 2005). The isolated nature of the 

High Arctic makes it difficult to maintain annual monitoring of catchment snowpack; 
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however, advancements in remote sensing have allowed estimation of snow water 

equivalence using satellite imagery and spectral data (Tait, 1996; Nolin and Dozier, 2000, 

Shi and Dozier, 2000a,b). Snow depth, density and grain characteristics can be obtained 

using passive microwave radiation and hyperspectral imaging in order to determine SWE 

at a finer temporal resolution than may otherwise be possible (Nolin and Dozier, 2000; 

Shi and Dozier, 2000a, b).   

  A number of factors can affect runoff estimates based on SWE, including 

perennial snowpack that remains at the end of the melt season, sublimation of the 

snowpack before melt commences, and storage in and evaporation from the active layer.  

By monitoring changes in snowcover through the melt season, it is possible to examine 

annual and interannual patterns in snowcover and snowmelt and their relation to the 

hydrologic system. 

 

2.3.2 Snowmelt  

Snowmelt is largely dependent on the increase in solar radiation in the spring and 

the pathway of the resultant meltwater is dependent on melt conditions, snow 

distribution, and geomorphological characteristics of the landscape.  Although snowmelt 

runoff can constitute the majority of water exported out of a catchment during the 

snowmelt flood, evaporation and evapotranspiration represent a potentially important 

form of water loss that increases as discharge wanes in the late season (Woo, 1976; 

Bowling et al., 2003).  Similarly, surface and subsurface storage play an important role in 

water abstraction as the active layer deepens (e.g., Bowling et al., 2003).  The 

development and influence of the active layer affects the rapidity and occurrence of 
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surface runoff and subsurface storage and acts as a primary control over the progression 

of runoff stages in arctic systems.  For example, two small drainage basins (13 and 35 

km2) located in the northern Yukon Territory demonstrated similar seasonal phases in 

snowmelt over multiple years:  (1) a phase with no runoff in the late winter/early spring; 

(2) the initial stages of runoff in early spring; (3) the main or peak phase of runoff in 

spring and (4) the late runoff phase in summer (Preisnitz and Shunke, 2002).  These 

phases of runoff are also apparent in other arctic catchments and provide a conceptual 

means to understand the seasonal progression of arctic hydrological systems and are 

detailed below. 

 

2.3.3 Late winter 

In late winter, when temperatures are consistently below 0ºC, snowpack may 

undergo transformation and ablation through sublimation.   At a polar oasis site on the 

Fosheim Peninsula, Ellesmere Island, it was found that sublimation was particularly 

active before melt and in the early stages of runoff, and caused a decrease in snowpack 

depth of up to 5 mm·d-1 (Woo and Young, 1997).  Decreases in SWE before the 

commencement of flow mean that this snow will not be available to contribute to 

subsequent runoff.  Snowpack may undergo physical changes during the winter months 

as well.  During this time, drifting and winds can cause a hard crust to form, which can 

become buried during a subsequent snowfall.  Snow may also become compacted as new 

snow is added to the pack, and water vapour from the ground may diffuse upward 

through the snowpack, decreasing water content (Woo, 1983; Woo and Sauriol, 1980).  

These changes can affect the rate and pathway of subsequent meltwater percolation. 
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Continuous heat loss occurs from the ground and snowpack throughout the 

winter, which leaves the snow cold at the onset of ablation.  Initial snowmelt typically 

ensues when air temperature rises above snowpack temperature and effectively reverses 

heat loss.  The overall energy balance remains negative until late May or early June at 

which time increased net radiation and air temperature cause a positive energy balance 

and heat builds in the snowpack (Woo, 1983).  Woo and Sauriol (1980) found that when 

the snowpack was exposed to 24-hour sunlight, radiation provided adequate heat to warm 

the snowpack in a 33 km2 basin from -15 to 0 ºC in 4 days, after which time melt 

commenced.   

Figure 2.2 illustrates the relationship between net radiation, air temperature and 

cumulative daily snowmelt, where M is the melt at the snowpack surface (mm) and Rn is 

the net radiation (cal·cm-2).  Figure 2.2 (top) shows the temporal influence of incoming 

radiation and temperature on snowmelt.  The bottom diagram illustrates the significant 

relationship (r = 0.98, df = 10) between net radiation and snowmelt which indicates that 

net radiation is the primary source of melt energy in the High Arctic (Woo, 1976; 

Dingman, 1993; Brown-Mitic et al. 2001).  Although net radiation has been cited as the 

primary control over the onset of ablation, Kane et al. (1991) found that the effects can be 

countered by incoming cold winds and decreases in temperature, halting the onset of 

ablation, particularly when substantial snowcover remains and surface albedo is still high. 

Due to the extensive redistribution of snow through the winter, the end-of-winter 

snowcover will typically be unevenly distributed over the landscape.  Ablation of thin 

snowpack will be more rapid due to decreased albedo and increased heat advection from 

adjacent bare ground (Marsh and Woo, 1981; Woo, 1976).  When the net input of energy  
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Figure 2.2:  Cumulative snowmelt, net radiation and air temperature during June 1974 in 
Umingmak Creek, Ellesmere Island, NWT (now Nunavut), Canada.  The lower plot 
illustrates the relationship between net radiation and cumulative snowmelt (Woo, 1976). 
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to the snowpack becomes positive, snowmelt will commence and snowpack temperatures 

will rise until the snowpack becomes isothermal at 0 ºC (Dingman, 1993).  The snowpack 

continues to ripen until it cannot retain any more liquid water (Dingman, 1993).   Melt 

can occur in ripened areas of snowpack before the entire snowpack becomes isothermal 

(Lewkowicz and Young, 1990), and may contribute to small amounts of meltwater 

discharge before the primary snowmelt flood (McCann et al., 1972).  However, the major 

snowmelt runoff will not commence until the valley snowpack is saturated.  After the 

initiation of melt, the early stages of runoff can occur rapidly and will typically ensue 

when air temperatures remain above 0 ºC and the snowpack has ripened (Marsh and 

Woo, 1981; Woo and Sauriol, 1981).        

Thin snow cover can ablate quickly and result in a rapid and intense runoff period 

over frozen ground, which is characteristic of the High Arctic (Woo, 1976).  Areas with 

thick snowpack act to slow the onset of the spring flood by storing meltwater until valley 

snowpack has reached saturation.  Meltwater will first be apparent on slopes and areas of 

thinner snowpack, and will eventually percolate through the snowpack and be stored in 

the lower parts of the basin until the snowpack is saturated and runoff commences, after 

which time ablation will be rapid (McCann et al., 1972; Woo and Sauriol, 1981; Roulet 

and Woo, 1988).  

 

2.3.3.1 Channel development in snow 

 As meltwater from slopes percolates into valleys, it is stored within the snowpack 

until the saturation point is reached along the length of the channel and flow commences.  

The initial movement of meltwater occurs as flow below the surface of the snowpack, 
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sheetflow on the surface of the snow or as slush flow leading to channelized flow that 

will develop on the surface, in snow tunnels or along the valley wall (Woo and Sauriol, 

1980; 1981).  Sheetflow occurs when the hydrostatic water level in the snow rises above 

the snow surface (Figure 2.3).  

If the snowpack is not completely saturated along the length of the valley, stream 

flow may move progressively, traveling faster on the surface and infiltrate when it passes 

the leading edge of intra-snow flow until infiltration exceeds flow from upstream and 

surface flow ceases (Woo and Sauriol, 1980).  Extensive lateral and vertical shifting, 

tunnel formation and ponding can occur during the development of the stream channel in 

snow, such that the initial flow may not be located above the channel bed.  Flow during 

this period can be highly variable due to the unstable and dynamic nature of the channel 

snowpack and the routing of water around channel features.  The manner in which a 

channel develops in the valley snowpack can influence resultant discharge, channel form 

and flow contact with the bed.  Woo and Sauriol (1980) outline the development of 

stream channels in snow in several common valley types (Figure 2.4). 

  These processes result in considerable variability in meltwater level and channel 

form during channel development in snowpack, from the initiation of melt until the 

stream reaches the river bed.  Depending on the valley snowpack, it is likely that the peak 

discharge will occur while considerable snow remains in the channel, after which time 

the surface flow will reach the river bed (Figure 2.4). 
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Figure 2.3:  Hydrostatic water level in snow during channel development (Woo and 
Sauriol, 1980).  
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Figure 2.4:  Development of stream channels in snow in several common valley types 
(Woo and Sauriol, 1980). 
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2.3.3.2 Flow through the active layer 
 

After the active layer develops, infiltration of meltwater can occur and subsurface 

flow can contribute to the delivery of meltwater to the stream via peat-rich inter-

hummock areas (Figure 2.5; Quinton et al., 2000).   A large portion of slopes can be 

comprised of hummocky terrain, underlain by peat and mineral soils.  In sub-arctic Sik 

Sik Creek, Quinton et al. (2000) report hydraulic conductivities of 626 m·d-1 at 9 cm 

depth compared to 6 m·d-1 at 26 cm depth.  These differences illustrate the decreased 

conductivity with depth as the substrate changes from the uppermost peat layer to more 

compact lower peat layer and mineral soil at depth. 

The depths of these three components of surface material are also highly spatially 

variable over the catchment area, and impose a tortuous flowpath from upland areas to 

the stream channel (Quinton and Marsh, 1999).  In High Arctic environments, organic 

material may make up as little as 6 -10 % of the surface material (Tedrow, 1977).  

Vegetated areas are generally discontinuous over the landscape and organic matter 

seldom accumulates, except below persistent or perennial snowpacks where meltwater 

contributions provide moisture and nutrients for vegetation growth (Tedrow, 1977).  In 

locations where the organic layer is thin or discontinuous due to hummocky terrain, rapid 

subsurface drainage will be limited (Hodgson and Young, 2001).      

For the purposes of examining conveyance of meltwater to the channel, the 

catchment can be divided into three sub-systems: the stream channel, the near-stream area 

and the basin uplands (Quinton and Marsh, 1999).  When the water table is high, water 

will travel within peat layers in the catchment.  Overland flow that results from a high 

water table and frost table will be highly variable and occur where the frost table 
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Figure 2.5:  An image of a hummocky hillslope with schematic cross-sections that 
indicate the relative positions of the peat and mineral components of the subsurface 
material as well as the positions of the frost and water tables (Quinton et al., 2000).  
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is close to the surface, as water will preferentially infiltrate and travel in the unfrozen peat 

layers (Woo, 1976; Quinton and Marsh, 1999).  The inter-hummock areas contain 

increased quantities of organic material and will therefore be most likely to convey 

meltwater toward the stream channel (Hodgson and Young, 2001).  Since the majority of 

subsurface flow occurs in the peaty inter-hummock channels, the amount of this material 

connected directly to the stream channel defines the source area and proportion of runoff 

due to subsurface flow for that slope (Quinton and Marsh, 1999).    

As the water table lowers, often in association with expansion of the active layer, 

surface flow in the basin uplands will decrease and slower subsurface flow will occur in 

the mineral layer.  The mineral layer has a much lower hydraulic conductivity, and 

therefore flow rate, than the peat layers, so the upland area becomes effectively 

disconnected from flow occurring in peat in the lower parts of the basin.  Surface flow 

and flow in the peat layers can still occur in the near stream area where water can collect 

(Figure 2.6).  

 While this conceptual framework describes a sub-arctic environment, similar 

processes dictate overland flow in the High Arctic, despite typically thinner organic 

horizons and slower active layer development (Hodgson and Young, 2001).  At 

Umingmak Creek (2.3 km2), south central Ellesmere Island, Nunavut, flow within the 

active layer, evaporation, as well as discharge were observed below a melting snowbank 

during development of the active layer (Figure 2.7; Woo, 1976).  Woo (1976) showed 

that overland flow was dominant while discharge and the frost table were high.  As the 

active layer deepened, evaporation reduced surface water and active layer water storage 

and resulted in lower water level in the active layer and decreased channel discharge.   
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Figure 2.6:  The near-stream area and relative depths of the mineral and peat layers in relation to the stream channel (Quinton and 
Marsh, 1999). 
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As subsurface flow became dominant (approximately June 27, Figure 2.7) the meltwater 

source area became more variable in time and space due to the spatial variability of active 

layer depth and composition through the catchment as well as spatial variability of 

catchment snowpack, and caused minimal channel discharge (Woo, 1976).   

 In summary, surface runoff is dominant during snowmelt due to the relatively 

impermeable nature of remaining ice on the surface and frozen ground.  In organic or 

peat-rich landscapes, the active layer is composed of highly permeable and hydraulically 

conductive material such that subsurface flow becomes the dominant mechanism of 

runoff when the active layer is developed.  In High Arctic environments where the 

organic substrates are more limited, subsurface flow will occur more slowly and the frost 

table may remain high for a longer period within mineral soils (Hodgson and Young, 

1997). 
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Figure 2.7:  Observed relationships between overland flow, stream discharge and 
evaporation during active layer development in a High Arctic basin (Woo, 1976).   
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2.3.4 Peak runoff 

 The peak snowmelt period occurs while snow is still present in the catchment and 

the frost table is close to the surface.  Up to 90% of the annual discharge can be delivered 

during the peak period that lasts only a few days to weeks, with longer duration peaks in 

larger catchments (Woo, 1983; Quinton and Marsh, 1999).  Snowmelt can represent such 

a large proportion of the annual runoff during this period due to the relatively 

impermeable nature of the frozen active layer at this time, which allows the efficient 

transport of snow meltwater to the channel via overland or subsurface flow.   

At Umingmak Creek (2.3 km2), Woo (1976) recorded a peak discharge value of 0.156 

m3·s-1 within three days of commencement of flow, after which time a steady decline in 

discharge was recorded for a period of two weeks.  In the larger McMaster River (33 

km2), a similar phenomenon was observed over six seasons.  In all but one year, the peak 

discharge ranged from 5 -10 m3·s-1 and occurred within approximately ten days of the 

commencement of flow, followed by a steady decline in discharge after the peak event 

(Figure 2.8)(Woo, 1983).  At a larger scale, the Lord Lindsay River (1485 km2) and its 

tributaries (345 and 465 km2) on the Boothia Peninsula, Nunavut generated peak 

discharges 13 and 22 days after initiation of flow in 2001 and 2002, respectively, 

followed by rapid and steady decreases in flow punctuated by limited responses to rare 

summer storms (Forbes and Lamoureux, 2005).  These examples illustrate that the 

snowmelt peak is generally the primary hydrologic event in High Arctic catchments of 

various sizes and that the magnitude and timing of the peak discharge is related to 

catchment size (McNamara et al., 1998; Priesnitz and Schunke, 2002). 
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Figure 2.8: Observed variations in timing and magnitude of the annual discharge peak in 
the McMaster River, Cornwall Island, Nunavut (from Woo, 1983).  Note the steep rising 
limb and shallower-sloped falling limb of the hydrograph with diurnal fluctuations 
superimposed.  Additionally, the baseflow periods were punctuated by summer rainfall 
events.   
 



 28

 While the distribution of snowpack and the subsequent timing of snowmelt are 

roughly comparable from year-to-year, variability in the timing and magnitude of the 

snowmelt peak occurs.  The amount of snow remaining at the onset of ablation can 

influence the rate of ablation through surface albedo feedbacks in the radiation balance.  

As well, the rate of active layer development and meltwater percolation exert control over 

the timing and magnitude of the onset of flow.  Large interannual variability in snowfall 

can result in equivalent interannual variability in streamflow (Woo and Young, 1997).  

For example, at Hot Weather Creek (130 km2) on Ellesmere Island, Nunavut, Woo and 

Young (1997) recorded a peak discharge of 27.5 m3·s-1 in a year with high snowfall.  By 

contrast, the following year had lower snowfall and generated a peak discharge of 3.0 

m3·s-1, an order of magnitude lower.  In the 8140 km2 Kuparuk River basin, McNamara et 

al. (1998) recorded a SWE of 1350 mm in 1993, resulting in a peak discharge of over 

1300 m3·s-1, compared to the subsequent year with a SWE of 740 mm and peak discharge 

of approximately 800 m3·s-1.  In comparison, Forbes and Lamoureux (2005) recorded 

SWE of 132 and 78 mm and peak discharges of 400 and 360 m3·s-1 in 2001 and 2002, 

respectively, illustrating that interannual variability in SWE can also result in similar 

peak discharge when other factors including climate and topography play an influential 

role.  Thus, variability in winter precipitation and early melt season processes as well as 

local climate and topography can influence annual melt magnitudes and processes in 

complex ways. 

In summary, the initial stages of flow are characterized by a steep rise in the 

hydrograph, which results from rapid flow through remaining snowpack and over frozen 

ground and leads to a short-lived discharge peak.  The recession of the snowmelt peak is 
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also rapid, but less so than the rise, which suggests that basin storage cannot sustain 

prolonged flow (McCann et al., 1972; Woo and Young, 1997), as is the case in many 

temperate watersheds.  Diurnal fluctuations are superimposed on the broader trends of the 

rising and falling limbs of the hydrograph, but become less prominent as snowpack 

diminishes and incoming radiation plays a lesser role in meltwater generation.  The daily 

discharge peaks become progressively lower as snow is exhausted and discharge wanes 

on the falling limb of the hydrograph, which causes the basin to become progressively 

more hydrologically disconnected. 

 

2.3.5 Baseflow  
 
 In the latter stages of the snowmelt recession, a transition to the baseflow period 

will occur.  At this time the active layer has substantially thickened and snowcover is 

largely exhausted.  This period is characterized by low flow sustained by slow active 

layer drainage of stored meltwater, ground ice melt, intermittent precipitation and melt 

from residual or perennial snowpack.  Active layer drainage will provide some runoff to 

the stream and will generally be more apparent in small headwater streams (Woo, 1983), 

although evaporation from the active layer can reduce this contribution substantially.  The 

contribution from ground ice is also typically minimal (Woo, 1976).  Summer 

precipitation events are uncommon in the High Arctic; however, they can play an 

important role in increasing discharge and sediment transport (Lamoureux, 2000).  Near 

Resolute Bay, Nunavut, Woo (1983) recorded two rain events of 17 and 13 mm that 

caused runoff responses in the McMaster River of 10 and 5 mm, respectively.  Diurnal 

fluctuations in stream stage may be apparent if persistent or perennial snowpack is 



 30

present, but water levels will generally decline continuously unless supplemented by 

further precipitation (Woo, 1976; Quinton and Marsh, 1999). A steady decline in stage 

and discharge will continue until temperatures drop below 0 ºC, flow ceases and the 

water that remains in the catchment freezes. 

The redistribution of snowfall through the winter months that creates deep snowpacks 

that will persist through the season can have a significant impact on late-season 

hydrology (Lewkowicz and Young, 1990; Luce, et al., 1998). Where prevailing winter 

winds are usually consistent from year-to-year, snowpack may develop in the same area 

each year and snowbanks may become a perennial or semi-permanent feature of the 

catchment.  Radiation and precipitation inputs exert a greater control over the meltwater 

response of a snowbank than the depth and permeability characteristics of the snowbank 

itself (Lewkowicz and Young, 1990).  Hence, the diurnal response of a snowbank to 

meteorological inputs after the nival peak period can cause outflow to effectively mimic a 

small scale proglacial regime, reflected by streamflow through the warmest period of the 

melt season (Marsh and Woo, 1981; Lewkowicz and Young, 1990).  Where perennial or 

persistent snowpack exists and a diurnal pattern of meltwater release is evident, the 

separation between the peak period and the baseflow period can be defined as when 

diurnal fluctuations in meltwater become synchronous with radiation inputs (McCann et 

al., 1972).  Perennial snowbanks can maintain baseflow in a catchment during the latter 

stages of the melt season.  They can also influence the type and duration of downslope or 

riparian vegetation communities by providing water and nutrients for an extended portion 

of the season. 
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2.4 Suspended sediment erosion and transport 

With limited direct anthropogenic impact, environmental variability in High 

Arctic watersheds and rivers is likely to be a reflection of fluvial dynamics, seasonal 

variations in hydrological activity, and to some extent, a reflection of climate changes.  

Exports of water and sediment from arctic watersheds provide an integrated 

representation of fluvial processes affecting the hydrology and the landscape and are 

controlled by several factors that include: drainage basin size, regional and local relief, 

climate, precipitation, runoff, basin geology, erodibility of surficial materials and 

vegetation cover (Gordeev, 2006).  Some of the largest rivers in the world drain northern 

landscapes, spanning several climate zones and their large spatial extent can result in 

their general hydrological characteristics being independent of the underlying terrain and 

the climatic regions through which they flow.  By contrast, there are a large number of 

smaller river basins of varying size that compose the High Arctic fluvial network 

(French, 1996).  It is these rivers and the processes that operate at a smaller scale that 

shapes much of the postglacial arctic landscape and more accutely reflect periglacial 

fluvial processes.  Despite flow that only occurs for 3-4 months per year, the research 

literature indicates that fluvial processes in periglacial environments are capable of 

substantial denudation and sediment transport, especially when compared with other 

contemporary geomorphic agents (French, 1996).   

Suspended sediment transport in the High Arctic is typically limited to the peak 

discharge period due to inadequate stream competence or limited sediment sources 

available at other times of the season.  For example, Preisnitz and Shunke (2002) detailed 

the general relationship between thermal energy, discharge and sediment transport 
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throughout the melt season.  When channelized flow commences, air, snow and water 

temperatures are ~0 ºC, discharge is high, and geomorphic effects are moderate due to ice 

and snow lining the frozen channel banks and bed, all of which effectively impede 

sediment erosion and entrainment.  During the latter stages of peak flow, when water 

temperatures will have increased to several degrees above 0 ºC, the channel has been 

subject to thaw and thermal erosion of the bed and banks, both of which increase 

potential sediment entrainment and transport.   In the late stages of melt and during 

baseflow, discharge is generated from residual snowpack, meltwater stored in the active 

layer, ground ice melt and precipitation.  Water temperatures remain considerably above 

0ºC allowing continued thermal erosion of bed and bank materials.  However, stage and 

stream competence are such that minimal suspended sediment transport typically occurs.  

In the following sections, these general characteristics will be discussed and critically 

evaluated. 

 

2.4.1 Suspended sediment concentration during peak flow   

 In the early stages of the peak flow period, discharge is at a maximum and 

therefore the ability of a river to erode and transport sediment is also at a potential 

maximum (McCann et al., 1972, Preisnitz and Shunke, 2004; Forbes and Lamoureux, 

2005).  Shear stress between the flowing water and the bed acts over the wetted perimeter 

of the channel where erodible materials exist.  In general, the amount of sediment eroded 

per unit area in a given time period will be proportional to the fluid shear stress acting on 

the bed (Chikita, 1996).  However, flow is often highest while the channel is still lined 

with snow, a circumstance where potential for sediment transport will exceed actual 
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sediment transport (Woo and McCann, 1994).  Snow-lined channels offer minimal 

resistance to flow and result in high flow velocities.  However, access to erodible 

sediment during this time is limited and as the channel snowpack diminishes, the flow 

velocities and shear stress decrease, reducing sediment transport capabilities (Woo and 

Sauriol, 1981; Chikita, 1996).   

In a study of suspended sediment-discharge relationships in a small High Arctic 

catchment, McDonald (2005) found that the maximum recorded suspended sediment 

concentration (SSC) lagged the maximum discharge by several days.  This was attributed 

to ice and snow in the channel during the time of peak discharge and the frozen bank and 

irregular bed exposure along the length of the channel.  This resulted in reduced sediment 

availability and lower SSC compared to the maximum sediment concentration that 

subsequently developed under moderate discharge when water temperatures had risen 

substantially and channel snow and ice had diminished.  The combination of moderate 

flow, higher water temperature and exposed sediments allowed maximum sediment 

erosion and entrainment from the bed and banks.   

During the early melt and peak melt runoff stages, the bed and banks may remain 

frozen in areas that have been insulated by snow.  Sediment may be entrained through 

fluvial thermal erosion when the water is in contact with the bed and banks and the water 

temperature is higher than the substrate temperature.  Ice thaw within the substrate can 

reduce the cohesiveness of the bed and banks and produce readily erodible material.  

Hence, thermal erosion can be more effective than mechanical erosion alone in this 

context (Costard et al., 2003).  French (1996) documents instances of thermal erosion in 

Alaska and Siberia resulting in thermo-erosional niches on river banks composed of 
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unconsolidated sediment.  The thermo-erosional niches may extend beneath the banks for 

up to 10 m on large rivers, which can cause subsequent bank collapse and increase 

sediment supply in the channel (French, 1996).  In an extreme example on the banks of 

the Lena River, in a zone of continuous permafrost and non-cohesive sediment, Costard 

et al. (2003) recorded lateral erosion rates of up to 40 m·yr-1.  On the Lord Lindsay River 

in the Canadian Middle Arctic, Forbes and Lamoureux (2005) found that river water 

temperature followed a diurnal pattern anti-phased to discharge, with highest 

temperatures at lowest discharge.  In addition, slow channelization before the peak flow 

increased the bank exposure to thermal erosion in the early season and increased 

available sediment through the remainder of the season (Forbes and Lamoureux, 2005).  

This suggests that the influence of thermal erosion may be more effective during periods 

of low discharge and could provide an increased sediment supply for transport during 

subsequent high flow periods.  In this manner, thermal erosion increases available 

sediment for removal and can contribute to substantial changes in the morphology of a 

stream channel over short periods of time.  

Availability and accessibility of sediment sources are major factors over the 

magnitude of suspended sediment transport.  A relatively low SSC during high discharge 

can indicate that the sediment is inaccessible beneath ice and snow, beyond the reach or 

competence of the flow, or in some cases, may not be available in substantial quantities 

on the bed.  Many studies report suspended sediment transport closely linked with 

catchment SWE and the short-lived nival peak, and in some instances up to 90% of the 

annual sediment yield can be transported during this period (Preisnitz and Shunke, 2002; 

Beylich and Gintz, 2004; Forbes and Lamoureux, 2005; McDonald, 2005).  However, it 
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is difficult to quantitatively predict the extent to which channel-ice and –snow impede 

sediment transport.  

 

2.4.2 Suspended sediment – discharge hysteresis  

 The delivery of suspended sediment and water may be asynchronous due to the 

presence of ice and snow on the bed, frozen bed and banks that prevent sediment erosion 

and changing sediment source areas through the season.  This makes simple empirical 

relationships between sediment and discharge difficult to develop in many instances 

(Woo and McCann, 1994).  Suspended sediment – discharge hysteresis relationships 

(hereafter referred to as hysteresis relationships) are indicative of complex temporal 

associations between delivery of water and sediment from a catchment.  In an arctic, 

snowmelt-dominated hydrograph, the rising limb will typically be more energetic and 

therefore more effective at carrying sediment than the falling limb (Klein, 1984; 

Langlois, 2005).  This relationship and other factors make it difficult to determine linear 

relationships between suspended sediment concentration and discharge, and suggest that 

accessibility, rather than river energy, is the determining factor in sediment erosion and 

entrainment (Langlois, 2005).  The relationship between SSC and discharge may be 

influenced by any combination of the following factors:  precipitation intensity and areal 

distribution, runoff amount, rate and travel distance of channelized flow, spatial and 

temporal storage-mobilization-depletion processes of available sediment and sediment 

travel rates and distances (Williams, 1989).  

 Studies have been undertaken to characterize suspended sediment dynamics in 

large catchments and are useful because the sediment regimes in these catchments are 
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controlled primarily by the overall runoff regime of a region and can provide insight into 

large-scale processes (e.g., Bobrovitskaya, 2003; Syvitski, 2003; Gordeev, 2006).  In 

comparison, sediment delivery hysteresis in small basins is typically controlled largely by 

local precipitation runoff (snow and rain) and vegetation cover (Klein, 1984).  In a study 

conducted in the agricultural Holbeck catchment of Yorkshire, England, Klein (1984) 

carried out a detailed examination of hysteresis relationships.  The shape of the hysteresis 

curve depended on the flow velocity and the sediment source area in the basin at a given 

time.  More generally, the timing and magnitude of runoff and sediment delivery in the 

catchment was found to be dependent on the travel time required for water and sediment 

to move from source to outlet and how the two interact with one another (Figure 2.9).  

 The most common hysteresis relationships observed in natural settings are 

clockwise, straight line or anti (counter)-clockwise hysteresis, although more complex 

relationships may exist.  The shape, location and orientation of a hysteresis curve are 

influenced by the modes and skewness of the data from which it is created, and can vary 

considerably under specific conditions (Williams, 1989).  Nistor and Church (2005) 

provide a detailed examination of a number of possible suspended sediment – discharge 

hysteresis curves available in the literature and describe the implications of each curve.   

For example, Figure 2.10a illustrates an instance of clockwise hysteresis in which the 

sediment source becomes exhausted during the discharge peak or the peaks occur in short 

succession. 

 The shape of the hysteresis curve can be interpreted generally in terms of 

sediment supply and source area.  For example, Williams (1989) reports that clockwise 

hysteresis indicates that sediment sources are close to the channel, highly responsive to  
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Figure 2.9:  Schematic relationships between travel distance and time of travel for runoff 
and sediment within a catchment, where x1 - distance from center of gravity of sediment 
source area to basin outlet, x2 - distance from center of gravity of water contributing area 
to basin outlet, tl - traveling time from center of gravity of sediment source area to basin 
outlet, t2 - traveling time from center of gravity of water contributing area to basin outlet 
(Klein, 1984). 
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a)  

b)  

Figure 2.10:  Examples of (a) clockwise and (b) counter-clockwise hysteresis 
relationships.  The plots in a) were developed from data obtained from Yadkin River, NC 
(top) and Flynn Creek, OR (bottom); the plots in b) from Muddy Creek, MT (top) and 
Animas River, NM (Williams, 1989).   
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fluctuations in discharge and become exhausted or inaccessible during the discharge 

event.  In contrast, counter-clockwise hysteresis (Figure 2.10b) indicates increased 

availability of sediment sources that may originate farther from the channel such that the 

SSC increases and remains high during the latter half of a discharge event.  In one of the 

few published arctic studies to consider hysteresis, Lewkowicz and Wolfe (1994) suggest 

that the clockwise hysteresis curve observed over the course of two days at Hot Weather 

Creek, Ellesmere Island, Nunavut, resulted from remobilization of sediment deposited in 

the channel during flow recession on the previous day, as well as contributions from 

small, sediment-laden gullies carrying fine-grained colluvium and eroded raised marine 

sediments to the stream.   Over seasonal time scales, channel sediment may be armoured 

by snow, ice or gravel, which may prevent fine sediment from being entrained during the 

discharge peak, and result in asynchronous sediment and discharge peaks.  Furthermore, 

during the latter part of the nival peak or later in the season, hillslope sediments that 

travel in rills may contribute a higher proportion of sediment than early in the season 

(Wilkinson and Bunting, 1975).  Flow rates from hillslopes are typically substantially 

lower than that of channel flow and may therefore transport sediment to the channel after 

the discharge peak of a particular event (Klein, 1984).  This circumstance, as well as the 

aforementioned remobilization and channel armouring may result in counter-clockwise 

hysteresis.  

In summary, suspended sediment – discharge hysteresis curves are useful as a 

means to examine the temporal associations between SSC and discharge and provide 

insight into the timing and magnitude of specific hydrological and sediment delivery 

events.  Examination of suspended sediment – discharge relationships at event, diurnal, 
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seasonal and interannual scales can be used to characterize and provide a deeper 

understanding of sediment sources and delivery dynamics in a catchment. 

 

2.4.3 Sediment sources 

 Sediment availability and delivery varies spatially and temporally in a catchment 

(e.g., Wilkinson and Bunting, 1975; Klein, 1984; Bogen, 1994; Beylich and Gintz, 2004; 

Nistor and Church, 2005).  Sediment sources may be intermittently available or 

inaccessible during high flow, beyond stream competence, out of reach during low flow 

or effectively non-existent.  Inter- and intra-seasonal changes in availability and 

accessibility of sediment coupled with the highly variable discharge regime of nival-

dominated, High Arctic catchments illustrate the complexities of characterizing sediment 

sources. 

 

2.4.3.1 Sediment storage and isolated sources 

In two High Arctic locations, Radstock Bay, Devon Island and Resolute Bay, 

Cornwall Island, Wilkinson and Bunting (1975) recorded sporadic supra-nival flow 

accompanied by snowpack percolation during initial channel development in snow.  In 

one case, an area of exposed soil generated high levels of sediment transport and resulted 

in deposits abandoned downflow on the snow when discharge decreased.  These residual 

deposits were eventually superposed on channel bed deposits after snow ablation when 

discharge was reduced.  This scenario suggests one mechanism in which sediment may 

be stored within the channel until high flows induce transport during a subsequent storm 

or season.  Should snowpack remain beneath the sediment on the surface of multi-year 
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snow, the sediment source may become incorporated into the snowpack and accessed 

intermittently during channel development in a subsequent season.  In what may 

represent an extreme case, Lamoureux et al. (2006) documented a sediment deposit 

covering 180 m2 and containing approximately 27 Mg of material contained within the 

2005 snowpack that was determined to be a remnant of sediment deposited on the 

channel snow during the 2003 melt season.  Some of the deposit had been eroded by the 

2005 early-season flow, and it is assumed that some of this deposit had also been 

accessed by the 2004 flow in a similar fashion.  This case suggests that channels 

originating in snowpack and therefore not having a defined route until they reach the bed 

may access sediment deposits in the snow and on the bed that may have been isolated 

from flow for a number of years.   

Similar examples of sediment storage have been documented in glacial 

catchments.  In the Finsterwalderbreen catchment in Svalbard, Hodgkins et al. (1999) 

examined sediment storage and mobilization in a 4.2 km2 proglacial area.  It was shown 

that the proglacial stream area acted as a source of sediment during discrete discharge 

events and a sink for sediment during lower flows when deposition would occur.  Net 

accumulation or denudation of the sediment could occur in any given year, dependent on 

the discharge regime.     

Disturbances to the catchment landscape including mass wastage or active layer 

detachments directly into the channel may have a substantial impact on SSC and can act 

as a sediment source for periods in excess of decades (Lamoureux, 2002; Lewkowicz and 

Kokelj, 2002; Lewis et al., 2005).  This type of sediment source can have a significant 

impact on the estimation of sediment yield in the catchment.  In a study on the Fosheim 
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Peninsula, Ellesmere Island, Nunavut, Lewis et al. (2005) recorded two extreme SSC 

events occurring in a 47 km2 catchment and attributed them to a mass movement or 

blockfall into the channel that introduced a large quantity of fine sediment into the stream 

system.  This conclusion was conjectured after other sediment contributions from snow 

dam collapse or intense rainfall were ruled out as potential contributors.  Lamoureux 

(2002) reconstructed annual suspended sediment yields of 25-1800 t km-2 a-1 from a 

varved lacustrine sedimentary record from Nicolay Lake on Cornwall Island in the 

Canadian High Arctic.  Multi-year analysis of yield revealed periods of sustained high 

sediment load following major rainfall events.  In a study examining a small surface 

runoff plot on the Fosheim Peninsula, Ellesmere Island, Nunavut where slopes had not 

recovered from detachments slides pre-dating 1950, Lewkowicz and Kokelj (2002) 

documented elevated rates of erosion from non-vegetated sites.  Suspended sediment 

yield was found to decrease with time after the disturbance and was hypothesized to be 

related to vegetation recovery reducing surface runoff and erosion. 

More generally, sediment transport events in the High Arctic are often reported as 

supply limited (Lewkowicz and Wolfe, 1994; Priesnitz and Schunke, 2002; Beylich and 

Gintz, 2004; Langlois et al., 2005).  An isolated occurrence of sediment erosion that 

exposes a fresh surface can act to increase SSC and contribute significantly to annual 

sediment yields, until the source becomes depleted or inaccessible.  Although increases in 

SSC have been attributed to precipitation events, snow dam release and discharge 

variability, sediment deposited and stored in the channel can act as an ongoing source of 

SSC that contributes in a stochastic manner dependent on accessibility and longevity of 

the source and stream competence.  The variability with which sediment-contributing and 
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hydrological events affect Arctic fluvial systems highlight the need for further 

investigation of sediment transport to better understand its response to environmental 

change. 

 

2.4.4 Suspended sediment transport during baseflow 

 After the snowmelt flood, relationships between SSC and discharge typically 

remain complex (Beylich and Gintz, 2004); sediment sources are typically more 

accessible, but discharge and stream competence are reduced such that the SSC will be 

dictated largely by the ability of the flow to mobilize sediment.  During the melt season 

when the active layer storage capacity is exceeded, overland flow will occur (Roulet and 

Woo, 1988, McNamara et al. 1998; Quinton and Marsh, 1999).  However, sediment 

mobilized by this flow is often impeded by vegetated surfaces and does not reach the 

channel (Preisnitz and Shunke, 2002; Lewkowicz and Kokelj, 2002).  Overland flow 

substantial enough to overcome the vegetation is rare late in the melt season, and 

sediment transported in this manner is often restricted to concentrated flow in rills 

(Wilkinson and Bunting, 1975). Wilkinson and Bunting (1975) studied overland flow in a 

High Arctic catchment and found that there were increased instances of transport of fine 

material from slopes early in the season accompanying increased melt, and that in the late 

season, sediment from beneath the basal ice (ice formed by the percolation and refreezing 

of meltwater at the base of the snowpack) layers in the snowpack was transported to the 

channel.  The flow during this time was minimal and suspended sediment transport was 

limited to fine-grained material.  



 44

 In the Arctic polar desert environment, summer rainfall generally occurs as low 

intensity events and in most cases, is much less significant than the nival flood (Forbes 

and Lamoureux, 2005).  Suspended sediment transport is relatively low during baseflow, 

but significant rain events (>25 mm) can act to increase SSC considerably (Cook, 1967; 

Cogley and McCann, 1976; Hodgson, 1977; Forbes and Lamoureux, 2005; Lewis et al., 

2005).  However, Lewkowicz and Young (1990) found that an 8 mm rain event in mid-

July at Ross Point, Melville Island, Nunavut, characterized as the largest storm of the 

season, was less important than the diurnal melt on the same day.  Hence, the low 

intensity rainfall characteristic of the High Arctic, coupled with the increased potential 

for storage in the active layer in the latter part of the melt season substantially decreases 

the discharge and suspended sediment response to all but the largest rainfall events. 

Instances of sediment transport due to late season contributions from meltwater 

are isolated to those areas where snowpack remains through the season.  In catchments 

with persistent or perennial snowpack, meltwater is potentially capable of transporting 

material to the slopes and to the channel (McCann et al., 1972).  In general, suspended 

sediment transport during the latter part of the melt season is minimal in comparison to 

that transported during the nival freshet and can be represented largely by rill flow 

generated by persistent snowpack and entrainment of fine material from within the 

channel.   

 

2.5 Sediment grain size characteristics 
 
The composition and size of fine sediment has attracted considerable interest, 

particularly with regards to nutrient and contaminant transport in fluvial systems 



 45

(Granger et al., 2007; Petticrew et al., 2007).  Although some evidence exists that grain 

size is positively correlated with river discharge (Lenzi and Marchi, 2000), there are 

indications that the relationship between grain size and discharge is complex and 

dependent on a combination of variable sediment availability and supply limitations, 

transport energy and erosive capabilities and preferential erosion and deposition (Walling 

and Moorehead, 1989; Slattery and Burt, 1997, Topping et al., 2000).  Hence, although 

little particle size research has been carried out in arctic fluvial systems (c.f. McDonald 

and Lamoureux, 2006), the potential exists to use particle size of fluvial sediments to 

further characterize sediment sources, erosion and transport processes. 

The effective grain size is used to describe the measured size of aggregated or 

flocculated particles suspended in the water column, while the absolute grain size 

describes the size of the constituent particles making up aggregates or flocs.  Aggregates 

are generally defined as water-stable particles that formed in the soil environment, where 

flocs are particles that have been formed in the water column by physical, biological or 

chemical processes (Droppo et al., 1997).  

Slattery and Burt (1997) stress the importance of considering effective versus 

absolute grain size and demonstrate that the particle size of eroded sediment may be 

substantially different than the sediment dispersed for analysis.  The effective particle 

size and composition of the particles in suspension will govern sediment transport, and 

should therefore be taken into consideration.  In the same study it was found that as 

discharge increased, the relative proportions of silt- and clay-sized material increased 

compared to sand-size material.  It was hypothesized that since a large portion of the 

material travelled as aggregate particles, they were broken up with the increased 
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turbulence during high flow, coupled with an increase in erosion of fine material from the 

catchment.  Additionally, the origin of the particles must be considered, particularly 

whether they were entrained from the source material or formed during transport 

(Walling and Moorehead, 1989).    

Seasonal variations in sediment source areas and associated particle sizes may 

relate to seasonal variations in discharge.  During a study in Wilton Creek, Ontario, 

Canada, Walling and Moorehead (1989) found that the grain size of suspended sediment 

in the winter months was coarser than the summer in one reach of the river due to 

increased inputs of fine material from the slopes during the summer months.  Discharge 

variability and sediment accessibility can lead to seasonal changes in suspended sediment 

grain size characteristics.  In Wilton Creek, extensive year-round sampling resulted in 

examples of nearly all recognized relationships between discharge and grain size 

(Walling and Moorehead, 1989).  This stresses the variability of the relationship between 

grain size and discharge, both spatially and temporally in a catchment.   

Sediment supply limitation can play an important role in the grain size 

characteristics of sediment in suspension.  In the Colorado River before the construction 

of the Glen Canyon Dam, Topping et al. (2000) report that the median grain size of 

sediment traveling after the snowmelt season of 1954 coarsened as the supply of fine 

sediment from upstream decreased and coarse sediment was eroded from the bed (Figure 

2.11). 
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Figure 2.11 Increased median grain size with decreased discharge (counter clockwise 
hysteresis) in the Colorado River before the construction of the Glen Canyon Dam 
(Topping et al., 2000).   
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 The degree to which the suspended sediment load is enriched or depleted with 

respect to a particular grain size will be dependent on the selectivity of erosion (including 

the availability of a particular source to be eroded) and the preferential deposition of the 

coarse fraction (Walling and Moorehead, 1987).  Rice and Church (1998) stress the 

importance of the characterization of lateral sources into a stream channel in 

understanding textural changes in the suspended sediment load along the length of the 

channel.  Tributaries can transport sediment from areas removed from the channel and 

introduce a sediment source foreign to the near-stream area.  Additionally, some reaches 

of the river may be prone to deposition during low flow and may therefore act as a source 

of coarse material during subsequent high flows (Rice and Church, 1998).  If spatial and 

temporal patterns of erosion and transport are known, the relative importance of selective 

erosion, preferential deposition and stream competence to the grain size distribution at 

any location can be better understood (Walling and Moorehead, 1987).    

These concepts can be applied to the specific hydrological regime in the arctic.  In 

the early stages of stream flow when the channel is developing in snow, deposition of 

coarse sediment can occur while water is ponded on the snow surface (Woo and Sauriol, 

1981; Lamoureux et al., 2006) or trapped by snow dams (Beylich and Gintz, 2004).  The 

accessibility, transport and deposition of sediment sources during the development of the 

channel in snow can enrich or deplete the sediment with respect to fine or coarse 

material.  

Temporal variability in suspended sediment grain size characteristics can indicate 

limited accessibility of sediment sources in a catchment or reach.  In a small (7.9 km2) 

catchment at Cape Bounty, Melville Island, Nunavut, McDonald and Lamoureux (2006) 
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found that coarse grains represented a larger proportion of the suspended sediment load 

during the early nival freshet, while silt- and clay-sized material became more prominent 

during the recession.  This suggests that sediment sources in a catchment change during 

the progression of the melt season such that one or more sources may dominate for a 

period of time. 

 Through examining suspended sediment grain size characteristics it is possible to 

establish potential sediment sources within a catchment and develop a more detailed 

understanding of the relationship between sediment entrainment and flow at a given time. 

 

2.6 Conclusions 

Approximately 75% of Canada’s landmass is in northern regions and is drained 

by rivers flowing into northern oceans (Déry and Wood, 2005).  Contributions of arctic 

hydrologic research during the recent decades have allowed the development of a general 

understanding of northern hydrological systems and their impacts on the landscape.  With 

predicted climate change expected to substantially increase air temperatures and 

precipitation in the arctic (ACIA 2004; IPCC, 2007), further studies to develop long 

records of hydrological systems and monitor the response to environmental change are an 

important means of understanding climate change responses in the arctic. 

The short-lived nature of the nival flood period and melt season in the High Arctic 

makes it an ideal location to examine relationships between snowmelt, discharge, and 

suspended sediment transport.  Through linkages to snowpack distribution and extent, 

snow water equivalency and summer precipitation, suspended sediment transport is an 

important indicator of hydrogeomorphic response and changes in the Arctic, as well as 
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landscape changes at the catchment scale.  Recent changes in arctic sediment yields are 

often attributed to anthropogenic influences in a catchment (e.g. mining, dams; 

Bobrovitskaya, 2003).  Direct human impacts are minimal in the Canadian High Arctic 

and will therefore be unlikely to complicate any climatic impact on hydrological 

processes and variability.  Studies that investigate variability in suspended sediment 

transport and river discharge characteristics in the High Arctic can shed light on the 

degree to which natural and anthropogenic changes to the global environment affect high 

latitude landscapes.   
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Chapter 3:  The influence of hydroclimatic variability and channel snowpack on 

suspended sediment transport, grain size and hysteresis in a small, High Arctic 

catchment 

 

3.1 Abstract 

 Temporal variability in sediment delivery processes were studied during three 

seasons in a 7.9 km2 catchment at Cape Bounty, Melville Island, Nunavut in the Canadian 

High Arctic.  Discharge was controlled primarily by the magnitude of snowmelt, with 

limited inputs from ground ice melt and precipitation.  Estimated catchment snow water 

equivalence was 82, 56 and 113 mm in 2004, 2005 and 2006, respectively.  In 2004 and 

2006 annual sediment yields of, 413 and 447 Mg, respectively, were recorded, compared 

to 62.5 Mg in 2005.  Discharge-suspended sediment relationships in all three years 

indicate that years with greater snowpack resulted in counter-clockwise hysteresis, 

presumably due to armouring of bed and bank materials by snow.  In contrast, a year with 

comparatively low snowpack resulted in clockwise hysteresis and indicates that sediment 

was increasingly available after the onset of streamflow.  These results suggest that the 

distribution of catchment snowpack, particularly in the channel, plays a primary role over 

suspended sediment accessibility during the nival discharge peak.   

 In addition to the event-scale hysteresis observed during the nival discharge peak, 

diurnal clockwise hysteresis was observed during all three seasons and suggests daily 

exhaustion of sediment supplies.  Limited flow access to sediment due to armouring by 

snowpack and comparatively slow thermal erosion of frozen sediments were likely 

reasons for these observed relationships.   
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 Grain size analysis of suspended material in the river showed that the largest 

mean grain size was transported during the peak nival discharge phase, and is in 

agreement with recognized relationships linking increased stream competence with larger 

grain size.  However, characterization of grain size hysteresis relationships indicate that 

coarse material dominated during the early stage of the nival discharge event and that fine 

material became more available as the nival flood continued.  The initial large grain size 

is likely due to isolated sources of coarse material being accessed by flow. 

 These results indicate that hydrometeorology, discharge, and resultant sediment 

delivery are highly variable in small High Arctic catchments and show complex 

interannual patterns with respect to flow conditions.  The critical role of snow as a 

hydrological and geomorphic control over suspended sediment transport in this 

environment was apparent through generation of meltwater and alteration of sediment 

availability conditions, respectively. 
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3.2 Introduction 
 
 Annual exports of water and suspended sediment reflect key processes that occur 

in river catchments as well as the response to the hydrological regime and overall 

catchment erosion in a given year.  In snowmelt (nival) dominated arctic rivers, up to 

90% of water and sediment transport can occur during the snowmelt period (e.g., 

McCann, 1972; Beylich and Gintz, 2002; Preisnitz and Schunke, 2002; Forbes and 

Lamoureux, 2005).   Most studies to date suggest that catchment snow water equivalence 

(SWE) is the primary control over water and suspended sediment fluxes such that 

extreme annual and interannual variability in discharge and suspended sediment 

concentration (SSC) can result (Threlfall, 1987; Lewkowicz and Wolfe, 1994; Forbes and 

Lamoureux, 2005).  In the arctic, understanding the timing and magnitude of the 

snowmelt flood is critical given that it is typically the most important hydrological and 

sediment transport event of the season (Woo, 1976; Beylich and Gintz, 2004; Forbes and 

Lamoureux, 2005).  Perhaps the most important control over sediment transport processes 

in these settings is the persistence of snow in the channel.  Snowfall is extensively 

redistributed by wind during the winter and accumulates in stream channels (McCann et 

al., 1972; Woo, 1983).  The river channel will initially form within the channel snowpack 

and does not necessarily follow the path of the streambed (Woo and Sauriol, 1980).  In 

addition, channel snowpack can impede access to sediment sources, leading to 

intermittent or irregular access to sediment sources and hysteretic relationships between 

discharge and suspended sediment (Woo and Sauriol, 1981).  In theory, hysteresis 

relationships can occur at diurnal, event, seasonal and interannual scales.   Event-scale 

clockwise and counter-clockwise hysteresis events have been reported in High Arctic 
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locations (McLaren, 1981; Lewkowicz and Wolfe, 1994), although channel snowpack 

was not specifically identified as a cause.   

 In addition to suspended sediment-discharge hysteresis, temporal variations and 

hysteresis relationships in suspended sediment grain size characteristics with respect to 

discharge and SSC can also indicate changing sediment sources through a season (Lenzi 

and Marchi, 2000; Nistor and Church, 2005).  Hysteretic behaviour and temporal 

variability in suspended sediment grain size characteristics suggest that different 

sediment sources may supply the suspended sediment load during particular periods of 

the season.  Hysteresis is potentially related to limited sediment accessibility due to 

channel snowpack and the frozen bed and banks in the early season and stream 

competence in the late season.  However, to date, comparatively few studies have 

investigated these relationships in temperate rivers (Slattery and Burt, 1997; Lenzi and 

Marchi, 2000; Steegen et al. 2000), and little is known about analogous conditions in 

Arctic river systems.    

 This study reports a detailed analysis of the relationships between discharge and 

suspended sediment characteristics in a small High Arctic catchment.  Based on three 

seasons of field observations (2004 -2006), suspended sediment-discharge hysteresis 

patterns were investigated on seasonal, event and diurnal time scales. Hysteresis 

relationships of varying temporal scale were used to examine the role of interannual 

variability in catchment and channel snowpack as controls over discharge characteristics, 

sediment load and accessibility, and suspended sediment grain size characteristics. 

Results from three years with substantially different snowpack conditions and discharge 

and sediment delivery responses provide a comprehensive understanding of the 
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sensitivity of suspended sediment yield in High Arctic rivers to climate variability, and 

provide important empirical observations for modelling the response of arctic rivers to 

projected climate change (Syvitski, 2002).   

 

3.3 Study area 

 This study was carried out at the Cape Bounty experimental watershed (74º 55’ N, 

109º 35’ W) located on the south-central coast of Melville Island, Nunavut in the 

Canadian High Arctic.  Of the two adjacent watersheds under investigation at the site, the 

focus of this study is the West River (unofficial name, 7.9 km2; Figure 3.1).  The bedrock 

is composed of Mesozoic shales and sandstones that are overlain by glacial and early 

Holocene marine sediments (Hodgson, 1984).  The river channel is incised into rolling 

terrain comprised of hills and plateaus reaching elevations of ~100 m asl.  The vegetation 

is characterized as prostrate dwarf-shrub tundra where vascular plant-cover ranges from 

5-25% of the landscape (Walker et al., 2002).  Vegetation is most abundant in areas with 

a continuous source of meltwater through the season. 

 The climate is characterized as polar desert with long cold winters and short, cool 

melt seasons.  Mean winter snow depth at Mould Bay (1971 – 2000, approximately 250 

km west) is 84 cm.  Winter snow is the dominant form of precipitation and is extensively 

redistributed by wind into gullies, concavities, stream channels and leeward slopes 

(McCann et al., 1972; Woo, 1983), and accumulates up to ~4 m depth.  Snowmelt is 

initiated in early to mid-June and streamflow typically ensues approximately ten days 

later.  Surface flow in the river channel initially developed in snow and the bed and banks 

were exposed to flow irregularly along the channel length.  Channel ice formed from  
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Figure 3.1.  The location of the Cape Bounty field site in the Canadian High Arctic 
Islands (inset) and the West River catchment.   
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baseflow from the previous season was not observed, although basal ice that formed 

during snowmelt was present.  By the end of the nival period the river reaches the bed 

along the majority of the channel. 

 Channel snowpack and meltwater discharge determine the initial flow path.  The 

channel becomes incised into snowpack and when flow reaches the bed, the remaining 

channel snowpack melts from the underside and creates overhanging snow along portions 

of the channel (also observed by Woo and Sauriol, 1980).  Multi-year channel snowpack 

has been recorded at the site by Lamoureux et al. (2006a) and isolated channel snowpack 

was observed at the end of all three field seasons.  Extensive sediment deposits and 

channel bars were also observed along the length of the channel on the residual snowpack 

and deposited directly on bed by snow ablation.  Observations indicate that these deposits 

were dominated by sand and gravel, although no grain size analyses were undertaken. 

 Substantial sources of fine grained marine sediment were accessed by the river in 

the upper reaches of the catchment and by tributaries in isolated locations in lower 

reaches of the catchment.  Sediment was eroded from the channel banks and bed and 

isolated instances of bank erosion and thermo-erosional niching were also observed.  Two 

small tributaries fed by perennial snow banks carried appreciable suspended sediment 

load, while the other tributaries flowed over well-vegetated slopes and carried little 

sediment during the study period.  Refer to Appendix A for a photographic account of 

channel characteristics. 
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3.4 Methods 

3.4.1 Meteorology 

 Precipitation and air temperature were collected at 1.5m above the ground at the 

West meteorological station from 2004-2006 (Figure 3.1).  Temperature was measured 

with an Onset Hobo H8 logger (± 0.7ºC accuracy) and precipitation was collected with a 

Davis tipping bucket rain gauge (0.2mm resolution) and an Onset Hobo event logger.  In 

2004 a network of 14 snow survey transects was used to estimate catchment snow water 

equivalence (SWE).  In 2005-2006, this number was increased to 22 transects in order to 

better quantify snow distribution over different terrain units.  Eleven depth measurements 

and at least one density measurement were taken along each 100 m transect.  

Measurements were spatially averaged using units defined by major terrain types in order 

to determine a SWE estimate for the catchment (Yang and Woo, 1999).   

 

3.4.2 Hydrology and Suspended Sediment 

 Hydrological and suspended sediment transport data were collected at the West 

River gauging station (Figure 3.1).  In 2004 the location for the gauging station was 

chosen before flow had commenced making it difficult to properly survey the channel 

and a more suitable site was chosen for the 2005 and 2006 seasons.  Stage and velocity 

measurements were obtained at the gauging station and instruments were placed at 60% 

depth.  The instruments were manually adjusted to within 15% of 60% depth with 

changes in stage.  Stage was recorded at ten minute intervals with an Omega OM-CP-

LEVEL 1000 logger (± 0.5mm resolution) with an Omega CP-PRTEMP101 logger (± 0.4 

%) for barometric compensation in 2004.  An Omega OM-CP-LEVEL 1001 vented 
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pressure transducer logger (±0.3 %) was used in 2005.  In 2006 stage was measured with 

a Unidata capacitance stage sensor and logged with a Unidata Prologger at 30-second 

intervals with the 2005 instrument used for redundancy.  In each year, continuous flow 

velocity was measured using a General Oceanics 2030R current meter logged with 

Omega Nomad counter loggers in 2004 and 2005 and the Unidata Prologger in 2006.  

Manual discharge measurements used to develop discharge rating curves were taken 

several times daily during the snowmelt peak, and less frequently during the recession 

period (n2004 = 23 ; n2005 = 15; n2006 = 19)  using a Columbia current meter (± 4 %)  in 

2004, a General Oceanics 2030R current meter (± 1 %)  in 2005 and a Swoffer 2100 

current meter (± 1 %) in 2006.  Discharge records were generated using the velocity-area 

method in all three years.   

 Point suspended sediment samples were obtained using a DH48 suspended 

sediment sampler held at 60% flow depth and in the same flow path as the instruments at 

the gauging station for comparison.  Volumetric samples were filtered on tared Osmotics 

1.0 µm glass fibre filters, which were returned to the laboratory, dried for 24 hours at 

50ºC and weighed twice.  Sediment samples were collected hourly from 0800-0000h 

during peak flow, including several 24 hour cycles, and bi-hourly during recession.  A 

robust spline function was used to determine missing hourly point samples to create a 

continuous hourly SSC record.  Hourly SSC values were multiplied by hourly discharge 

(m3) to determine hourly sediment yield, which was summed to find the annual sediment 

yield. 
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3.4.3 Grain size sampling and analysis 

In conjunction with SSC samples, depth-integrated samples of the water column 

were collected using a DH48 suspended sediment sampler, stored in Whirlpak™ bags 

and returned to the laboratory for grain size analysis.  To ensure that an appropriate 

amount of sediment was obtained for laboratory analyses and to avoid sub-sampling, 

approximately 250, 500 or 1000 ml samples were collected depending on relative SSC at 

the time of sampling.   Samples were analysed using a Beckman Coulter LS 200 particle 

size analyzer equipped with a fluid module.  Samples were manually introduced into the 

analyzer without pre-treatment and underwent three successive 60-second runs using 

sonication to disperse aggregated particles.  The third run of each sample was used for 

subsequent analysis.  Daily mean grain size (MGS) was determined from mean hourly 

values from 1400-2200h each day.  This period was selected as sufficient sediment was 

available in samples from these times through the duration of all three field seasons (i.e. 

2004-2006), and this interval corresponded with high discharge conditions each day. 

 

3.4.4 Hysteresis Index 

 A hysteresis index (HImid) developed by Lawler et al. (2006) was used to 

characterize the direction and magnitude of diurnal, event and seasonal hysteresis 

relationships.  The index expresses clockwise hysteresis as a positive value and counter-

clockwise hysteresis as a negative value (Figure 3.2).  Instances where hysteresis 

relationships were not apparent result in a null index value.  Determination of the 

hysteresis index value for a particular event required the mid-value discharge (Qmid):  

   Qmid = k(Qmax – Qmin) + Qmin     (1) 
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where k is the position at which the loop breadth is assessed relative to flow range, Qmax 

is the maximum discharge reached during the event and Qmin is the discharge at the onset 

of the event (Figure 3.2). Qmid values were located on the hysteresis plot, from which 

SSC was interpolated on the rising (rl) and falling limbs (fl) of the curve. For clockwise 

hysteresis, HImid was calculated by:   

HImid = (SSCrl / SSCfl) – 1    (2) 

For counter-clockwise hysteresis, HImid was calculated by: 

HImid = (-1 / (SSCrl / SSCfl)) + 1   (3) 

For the majority of determinations, k = 0.5 characterized the centre of the hysteresis 

curve.  In some instances k = 0.75 better represented the hysteresis curve (Lawler et al., 

2006).  The application of different k values was dictated by the position and orientation 

of the hysteresis curve and values were selected to ensure that Qmid represented the centre 

of the hysteresis curve.  For the purposes of this study, HI will represent the hysteresis 

index.  
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Figure 3.2:  An example of clockwise diurnal discharge – suspended sediment yield 
hysteresis on (a) July 27-28, 2004 with k=0.5; (b) clockwise hysteresis on July 6-7, 2006 
with k=0.75; (c) and a instance where hysteresis did not occur.  Qmin, Qmid and Qmax 
represent the discharge at the onset of the hysteresis event, the mid-event discharge and 
the maximum discharge, respectively.  Qmin, Qmid and Qmax are used to calculate the 
hysteresis index detailed by Lawler et al. (2006).   
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3.5 Results 

3.5.1 Hydrometeorology  

 The three seasons studied exhibited substantially different hydrological and 

meteorological conditions.  Both 2004 and 2006 were characterized as cool and wet 

years, while 2005 was relatively warm and had substantially lower SWE prior to melt 

(Table 3.1, Figure 3.3).   

During the winter prior to the 2004 and 2005 seasons, wind extensively 

redistributed snow and filled the channel with dense snowpack.   In 2006, snowpack was 

spread relatively evenly over the landscape, and showed little evidence of redistribution 

into the channel.  Snow cover was approximately 80% in early June of 2004 and only 

remained at the end of the season where it had been deepest in the river channel, on 

leeward and slope depressions.  By comparison, the majority of snowpack in June of 

2005 was concentrated in the river channel and in other depressions and most of the 

landscape was initially snow-free.  At the end of the field season, limited snowpack 

remained at channel edges and perennial snowbanks were present.  In 2006, snow 

initially covered ~100% of the catchment in early June.  Despite having the largest 

recorded SWE of the three seasons (Table 3.1), only portions of the largest perennial 

snowbanks remained at the end of the 2006 season due to warm summer conditions.   

 Interannual differences in late winter snowpack and spring temperatures resulted 

in substantially different hydrograph responses each season.  A distinct nival peak with a 

steep rising limb and a gradual recession was apparent in all three seasons, although the 

discharge magnitude was lowest in 2005.  Discharge in 2004 was characterized by two 

periods of high discharge separated by a phase of low discharge on June 29 and 30  
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Table 3.1:  Mean June temperature, winter snow water equivalence (SWE) and annual 
discharge from the west catchment in 2004, 2005 and 2006.   
 
 
 

 2004 2005 2006 
Mean June Temp. (ºC) -0.1 2.0 -1.4 

 
SWE (mm) 82 56 113 

Discharge (mm) 101 68 155 
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caused by cold temperatures (Figure 3.4).  The maximum discharge of 1.6 m3·s-1 was 

reached on June 28, seven days after initial flow.   The discharge increased in response to 

a 7 mm rainfall event on July 7, before it gradually declined into the recession-baseflow 

period.  Direct hydrograph response to a rainfall event was not observed at any other time 

during the three seasons.     

The 2005 discharge hydrograph lacked the prominent nival peak apparent in the 

other seasons, and reached a maximum of 0.9 m3·s-1 on June 11, three days after initial 

flow (Figure 3.5).  The first three days of the discharge record (June 8-10) were lost due 

to a water level logger malfunction, although observations suggest that it was unlikely 

that the discharge peak occurred during this period.  After the nival peak, discharge 

through June remained relatively constant with a clear diurnal pattern.  At the conclusion 

of measurements in 2005, minimal snow remained in the catchment suggesting limited 

potential for subsequent discharge or sediment discharge events. 

In 2006, the nival peak reached a maximum of 2.4m3·s-1 on June 26, eight days 

after initial flow and decreased gradually through the recession period (Figure 3.6).  As 

was the case in the previous years, the hydrograph showed strong diurnal fluctuations 

throughout the season, with the exception of the last week of measurements. 

 Peak flow velocity and discharge were generally synchronous in each of the three 

years, although flow velocity was often higher immediately prior to peak discharge 

(Figures 3.4-3.6).  These results are coincident with initial flow in snow and ice lined 

channels, which suggest that flow velocity can increase due to the low bed resistance and 

turbulent stress typically found in ice-walled channels (Kerr et al., 2002).   
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Figure 3.3:  Air temperature and precipitation from 2004 - 2006.  Temperature and 
precipitation are unavailable after the 28th of July, 2006 when the field season ended. 
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Figure 3.4:  (a) Discharge, (b) SSC, (c) velocity and (d) mean grain size collected from 
the West River station in 2004.  The dashed lines represent the divisions between nival 
events 1 and 2 and the recession-baseflow period.  Error bars associated with the peak 
mean daily grain size represent one standard deviation from the mean.  
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Figure 3.5:  (a) Discharge, (b) SSC, (c) velocity and (d) mean grain size collected from 
the West River station in 2005.  The dashed line represents the division between nival 
event and the recession - baseflow period.  Error bars associated with the peak mean daily 
grain size represent one standard deviation from the mean. 
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Figure 3.6:  (a) Discharge, (b) SSC, (c) velocity and (d) mean grain size collected from 
the West River station in 2006.  The dashed line represents the division between nival 
event and the recession - baseflow period.  Error bars associated with the peak mean daily 
grain size represent one standard deviation from the mean. 
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 Maximum flow velocities varied substantially between seasons as well.  For 

example, the discharge magnitude for the second nival event in 2004 (NE2) was similar 

to peak discharge in 2005, with corresponding velocities reaching ~1.25 and ~0.8 m·s-1, 

respectively.  It should be noted that the flow velocity values obtained from the stationary 

current meter in 2005 are likely to be an underestimate due to a worn bearing in the 

current meter.  Velocity values obtained during manual discharge measurements suggest 

that the maximum velocity reached in 2005 was ~ 0.9 m·s-1.  We therefore assume that 

the velocity values in Figure 3.5 are generally representative of the variability in velocity, 

but not the magnitude.   

 In 2004 and 2006, increased catchment snowpack resulted in a greater volume of 

meltwater, extended peak runoff periods lasting 12 and 11 days, respectively, and visible 

alteration of the channel morphology.  By contrast, snowpack in 2005 was concentrated 

in the main channel and other depressions.  Slopes were largely free of snow prior to 

melt, and resulted in a snowmelt runoff period lasting 6 days with limited geomorphic 

impact visible in the channel.   

 

3.5.2 Suspended sediment transport  

 The strong control exerted by energy over snow melt was apparent in the 

prominent diurnal variation in discharge and was similar to other High Arctic studies 

(e.g., Hardy, 1996).  Although SSC generally exhibited a diurnal pattern, sediment 

delivery during the nival events was asynchronous with diurnal discharge cycles and 

multi-day discharge events.  However, during recession and baseflow, near-synchronized 

diurnal fluctuation of discharge and SSC were more apparent.  
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Overall, SSC peaks were substantially higher during 2004 compared to the more 

intense discharge conditions observed in 2006, but sediment delivery was more sustained 

in 2006 and resulted in a higher annual suspended sediment yield.  The initial nival event 

in 2004 (NE1) reached 2668 mg·l-1 and was coincident with maximum discharge.  By 

contrast, during the second nival event (NE2) SSC reached 5526 mg·l-1 and was the 

highest SSC recorded in three years (Figure 3.4).  The seasonal sediment yield for 2004 

was 413 Mg (52.2 Mg·km-2).  By contrast, SSC concentrations were substantially lower 

in 2005 and did not exceed 428 mg·l-1 (Figure 3.5).  The range of SSC conditions 

observed during the 2005 season was relatively narrow compared to the other seasons and 

resulted in a seasonal sediment yield of 62.5 Mg (7.9 Mg·km-2). Peak discharge during 

2006 occurred prior to the maximum SSC of 1724 mg·l-1 (Figure 3.6).  Sediment load in 

2006 was sustained at relatively high levels for a prolonged period and resulted in the 

highest seasonal sediment yield (447 Mg, 56.5 Mg·km-2).   Overall, 96, 54 and 75 % of 

suspended sediment was transported during the short snowmelt flood period in 2004, 

2005 and 2006, respectively, and was associated with increased flow velocity, discharge 

and broadly with stream competence at these times. 

 

3.5.3 Suspended sediment-discharge hysteresis 

 To evaluate hysteresis characteristics, each of the three seasons were divided into 

distinct discharge events.  The nival flood defined the first period, where both clockwise 

and counter-clockwise hysteresis relationships were apparent.  By contrast, the recession-

baseflow periods were characterized by near-linear relationships between daily suspended 

sediment discharge (SSQ) and discharge (Figure 3.7a, b, c).  
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The snowmelt flood in 2004 was divided into two events due to a significant 

decrease in discharge that punctuated the snowmelt flood and separated the discharge and 

SSQ peaks by five days.  During NE1, maximum discharge was associated with moderate 

SSQ, during NE2 seasonal maximum SSQ was reached with moderate discharge, with HI 

values of 0.36 and -0.53 for each multi-day event, respectively.  The limited hysteresis 

indicated by the HI values suggest a near-linear relationship between discharge and SSQ 

occurred on an event basis during both of these periods (NE1: r2 = 0.72, p < 0.03; NE2: r2 

= 0.77, p < 0.02).  However, if the nival event had not been disrupted, the overall pattern 

suggests that the discharge and SSQ during the combined nival events exhibited a 

counter-clockwise hysteresis relationship with an HI value of -2.5 (Figure 3.7a).  In 2004, 

daily hysteresis was not apparent during most of the snowmelt flood period.  Diurnal Q-

SSC hysteresis developed after the snowmelt flood and was primarily clockwise during 

the recession-baseflow period.   

A clockwise hysteresis event lasting five days with an HI value of 1.8 was evident 

during the snowmelt flood of 2005.  SSQ peaked one day before discharge and declined 

during the subsequent discharge maximum (Figure 3.7b).  The SSC remained relatively 

constant through the duration of the season and hysteresis relationships were inconsistent 

after the snowmelt flood.  On a daily basis, SSC and discharge showed positive HI 

values, indicative of a variable diurnal clockwise hysteresis pattern. 

In 2006, the snowmelt flood was characterized by a relatively weak counter-

clockwise hysteresis event (HI = -0.8) that lasted 12 days (Figure 3.7c).  As was the case 

in 2005, diurnal SSC-discharge hysteresis relationships showed relatively consistent  
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Figure 3.7:  Hysteresis characteristics observed during the study period.  The upper 
panels (a-c) show sub-seasonal hysteresis relationships during the nival and recession – 
baseflow periods.  Hysteresis index values are noted for relationships during the nival 
events.  Index values for each of the individual nival events (NE1, 2) as well as the 
inferred counter-clockwise event (NEtot) are noted on the respective plots.   The four 
circled points in the 2005 recession period plot have not been included in calculations of 
linearity because they do not demonstrate hysteresis or a linear relationship.  The lower 
panels (d-f) show hysteresis index values representing the magnitude and direction of 
diurnal hysteresis relationships.   
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positive daily HI values characteristic of a diurnal clockwise hysteresis most days, with 

the exception of two days in July (Figure 3.7f). 

 During the recession and base flow periods in all three seasons, the daily 

discharge–SSQ relationships were relatively linear with minimal indication of multi-day 

hysteresis.  Linear regression suggests significant relationships between daily discharge 

and SSQ at these times (2004: r2 = 0.74, p = <0.0001, n = 32; 2005: r2=0.74, p = 0.006, 

n= 8; 2006: r2=0.82, p = <0.0001, n = 26) (Figure 3.7).  The first four days of the 2005 

recession period did not demonstrate either clear hysteresis or linear relationships and 

have not been included in the linear regression.  They appear to represent a transitional 

period between the snowmelt flood and baseflow periods, although the distinction is 

difficult to draw given the low discharge and SSC observed during the 2005 season. 

 

3.5.4 Suspended sediment grain size 

 Suspended sediment grain size analysis from all three seasons illustrated that 

transport of coarse sediment corresponded broadly with periods of increased discharge 

and SSC.  Maximum mean grain size (MGS) occurred during periods of high flow 

velocity in all three years; however, the seasonal maximum grain size was only observed 

to coincide with maximum velocity in 2004.  Instances of discharge- and SSC-MGS 

hysteresis in 2004 and 2006 illustrate that the maximum MGS preceded or lagged 

discharge and SSC maximums differently each year.  In 2004, MGS peaked at 69.5 µm 

on June 28 and corresponded to maximum observed velocity, but these conditions 

occurred before both maximum discharge and SSC (Figure 3.4).  Grain size data is not 

available beyond the snowmelt flood in 2004.  In 2005, maximum MGS reached 26.6 µm 
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and occurred after the SSC peak, but before associated velocity and discharge maxima.  

A secondary rise in MGS occurred during the discharge peak on June 11 and reached 

18.2 µm.  Later in the season, the MGS increased in accordance with a gradual rise in 

discharge and reached 18.1 µm on June 24 (Figure 3.5).  In 2006 the MGS peaked on 

June 24 at 31.5 µm.  As was the case in 2005, the coarsest sediment was transported after 

maximum velocity but before peaks in both discharge and SSC (Figure 3.6).  Grain size 

decreased gradually through the recession – baseflow period in accordance with 

discharge and SSC.   

 

3.5.5 Grain size hysteresis 

 Q-MGS and SSC-MGS hysteresis relationships were apparent in 2004 and 2006.  

In 2004, a complex relationship existed between MGS, discharge and SSC through the 

duration of the snowmelt flood.  This complexity was generated by the two distinct 

discharge events during this period (Figure 3.8a, b).  During NE1, Q-MGS exhibited 

counter-clockwise hysteresis compared to clockwise hysteresis between SSC-MGS, while 

the reverse was evident during NE2.  By contrast, linear relationships between Q- and 

SSC-MGS were apparent during the snowmelt flood in 2005 (Q-MGS: r2 = 0.94, 

p<0.006, n=5; SSC-MGS: r2 = 0.65, p<0.1, n=5) (Figure 3.8).  In 2006, Q- and SSC-

MGS relationships both exhibited clockwise hysteresis.  MGS reached a maximum 

before the discharge peak and decreased with the onset of the SSC peak (Figure 3.8).  

Instances of diurnal Q-and SSC-MGS hysteresis relationships were uncommon through 

the melt season in all three years, although most frequent in 2006.  Grain size data were  
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Figure 3.8:  Mean daily discharge - and mean daily SSC – mean grain size hysteresis in 
2004, 2005 and 2006. 
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only available during the snowmelt flood period of 2004 so it is not possible to assess the 

latter portion of that season.   

 

3.6 Discussion 

3.6.1 Hysteresis characteristics as indicators of intra- and inter-annual suspended 
sediment availability and transport 
 
 Instances of suspended sediment-discharge hysteresis events in temperate 

environments are common and frequently linked to precipitation events, annual and 

interannual sediment depletion and replenishment cycles, and channel erosion (Asselman, 

1999; Hudson, 2003; Moliere et al., 2004; Nistor and Church, 2005).  Temperate 

hydrological systems may be characterized by multi-modal hydrographs and 

consequently, hysteresis relationships over multiple discharge events may be identified 

each season.  Hysteresis relationships have been implied or observed in nival-dominated 

Arctic systems (McLaren, 1981; Lewkowicz and Wolfe, 1994) and evidence suggests that 

controls over sediment accessibility and transport similar to temperate environments 

exist, as well as unique factors that include thick, dense snowpack in channel systems, 

frozen bed and bank material and a comparatively simple hydrograph typically 

characterized by an intense snowmelt event.  

 Clockwise and counter-clockwise hysteresis relationships during the snowmelt 

floods of all three years of this study indicate that the delivery of the maximum sediment 

load was not synchronous with the discharge peak.  Clockwise hysteresis can occur when 

erosion or remobilization of sediment deposited in a previous event takes place 

(Lewkowicz and Wolfe, 1994; Bogen, 2004), sediment is supplied via tributary or other 
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isolated sources early in the hydrological event (Asselman, 1999), multi-peaked events 

reduce sediment availability in the catchment (Moliere et al., 2004), or when material in 

the lower part of the basin is depleted (Lenzi and Marchi, 2002). Counter-clockwise 

hysteresis may result from a rapid rise in sediment concentration after the discharge peak 

due to increased availability of sediment sources.  Sediment may be delivered from 

tributaries or upstream contributing areas of the catchment that are further from the outlet 

compared to the major water source areas, which can cause a delay in sediment transport 

compared to the flood wave (Klein, 1984).  For example, in the Atna River, Norway, 

Bogen (2004) suggested that high stage flow likely eroded new sediment sources that 

would contribute to SSC during the falling limb of the hydrograph.  The majority of 

examples of discharge-suspended sediment hysteresis in the literature are from temperate 

regions and provide insight into the mechanisms controlling sediment availability and 

depletion in a catchment.  Only a few studies are available to examine the influence of 

Arctic hydrological conditions on discharge suspended sediment hysteresis (McLaren, 

1981; Lewkowicz and Wolfe, 1994; Forbes and Lamoureux, 2005).   

 In this study and other published Arctic studies, years with greater snowpack 

result in greater discharge, stream velocity and suspended sediment yield (e.g., 

Lewkowicz and Wolfe, 1994; Forbes and Lamoureux, 2005). Channel snowpack exerts a 

major control over access to sediment during the melt period (Arnborg et al., 1967; Woo 

and Sauriol, 1981).  Years with greater SWE do not always indicate the quantity of snow 

in the channel.  For example, qualitative observations indicate that 2004 had high 

catchment SWE and deep, extensive snow in the channel, while 2006 had even higher 

catchment SWE but minimal snow concentration in the channel, presumably due to 
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reduced winter wind redistribution.  Counter-clockwise hysteresis was observed in both 

years, and suggests that sediment accessibility was limited during the maximum 

discharge.  Armouring of channel bed and bank sediment by snow during initiation of 

streamflow likely accounts for this observation.  Lining of the channel with ice and snow 

results in reduced shear stress and produces a velocity, and then discharge maximum.  

The potential for sediment transport during the velocity and discharge peaks is typically 

higher than actual sediment transport due to snow and ice lining the channel and 

increasing the flow velocity (Woo and McCann, 1994; Chikita, 1996).  Therefore, the 

SSC peak occurs after the discharge peak when channel snowpack is reduced, shear stress 

is increased and the bed and banks are exposed and subject to thaw.  Hysteresis index 

values of -2.5, 1.8 and -0.8 during the nival events of 2004, 2005 and 2006, respectively, 

indicate the direction and intensity of the hysteresis occurring in each year.  These results 

suggest that the amount of pre-flow channel snowpack can be broadly related to the sign 

and the magnitude of the HI index, although three years is insufficient to quantify this 

relationship further.    

 Observations indicate that the snowmelt runoff period can be divided into three 

phases (Priesnitz and Schunke, 2002).  Initially, runoff occurs over snow and ice and 

geomorphic activity is moderated due to armouring by channel snowpack, energy 

expended through channel development in snow, and frozen bed and bank material.  The 

discharge peak typically occurs during this time.  The second phase follows with 

increased water temperature, thermal erosion of residual channel snowpack, and 

progressive exposure of bed material that leads to the seasonal maximum sediment 

transport (e.g., Arnborg et al., 1967; Forbes and Lamoureux, 2005).  Decreased snowmelt 
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contributions to discharge characterize the final phase prior to the recession-baseflow 

period.  Discharge-SSQ hysteresis at Cape Bounty in 2004 and 2006 demonstrate this 

progression of phases with seasonal counter-clockwise hysteresis during the snowmelt 

flood (Figure 3.7a, c).  However, the cooling period which interrupted the 2004 nival 

flood (Figures 3.3, 3.4) illustrates the influence of prolonged meltwater contact with 

channel sediment before a subsequent increase in discharge accompanied by the SSC 

peak.  The additional meltwater-sediment contact and thermal erosion of channel 

snowpack that occurred in 2004 was likely responsible for the increased sediment 

availability and transport that followed during NE2.  

 By contrast, a year with reduced catchment snowpack was associated with lower 

nival discharge, river velocity, SSC and seasonal suspended sediment yield.  

Observations from 2005 indicate that the channel was incised into snow along the 

majority of the length of the basin and reached portions of the channel bed and banks 

rapidly during the initial flow period.  Under these conditions, the SSC peak occurred 

during the initial stages of flow and before the discharge peak, which resulted in a 

clockwise hysteresis relationship during the snowmelt period.  However, the low overall 

discharge resulted in reduced sediment delivery compared to other years, despite 

accessibility of bed sediments early in the nival event. 

 The early season clockwise hysteresis observed in 2005 suggests that sediment 

was readily available for transport during the onset of flow, and exhaustion of the 

sediment supply occurred before peak flow (Klein, 1984).  Limited channel snowpack in 

2005 and extensive sediment deposits on snow and channel bed surfaces in 2003 and 

2004 (Lamoureux et al., 2006a) likely contributed to early sediment supply in the 2005 
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season.  The narrow channel that developed was incised into the snowpack and resulted 

in subsequent reduced sediment accessibility.  In 2005, as channel snowpack continued to 

ablate many sources that became available would have been beyond the reach and 

competence of the flow. 

Detailed discussions of hysteretic behaviour are rare for High Arctic nival-

dominated catchments.  Based on limited sediment observations, McLaren (1981) utilized 

a seasonal clockwise hysteresis pattern for the Consett Head River, Melville Island (60 

km northeast of Cape Bounty) over a 24-day discharge monitoring period.  In a proglacial 

environment, Hodson et al. (1999) observed clockwise hysteresis during the early stage 

of flow, which the authors attributed to temporary exhaustion of sediment supply.  

Hodson et al. (1999) reported shorter lag times between peaks in suspended sediment and 

water discharge as the season progressed and this was attributed to ground thaw and 

snowpack recession, which progressively increased the positive correlation between 

discharge and suspended sediment concentration.  The proglacial sandur examined by 

Hodson et al. (1999) acted as a sediment source in the early, high flow stage of the melt 

season and as a sink in the later, low-flow stage.  It is difficult to assess how comparable 

these findings might be to other environments, although some similarities exist with a 

nival-dominated environment due to the relatively limited effects of the cold-based 

glacier on sub-glacial sediments.  At Cape Bounty, during the peak nival stages, the bed, 

banks and deposits from previous years acted as sediment sources and hysteresis 

relationships were evident.  Following the snowmelt peak in the West River, all three 

seasons exhibited a relatively linear relationship between discharge and suspended 
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sediment and extensive sediment deposits were observed on the channel bed, analogous 

to the proglacial sandur example described above.        

 The positive and relatively linear relationship between discharge and SSC in the 

latter portion of the all three seasons suggests that sediment sources originated from close 

to or within the channel (Arnborg et al., 1967; Klein, 1984; Hudson, 2003), and were 

readily available for transport and minimally impeded by channel snowpack and frost in 

the bed and banks.  Additionally, when discharge reached seasonal minimums, water 

temperatures reached seasonal maximums, such that thermal erosion would have 

increased sediment available for transport (Forbes and Lamoureux, 2005).    

 Flow velocity is broadly indicative of the ability of a river to erode and transport 

sediment (Hunt, 1954).  While similar discharge maxima were reached during NE2 in 

2004 and the 2005 snowmelt peak, the flow velocities were lower in 2005 and resulted in 

markedly different sediment transport.  Increased flow velocity in 2004 was likely a 

result of reduced bed roughness caused by channel ice and snow, compared to 2005 when 

the channel at the gauging station rapidly widened and became snow-free.  The higher 

velocity in 2004 appears to have led to increased sediment transport as well as coarser 

MGS during the snowmelt flood.  Flow velocity in 2006 was higher than either of the two 

previous years (notwithstanding some lost data in 2004 due to fouling), but did not result 

in proportionately more sediment transport, suggesting that upstream sediment sources 

were limited.  Potentially, some locations in the 2004 and 2005 channel snowpack 

contained a significant amount of sediment (Lamoureux et al., 2006a) that could have 

acted as a source during early channel incision.  In 2006, these channel areas were 

relatively snow free and did not exhibit appreciable intra-snow sediment storage.   
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 These results demonstrate that early-season sediment availability and transport is 

highly dependent on channel snowpack/channel development dynamics (Woo and 

Sauriol, 1981), discharge quantity and intensity (Cockburn and Lamoureux, 2007), 

sediment deposition in the channel in the previous year or years (Lewkowicz and Wolfe, 

1994; Hodson et al. 1999), flow access to sediment sources within channel snowpack and 

on the bed, and bed and bank erosion (Lewkowicz and Wolfe, 1994).  Anomalous 

sediment deposits that ablated from the channel snowpack and were left in exposed 

sections of the channel bed represent material that could be readily eroded in subsequent 

years and suggest that a strong interannual relationship exists between sediment 

accessibility and channel snowpack in the following year.  In a detailed examination of 

the hydroclimatic influence on discharge and sediment transport between 2003 and 2005 

in the West River and an adjacent river at Cape Bounty, Cockburn and Lamoureux (2007) 

suggest that increased discharge magnitude and intensity can result in disproportionate 

increases in sediment yield over multiple seasons. Results from this study suggest that 

reduced sources of isolated channel sediment can result in lower SSC maximums in a 

year with an intense snowmelt discharge (e.g. 2006) compared to a year with a more 

moderate snowmelt discharge (e.g. 2004).  The variability observed in three seasons of 

study implies that multi-year exhaustion-replenishment cycles that are linked to 

hydroclimatic variability through the amount and distribution of catchment snowpack and 

sediment dynamics occur in the West River catchment.  Continued examination of the 

discharge-suspended sediment dynamics in this system may reveal these relationships in 

more detail.  Similarly, evaluation of annual deposition in the downstream lake may 
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provide an indication of long term sediment delivery characteristics (e.g., Lamoureux, 

2002) and multi-year hysteresis. 

 

3.6.2 Diurnal hysteresis relationships 

 Observed diurnal Q-SSC hysteresis relationships suggest that daily variability in 

discharge and sediment transport also exists within the seasonal sediment transport 

regime (Figure 3.7) and is consistent with findings elsewhere (e.g., Hodson et al., 1998).  

Instances of pronounced daily clockwise hysteresis early in 2005 and 2006 suggest that 

sediment exhaustion occurs on a diurnal basis and may be due to short term sediment 

source limitations.  While typical stage-sediment exhaustion relationships may be one 

limiting factor (e.g., Nistor and Church, 2005), sediment availability may be further 

limited due to the frozen bed or sources armoured by snowpack.  Water temperature is 

consistently too cold (<0.5ºC) to carry out significant thermal erosion during much of the 

snowmelt flood (Forbes and Lamoureux, 2005).  As the water temperature warms, more 

thermal erosion of the bed and banks will increase sediment available for transport 

(Priesnitz and Schunke, 2002).  Thermal erosion can also take place during diurnal low 

flow periods and leave the upper layer of channel sediment accessible to a subsequent 

daily discharge increase.  During the snowmelt peak, when much of the bed remains 

frozen and water temperature is low, this thawed sediment layer will be relatively thin 

and prone to exhaustion on the rising limb of the diurnal hydrograph, resulting in strong 

clockwise hysteresis.  By comparison, during the recession and baseflow periods when 

discharge is lower and water temperature is higher, thermal erosion of the upper layer of 

sediment will be more substantial.  However, the increased availability of thawed 
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sediment is counteracted by reduced discharge and stream competence, such that 

sediment mobilization on the rising limb of the diurnal hydrograph would be less intense 

and result in dampened clockwise hysteresis.  For this reason, the weak diurnal clockwise 

relationships during the recession-baseflow period and the relatively linear seasonal-scale 

(multi-day) Q-SSQ relationships during this time suggest that sediment transport 

becomes flow-limited in the late season. 

Material deposited during waning flow of the previous day may provide an 

additional source of sediment, and mobilization of this material contributes to diurnal 

clockwise hysteresis as well (Arnborg et al., 1967).  Lewkowicz and Wolfe (1994) 

suggested that two instances of observed diurnal clockwise hysteresis resulted from 

remobilization of sediment on the rising limb of the daily hydrograph that had been 

deposited on the riverbed during the previous day’s flow.  They also noted that small 

tributaries acted as a sediment source that could contribute to clockwise hysteresis. 

Diurnal counter-clockwise hysteresis was uncommon in this study.  Results 

suggest that diurnal counter-clockwise hysteresis only occurred at the end of monitoring 

in late July 2006, when discharge was low.  Tributary flow at this time was reduced or 

absent, which limited potential extra-channel sediment sources that would result in 

counter-clockwise hysteresis.  Hence, for most of the active flow period, conditions 

suitable for diurnal counter-clockwise hysteresis were not observed. 

 

3.6.3 Grain size characteristics of suspended sediment and grain size hysteresis 

 In all three seasons, transport of the coarsest suspended sediment occurred early in 

the snowmelt flood period in conjunction with increased velocity, which demonstrates the 
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positive association between stream competence and suspended sediment transport 

(Arnborg et al., 1967).  However, the relatively low SSC and the documented hysteresis 

characteristics during initial flow suggest that sediment transport is often supply-limited 

during this period.  This divergence between sediment transport quality and quantity 

illustrates the complexity of early season sediment delivery conditions and the potential 

role of snowpack in dictating flow characteristics and sediment transport during the 

dominant runoff phase. 

 Observations in 2004 and 2005 indicated that when discharge, river velocity and 

sediment transport waned during the latter portion of the snowmelt flood, considerable 

portions of the sediment load were abandoned on residual channel snowpack and bed.  

During lower discharge, the coarse material would be deposited first and stored 

throughout the channel system (Arnborg et al., 1967).  In the recession-baseflow period, 

coarse material in suspension would be deposited and streamflow in contact with these 

deposits would winnow much of the fine material, effectively coarsening the residual 

deposit.  Sediment deposits that remained on the channel snowpack at the end of a season 

were tens of centimetres thick and tens of metres in length and could be accessed during 

channel incision into the snowpack in the subsequent season (Lamoureux et al., 2006a).   

 Coarser MGS during the early flow was likely the result of access to these 

relatively coarse sediment deposits during channel development combined, with higher 

flow competence and capacity.  A reduction in MGS through the discharge and SSC 

peaks suggests that the proportion of fine material in suspension rose as channel 

development continued and bed and bank sediment sources were eroded, and resulted in 

finer MGS for the suspended sediment load (Slattery and Burt, 1997).  The coarsest MGS 
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coincided with the initial stages of flow in 2004, and in conjunction with sporadically 

high SSC.  Intermittent access to coarse sediment abandoned on the channel bed and 

snowpack in previous years might account for the erratic nature of high SSC and the 

observed MGS during this period.  

 A different hydrologic and sediment delivery response was observed in each of 

the three years examined.  On the seasonal scale, the theoretical relationship of increased 

grain size with increased velocity was generally apparent in all three seasons (Figure 3.8).  

However, at event scales, maximum velocity, discharge, SSC and MGS did not always 

occur simultaneously.  The counter-clockwise Q-MGS hysteresis during NE1 in 2004 

indicates that maxima in MGS and Q occurred on the same day, but MGS was coarser on 

the falling limb of the hydrograph.  The clockwise relationship between discharge and 

MGS during NE2 indicates that MGS was finer on the falling limb of the hydrograph 

(Figure 3.8).  At the same site in 2005, Lamoureux et al. (2006a) documented an 

estimated 27 Mg of sandy sediment stored within multi-year channel snowpack and 

attributed it to material deposited during the 2003 melt season.  We hypothesize that this 

sediment was accessed during NE1 in 2004 and contributed to the observed Q-MGS 

hysteresis.  The SSC-MGS relationship during NE1 indicates that the coarsest MGS was 

reached before maximum sediment availability during both NE1 and NE2.  This suggests 

that the river accessed relatively small, likely isolated sources of coarse sediment during 

and immediately after the initial discharge peak.  A subsequent reduction in MGS was 

likely due to the combined effects of coarse sediment depletion and increased access to 

fine sediment that accompanied the rise in SSC (Figure 3.8).   
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 The relationship in 2006 was somewhat simplified by the occurrence of a single 

nival event.  In this instance clockwise hysteresis relationships between Q-MGS and 

SSC-MGS suggest that sediment supply was limited at the onset of flow, but that these 

sources were relatively coarse.  As the snowmelt flood progressed, accessibility of finer 

material increased and diluted the coarser material as SSC peaked.  MGS in early 2006 

was substantially finer than observed in 2004, and suggests that more coarse sediment 

deposits were accessed or available during the early stages of flow in 2004, more fine 

sediment was accessible during nival melt period of 2006, or a combination of both 

factors.  However, the substantial reduction of residual channel snowpack at the end of 

2005, combined with less accumulation of channel snow in the preceding winter, may 

have resulted in minimal access to sediments within the channel snowpack during initial 

flow in 2006.   By contrast, channel snowpack was persistent after the 2003 and 2004 

seasons and likely provided coarse sediment to early season flow in the subsequent years 

(Figure 3.9) (Lamoureux et al., 2006a).    

 Three possibilities might account for the lack of a seasonal grain size hysteresis 

relationship in 2005: (1) abundant sediment sources of a range of grain sizes were 

accessible and resulted in near proportional discharge, MGS and SSC relationships; (2) 

lower observed flow velocities were insufficient to entrain coarse material and generate 

hysteresis comparable to 2004, or; (3) coarse material entrained in the confined portions 

of the upper part of the catchment was deposited as the channel widened and stream 

competence decreased near the sampling station.  Reduced catchment and channel 

snowpack at the onset of flow in 2005 resulted in a short-lived, moderate discharge peak 
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in comparison to the other years and allowed ready access to sediments during the nival 

melt period. 

 These results indicate that direct relationships between stream competence and 

grain size are potentially obscured in arctic environments where channel snowpack, ice  

2D Graph 2

D
is

ch
ar

ge
, S

S
C

, G
ra

in
 s

iz
e 

re
la

tiv
e 

m
ag

ni
tu

de

2004 2005

Discharge

Suspended 
Sediment

Concentration

Grain size

2006

Time  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9.:  Schematic representation of discharge, suspended sediment concentration 
and grain size variability in 2004, 2005 and 2006.  
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and frozen sediment sources can limit sediment erosion to isolated areas.  In temperate 

environments, a suspended sediment load representative of available catchment sediment 

source areas has been demonstrated in some cases, although other factors may introduce 

complexity.  Lenzi and Marchi (2000) describe an instance in the Rio Cordon of the 

Italian Alps where the median grain size suspended material increased with both 

discharge and SSC.  They observed that the grain size distribution of the suspended 

sediment approached the grain size distribution of the sediment source areas subject to 

higher discharge.  In contrast, Slattery and Burt (1997) found that coarse material 

decreased with greater discharge and increased fine grained sediment load in an 

agricultural catchment in the Cotswold Hills, UK.  This was attributed to an influx of clay 

and silt from slopes and increased erosion of fine material from the channel bed.  The 

latter example is somewhat analogous to the West River catchment, although channel 

snowpack, associated sediment accessibility, and the highly seasonal discharge regime in 

the High Arctic are the likely factors that prevent direct positive relationships between 

discharge, MGS and SSC. 

 Despite the complexities of the observed associations between discharge, 

sediment delivery and grain size characteristics, these results provide insight into the 

sediment sources available to Arctic rivers.  They also point to the important role of 

channel snowpack and rapid channel evolution during the early melt period, a time when 

most of the sediment transport occurs in these nival basins. 
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3.7 Sensitivity of suspended sediment yield to climate change 

 The Arctic is widely recognized as a sensitive indicator of environmental and 

climatic change due to the projected hydrologic and geomorphic consequences of 

warming (Rouse et al. 1997; Serreze et al., 2000; Peterson et al. 2002; Bobrovitskaya et 

al. 2003; ACIA 2004).  Moreover, the human population in Arctic regions is minimal and 

may make the effects of climate change relatively clear compared to areas elsewhere that 

may have direct anthropogenic impacts (Syvitski, 2003).  In addition to projected 

warming, model results suggest that increased precipitation may also occur over much of 

the Arctic (Pryzbylak, 2002; ACIA, 2004), with consequences for the timing and 

magnitude of spring meltwater release.   

Greater meltwater volume released earlier in the season could have substantial 

erosive impacts on the landscape (Bobrovitskaya et al., 2003; Dankers and Christensen, 

2005). However, analysis of available instrumental and proxy records of recent and long 

term spring discharge suggest that actual discharge has declined in many regions of the 

Canadian Arctic (Déry and Wood, 2005; Lamoureux et al., 2006b)  Although the region 

appears to be highly sensitive to hydroclimatic change, results to date suggest a more 

complex response than anticipated. 

  The general relationship between discharge and suspended sediment transport has 

been documented in a number of nival fluvial systems (McCann et al. 1972; McLaren, 

1981; Threlfall, 1987; Langlois et al. 2005), although relatively few examples of multi-

year studies necessary for a detailed understanding of catchment responses to 

hydroclimatic variability have been carried out (e.g., Lewkowicz and Wolfe, 1994; 
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Chikita, 1996; Hardy, 1996; Priesnitz and Schunke, 2002; Forbes and Lamoureux, 2005; 

Cockburn and Lamoureux, 2007).   

 Sediment yield can be used as an indicator of hydrologic response to climate 

change.  Arctic drainage basins are highly influenced by frozen ground during the main 

period of the melt season and the distinct hydrologic characteristics of northern 

environments (Syvitski, 2002).  For instance, a prescribed local temperature increase of 

2ºC in a model study resulted in permafrost melt and erosion leading to an increased 

suspended sediment yield of up to 32% (Syvitski, 2002).  Over three years of study at 

Cape Bounty, substantially different hydrometeorologic and sediment delivery conditions 

have been observed that provide analogues for runoff and sediment yield for high- and 

low-snow conditions.  These results from this study suggest that increased winter 

precipitation increased the magnitude of snowmelt floods and could result in a 

disproportionate increase in sediment yield.  Results suggest that the observed variability 

in SWE (56 to 113 mm) resulted in a seven-fold increase in sediment yield.  Three years 

of observations are too short to identify the extent to which changing permafrost 

conditions influence sediment availability and ultimate yield. However, these results 

point to a complex response of sediment yield and grain size to short term hydraulic and 

geomorphic conditions and provide important considerations for detailed models of 

sediment yield in these environments.  Models used to predict sediment yield changes 

from similar systems must account for these processes in order to better understand 

hydroclimatic change in Arctic watersheds. 
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3.8 Conclusions 

 Annual variability in the timing, magnitude and intensity of the snowmelt flood, 

and channel snowpack characteristics were primary controls over river discharge and 

suspended sediment discharge in a small High Arctic catchment during three years of 

study.  Years with greater snowpack (SWE) generated greater discharge and 

disproportionately higher suspended sediment yield.  In general, a larger catchment SWE 

and more extensive channel snowpack resulted in counter-clockwise hysteresis discharge-

sediment yield during the period of maximum discharge.  Clockwise hysteresis was 

observed when catchment SWE and channel snowpack were reduced and accessible 

sediment sources were exhausted early in the nival melt period. 

 Event-scale suspended sediment and grain size hysteresis relationships during the 

snowmelt flood further characterized the relationship between catchment and channel 

snowpack and sediment transport.  Sediment accessibility varied each year, driven largely 

by initial channel snowpack depth and distribution and the progression of channel 

development in snow, but may also be linked to sediment delivery and deposition 

processes in previous years.  Diurnal clockwise hysteresis relationships dominated the 

melt season in two of the three years studied and likely indicates daily exhaustion of 

sediment sources.  Event-scale Q-SSQ hysteresis patterns occurred in all three seasons 

and had associated hysteresis index (HI) values of -2.5, 1.8 and -0.8, respectively.  The 

association between snowpack and sediment transport hysteresis observed in this study 

suggests that, with further study, potential exists to link the hysteresis index to channel 

snowpack characteristics as a means to quantitatively describe the influence of channel 

snowpack on sediment hysteresis relationships.   
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 Channel snowpack depletion in the recession – baseflow period was accompanied 

by increased water temperatures and thermal erosion of sediment that became available 

for transport.  Near-linear relationships were demonstrated between daily discharge and 

suspended sediment yield during this period each year and suggest that, at a catchment 

scale, sediment was available for transport and was limited by stream competence during 

the low flow period. 

 Discharge- and suspended sediment concentration-grain size hysteresis suggest 

that the accessibility of sediment sources with particular grain size characteristics was 

variable during the melt season.  Winnowing of fines during late season low discharge 

contributed to coarser residual channel sediments, and sediment deposits abandoned on 

channel snowpack were likely accessed irregularly during channel development in the 

subsequent year.  These results provide one mechanism to explain the observed temporal 

variability in discharge, suspended sediment delivery and grain size characteristics.  

 Overall, these results indicate that sediment discharge properties from High Arctic 

rivers are strongly dependent on the quantity and condition of the snowpack, and access 

to sediment in the channel snowpack and channel bed.  Antecedent conditions generated 

by runoff and sediment transport in previous years also appear to play a role, although 

longer data sets are required to interpret multi-year linkages.  The use of proxy 

sedimentary records to reconstruct past catchment yield characteristics offer a means to 

extend these analyses, but these results also caution against the use of simple hydrologic 

or climatic process models (Wainwright, 2006; Hodder et al., 2007) to explain the 

accumulation and properties of sedimentary records in this environment. 
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Chapter 4:  Assessment of a time-integrated fluvial suspended sediment sampler in a 

High Arctic setting 

 

4.1 Abstract 

 Two versions of a fluvial trap designed to collect an integrated sample of the 

ambient suspended sediment load described by Philips et al. (2000) were deployed for 

two seasons in adjacent rivers at Cape Bounty, Melville Island, Nunavut in the Canadian 

High Arctic. Traps that were fixed with respect to flow depth were deployed in 2005 in 

each river.  Given the highly variable stage encountered in this snowmelt-dominated 

environment, additional traps were deployed in 2006 that were designed to maintain a 

constant relative depth.  Daily and bi-daily sediment capture in the traps ranged from 

7.4x10-5 to 0.135 kg and was typically two orders of magnitude lower than estimated 

expected capture based on daily sediment flux.  Grain size analysis showed that the 

median grain size (D50) of the captured material was significantly coarser than the 

ambient material and that the D50 of the two trap versions deployed in 2006 was 

significantly different in only one of the rivers.  Results of this study suggest that the 

traps did not collect a representative mass or consistent particle size sample in a river 

environment where the discharge, flow velocity, SSC and grain size are highly variable.  

The position of the traps in the water column and channel, the length and diameter of the 

trap, the turbulent ambient flow and the coarse ambient material are all likely factors that 

influenced the ability of these models of the trap to capture a representative sample.   
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4.2 Introduction 

 Investigating water quality in High Arctic rivers is of increasing importance with 

predicted climate warming and its potential impact on the hydrologic system.  Discharge 

in High Arctic, snowmelt-dominated catchments is typically characterized by an intense 

spring snowmelt flood that rapidly recedes into the baseflow period.  It is common for up 

to 90 % of seasonal discharge and suspended sediment transport to occur during this short 

period (e.g., McCann, 1972; Woo, 1983; Beylich and Gintz, 2002; Preisnitz and Schunke, 

2002).  Suspended sediment transport in these environments can be spatially and 

temporally variable due to snow, permafrost, sediment accessibility and channel 

dynamics in watersheds (McLaren, 1981; Lewkowicz and Wolfe, 1994).   

 Time-integrated suspended sediment samples are potentially a key means of 

characterizing sediment load over an extended period and capture of material from 

sediment transport events that may be missed with point-sampling techniques.  The use of 

a sampler that would provide a daily integration of the suspended sediment load in a High 

Arctic river where sediment delivery is highly variable and episodic would make it 

possible to examine fluxes of particulate material from a watershed over a wide range of 

time scales.   

 The object of this study is to examine the effectiveness of a simple, time-

integrated suspended sediment sampler designed by Phillips et al. (2000) for the 

collection of representative samples of the daily suspended sediment yield and median 

grain size (D50) in a pair of High Arctic rivers.  In order to accurately characterize the 

physical properties of the suspended sediment load using an integrated sample, it is 

necessary to capture a sample that represents the effective particle size and magnitude of 
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the river suspended sediment load.  The ability of the traps to capture a sample 

representative of the ambient conditions is critically assessed using data collected from 

two rivers over two seasons with substantially different hydrological conditions.  A 

modified design was implemented in the second season and used in conjunction with the 

original design in order to compensate for the strong diurnal and seasonal variation in 

stage in the rivers.   

 

4.3 Study area 

 Field deployment took place at Cape Bounty (74º 55’ N, 109º 35’ W), located on 

the south-central coast of Melville Island, Nunavut, Canada (Figure 1), as part of a 

comprehensive hydrological research observatory initiated in 2003.  Traps were deployed 

in the East and West streams (unofficial names), which are located in adjacent watersheds 

of 11.6 and 7.9 km2, respectively, incised into rolling terrain composed of Mesozoic 

clastic bedrock overlain with glacial and Holocene marine sediments (Hodgson, 1984) 

with maximum relief of ~100 m asl (Figure 1).   

 The climate is characterized as polar desert, with cold, dry winters and short, cool, 

melt seasons.  The mean winter snow depth is 84 cm (1971 – 2000 mean, Mould Bay, 

Northwest Territories, approximately 250 km west) and is highly redistributed by wind 

onto lee slopes and into concavities and channels during the winter.  Snowfall dominates 

the annual precipitation and summer rain events are infrequent and typically of low 

intensity.   

 Catchment runoff is dominated by snowmelt and streamflow and is highly 

ephemeral.  Flow commences approximately 7-10 days after the snowmelt is initiated in 
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early- to mid-June.  Peak flow lasts approximately 7 – 10 days during which time stage 

and velocity exhibit substantial diurnal variability.  This period is followed by a rapid 

recession and transition into the baseflow period characterized by soil drainage and melt 

of residual snowbank and ground ice.  Up to 95 % of sediment transport occurs during the 

brief snowmelt peak, with material exceeding 62.5 µm transported during this period 

(Chapter 3).  Erosion from the bed and banks occurs during peak flow, but is limited by 

snow and ice lining the channel.  Thermo-erosional niching and transport of fine material 

from tributaries also contribute to the suspended sediment load throughout the season.  

Continued transport of silt- and clay- sized material dominates the suspended sediment 

load during the latter portion of the season due to reduced flow competence (Chapter 3).  
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Figure 4.1:  Map of East and West River watersheds at Cape Bounty.  All measurements 
and sediment collection were taken at the East and West river stations.   
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4.4 Methods 

4.4.1 Hydrology 

 Catchment snow water equivalence (SWE) was determined from a network of 42 

transects across both watersheds.  Each 100 m transect contained eleven depth and at 

least one snow density measurement.  Transects were selected on the basis of the primary 

terrain units found throughout both catchments.  SWE was estimated in each terrain class 

using the terrain index method and weighted to produce areal estimates of SWE (Yang 

and Woo, 1999).     

 Systematic discharge and suspended sediment measurements were collected at the 

East and West River stations.  In 2005, stage was recorded using a Omega CP-Level 1001 

pressure transducer (± 0.2 %, 0.5mm resolution) and paired with an Omega CP-

PRTEMP101 (± 0.4 %) barometric pressure logger in the East River, and with an Omega 

OM-CP Level 1001 vented pressure transducer (±0.3 %) in the West River.  In 2006 

stage was monitored on both rivers with a Unidata capacitance sensor (± 1 %) logged 

with a Unidata Prologger, with the 2005 sensors used for redundancy.  Stationary flow 

velocity was measured in the West River in both seasons using a General Oceanics 

2030R current meter (± 1 %) logged with an Omega Nomad counter logger in 2005 and 

Unidata Prologger in 2006.  Manual discharge measurements were used to develop rating 

curves in both years (West 2005: n = 15, r2 = 0.731; East 2005: n = 4, r2 =0.977; West 

2006: n = 19, r2 = 0.733; East 2006: n = 12, r2 = 0.995) with measurements taken several 

times daily during the snowmelt peak and less frequently during the recession and 

baseflow periods when stage was less variable.  Manual velocity measurements were 
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collected with a General Oceanics 2030R and Swoffer 2100 current meters (± 1 %) in 

2005 and 2006, respectively. 

 Suspended sediment concentration (SSC) samples were collected every hour for a 

24-hour period through the snowmelt peak and every 2 hours between 0800 and 0000h 

during the recession and baseflow periods using a DH48 suspended sediment sampler 

positioned at 60% depth.  Volumetric samples were filtered onto tared Osmotics 1.0 µm 

glass fibre filters which were dried for 24 hours at 50ºC and weighed twice to obtain 

suspended sediment concentration.   A robust spline function was applied in order to 

interpolate missing samples and create a continuous hourly record.   

In conjunction with SSC sampling, depth-integrated grain size samples were 

obtained from the West River with a DH48 sampler.  The grain size samples were stored 

in 250, 540 or 1000 ml WhirlpakTM bags and returned to the laboratory for analysis.  

Sample size was scaled to obtain a relatively constant quantity of sediment to avoid sub-

sampling.  Grain size analyses were carried out on a Beckman-Coulter LS 200 laser 

particle size analyzer with a fluid module.  Samples were not pre-treated as the volume of 

fluid with each prohibited the application of phosphate-based dispersants.  Each sample 

was analysed for three consecutive 60 second runs with and without sonication (power = 

4).  Grain size samples were not collected from the East River.      

In order to integrate the hourly ambient SSC and determine a representative daily 

grain size measure, the weighted mean median grain size of the point samples was 

calculated using the following formula after Phillips et al. (2000):   
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where xi is the median (D50) of the point sediment sample (µm) and yi is the associated 

suspended sediment concentration (mg·l-1).  This formula was applied separately to 

sonicated and non-sonicated samples results from the West River to determine the 

estimated effective (non-sonicated) and absolute (sonicated) representative daily 

integrated D50 of the ambient sediment load. 

 

4.4.2 Fluvial trap design and deployment 

 A detailed description of the flow characteristics within the trap and the 

relationships between ambient, inlet and within-trap velocities was presented in Philips et 

al. (2000).  Briefly, suspended sediment enters the trap inlet at a velocity similar to the 

ambient river conditions.  When flow enters the main body of the trap where the cross-

sectional area is approximately 1000 times larger than the inlet, the velocity is 

proportionately reduced and the sediment is subject to increased deposition.  Flow 

continues through the trap in the direction of ambient flow and exits at the outlet.     

The trap design used in this study was based on the design presented by Phillips et 

al. (2000) but modified for the shallower water depths and the frozen bed.  The traps 

were made from a 23 cm length of 6.5 cm diameter polycarbonate tubing with a funnel 

fixed over the upstream end of the tubing to streamline the apparatus and minimize 

turbulence around the inlet.  The trap inlet (funnel) aperture was reduced using a length 

of 2 mm diameter styrene tubing extended 20 mm into the body of the trap.  The 

downstream end of the trap was sealed with a foam plug in 2005 and a plastic cap in 

2006.  Both barriers acted to seal the trap and release water through a 3 mm-diameter 

hole located at the top of the barrier.  Placing the hole at the top of the barrier ensured 
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that sediment deposited in the trap did not escape through the outlet.  Note that the trap 

design employed in this study was modified from the original study to suit the 

environment and while the sediment settling principles are comparable, detailed 

laboratory investigations were not undertaken to further evaluate the hydraulic 

performance.        

 Traps were deployed during two melt seasons.  The support for the trap used in 

2005 was modified and the two support systems were installed in parallel for comparison 

of trap results in 2006.  The 2005 model was supported by two lengths of stainless steel 

strapping wrapped around the body of the trap and fixed to two lengths of threaded rod 

on each side of the trap (Figure 4.2).  The threaded rods were fixed to an aluminum boom 

anchored on the bank and extended over the water.  In this configuration, the traps were 

suspended in the flow 75 cm from the bank at a fixed location. 

 The trap was manually adjusted before and after the snowmelt flood period to 

ensure that it was suspended at approximately 60 % of water depth at the same level that 

manual SSC samples were obtained and where flow velocity was measured.  Due to 

substantial diurnal variation in the river stage, this deployment (similar to Phillips et al. 

(2000)) was subject to major changes in the relative depth of the inlet, and consequently, 

potentially different flow and sediment load conditions.  To alleviate this potential bias, a 

second version of the trap (variable) was deployed 15 cm apart from the original model 

(fixed) on the same boom to compare the two models in 2006.  The body of the 2006 

model was secured with steel strapping fixed to two aluminum arms attached to the top of  
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Figure 4.2:  Fixed (left) and variable (right) model traps in cross-section.  
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the trap and to the boom and hinged at the connecting points (Figure 4.2).  This 

arrangement allowed the trap to remain parallel with stream flow, but remain at a level 

closer to 60 % depth with stage fluctuations without manual adjustment in order to collect 

a more consistent sample.  In addition, 6 mm diameter aluminum rods 50 cm in length 

and bent downstream were suspended from the boom (fixed trap) or attached to the trap 

itself (variable trap) to deflect any slush or ice under the trap and prevent blockage and 

damage to the trap or intake.    

 

4.4.3 Fluvial trap sample collection and laboratory analysis  

 Fluvial traps were retrieved daily during low flow conditions at 1000h on the 

West River and 1100h on the East River through the snowmelt flood.  Due to personnel 

restrictions, samples were collected bi-daily in the East River after June 18, 2005.  After 

July 13, 2006 stage and sediment load were low and samples were collected bi-daily in 

both rivers in order to capture sufficient sediment for analysis.  The captured sediment 

was retrieved by removing the trap from its mount and emptying the sediment and water 

into a 1 L WhirlpakTM bag. The samples were transported to the laboratory and filtered 

onto 90 mm tared Whatman 42 filters on a Buchnell filter stage.  The filtered sediment 

was freeze-dried, weighed, removed from the filter, homogenized and subsampled for 

grain size analysis.  Sub-samples were analysed for grain size on a Beckman Coulter 

LS200 laser scattering analyser, both with and without sonication (to disperse particles) 

in order to determine the effective and absolute particle size of the captured sediment. 

 To examine the efficiency of the trap, the actual and expected captures were 

compared.  The expected capture was estimated from the cross-sectional area of both 
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river channels determined from instantaneous discharge measurements throughout the 

season.  The expected capture rates were estimated from the ratio of the cross-sectional 

area of the inlet tube on the trap and the cross-sectional area of the river multiplied by the 

daily suspended sediment discharge for each river.  This approach assumed that the trap 

was subject to an inflow proportionate to the cross-sectional area of the inlet tube, and did 

not account for variable sediment concentrations within the river channel or hydraulic 

effects associated with the trap apparatus. 

  

4.5 Results 

4.5.1 Watershed conditions during study 

 Weather conditions were substantially warmer during the melt period in 2005 

compared to 2006, but similar to the long term mean at Mould Bay, NWT (250 km west) 

(Cockburn and Lamoureux, 2007).  Snow surveys indicated that SWE was 37 mm in the 

East and 55 mm in the West in 2005 compared to 122 mm in the East and 116 mm in the 

West in 2006.  In 2005, catchment snowpack was extensively redistributed into valleys, 

gullies and leeward slopes, which left much of the landscape free of snow at the onset of 

melt in early June.  In comparison, snowcover was essentially 100% in early June, 2006 

and snow had been minimally redistributed through the winter months.  As a result, much 

of the bed near the East and West River stations was exposed at the onset of melt in 2005 

while in 2006, the early stages of flow occurred over a snow-lined channel, but peak flow 

occurred when the majority of snow had melted from the channel itself. 

In 2005 the West River exhibited moderate discharge, SSC and velocity through 

the snowmelt peak, which occurred on June 11.  A strong diurnal pattern was apparent 
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during the entire field season (Figure 4.3).  The SSC peaked before discharge and 

remained relatively low for the duration of the season, with no prominent SSC peaks.  

Velocity measurements from the stationary current meter indicate a maximum velocity of 

0.3 m·s-1.  However, manual measurements of velocity indicate that the velocity ranged 

from 0.4 m·s-1 to 0.9 m·s-1.  We believe that wear on the bearing washer in the stationary 

current meter discovered after the 2005 season affected the velocity measurements, 

although the relative changes are likely to be broadly representative of river conditions 

and indicate that the velocity maximum occurred during the snowmelt peak. The total 

suspended sediment yield for the year was 62.5 Mg (7.9 Mg·km-2). The effective and 

absolute median grain size (µm) was highest during the snowmelt peak, decreased at the 

beginning of the recession period, and coarsened with a moderate increase in discharge 

during the latter part June (Figure 4.3).  In instances where the absolute grain size is 

greater than the effective grain size, it is likely that some differences existed in the sub 

samples used for grain size analysis (e.g.  organic matter). 

It should be noted that melt conditions were monitored only for the month of June 

2005, which may have prevented a detailed characterization of the baseflow period.  

However, minimal snowpack remained in the catchment after measurements were 

terminated, so we believe that it is unlikely that a significant portion of discharge or 

sediment yield went unrecorded.   

The 2005 discharge peak occurred in the East River on June 12, three days after 

the SSC peak (Figure 4.4).  As was the case on the West River, discharge and SSC 

maintained a clear diurnal pattern for the duration of the season, which became less 

prominent as snowpack in the catchment diminished.  The seasonal sediment yield was 
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108 Mg (9.3 Mg·km-2), substantially higher than the West River in the same season, but 

consistent with higher observed SSC and the larger watershed (Cockburn and 

Lamoureux, 2007).       
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Figure 4.3:  (a) Discharge, (b) suspended sediment concentration, (c) velocity, (d) 
absolute and effective median grain size, and (e) mass of captured material in the West 
River in 2005.  Note that velocity measurements represent relative changes, but are an 
underestimate due to limitations in current meter function (see text).  
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 The 2006 season exhibited a longer, more intense snowmelt period than 2005 

(Figures 4.5, 4.6).  The highest recorded discharge, velocity and SSC peaks occurred in 

this year (in four years of study beginning in 2003; Cockburn and Lamoureux, 2007). In 

the West River, the discharge peaked on June 26, one day before maximum SSC.  

Maximum velocity reached > 2.5 m·s-1 and occurred before the discharge peak.  The 

absolute and effective D50 was highest during the snowmelt peak, but the D50 was similar 

to results from 2005, despite substantially higher discharge and velocity in 2006.  The 

seasonal sediment yield for West River was 447 Mg (56.5 Mg·km-2).  Discharge and SSC 

in the East River exhibited similar characteristics to the West River, but the SSC reached 

a maximum five days after the discharge maximum and remained relatively high through 

the recession and baseflow periods.  A seasonal sediment yield of 477 Mg (41.1 Mg·km-2) 

was recorded. 
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Figure 4.4:  (a) Discharge, (b) suspended sediment concentration and (c) mass of captured 
material in the East River in 2005.  



 112

 
 
 
 
 
 
 
 
Figure 4.5:  (a) Discharge, (b) suspended sediment concentration, (c) velocity, and (d) 
absolute and effective median grain size in the West River in 2006.  Gaps in the velocity 
record are due to logger malfunction during that period.  
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Figure 4.6:  (a) Discharge, (b) suspended sediment concentration, and (c) captured mass 
in the fixed and variable traps in the East River in 2006.  
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4.5.2 Fluvial trap sediment capture 

 Sediment capture in each of the traps in respective seasons corresponded broadly 

to discharge and SSC variability and magnitude, with greater masses retained during 

periods of increased discharge and SSC although a consistent relationship between 

discharge and capture was not apparent (Figures 4.3-4.6).  In 2006, substantially more 

sediment was retained during the snowmelt peak when discharge and SSC in both rivers 

was highest.  The sediment masses collected in 2006 were 2-7 times greater than those 

collected in 2005, which reflects the difference in total sediment yield between the two 

seasons.  However, although the sediment yield from the East catchment was greater than 

from the West catchment, a greater amount of sediment was obtained from the traps in 

the West River.   

The trap inlet occupied a variable relative percentage of the channel cross-

sectional area as stage fluctuated.  The daily expected capture of the traps was estimated 

to represent the percentage of the stream cross-sectional area occupied by the trap inlet 

multiplied by the daily suspended sediment discharge.  This was assumed to result in an 

overestimate of the potential capture rates as the trap inlet was located in the thalweg 

where flow and SSC were highest.  The expected capture under ideal conditions was up 

to four orders of magnitude higher than actual capture rates (Figure 4.7).  Using these 

simple assumptions, expected daily capture could have exceeded 20 kg in some cases, 

while the actual daily capture rates ranged from 7.4 x 10-5 to 0.135 kg (Figure 4.7).  

While daily differences were substantial, the actual capture was typically ~1% of the 

expected capture.  Only minor differences were observed between the capture in the fixed 
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and variable deployment configurations in 2006, suggesting that the under-catch was 

related to factors other than the location of the inlet in the water column. 

 Under ideal hydraulic conditions, the trap would capture the same proportion of 

ambient sediment during the entire season.  To further examine the relationship between 

capture rates and ambient rates of sediment transport, the ratio of the mass of captured 

sediment to the daily sediment yield was evaluated against daily discharge (Figure 4.8).  

Results from the West River from 2005 suggest that the discharge - capture ratio 

relationship was relatively consistent through the duration of the season and reflected the 

observed low variability in velocity and discharge.  In contrast, results from the West 

River from 2006 indicated a highly variable discharge - capture ratio relationship with 

substantial differences between fixed and variable trap designs.  In general, in both 

seasons, discharge above ~ 75000 m3·d-1 was associated with consistently low capture 

ratios, but below this threshold, the relationship between discharge and capture became 

more complex.  No consistent trends were apparent in the relationship between capture 

and discharge in any trap during the study.  
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Figure 4.7:  The daily expected and actual capture (see text) in the East and West Rivers 
in (a) 2005, (b) 2006 fixed model traps and (c) 2006 variable model traps.  

 



 117

0 50000 100000 150000
0

2

4

6

8

2005

0 20000 40000 60000

Tr
ap

pe
d 

m
as

s 
: A

m
bi

en
t y

ie
ld

 (1
0-

6 )
0

10

20

30

2006 

Daily Discharge (m3)

0 50000 100000 150000
0

2

4

6

8

 
 
Figure 4.8:  Daily discharge versus the ratio of captured material to daily sediment yield 
in the West River in 2005 and 2006.    



 118

4.5.3 Fluvial trap sediment grain size  

 Results presented by Philips et al. (2000) illustrate that the original design and 

field deployment of the time-integrated suspended sediment sampler captured a sample 

that was statistically representative of the ambient grain size distribution in two 

agricultural catchments in the UK where D50 of the ambient suspended sediment load 

ranged from 1.6 –5.3 µm.  In contrast, this study was carried out in two highly ephemeral 

arctic rivers where the effective daily integrated D50 of the ambient sediment load in the 

West River ranged from 5.6 – 29.8 µm over two seasons.  Thus, results from this study 

are predicated by a substantially coarser sediment inflow than the study of Phillips et al. 

(2000). 

 The D50 from all six trap records followed general trends in discharge, and to a 

lesser degree, general trends in SSC (Figures 4.9 and 4.10).  The difference between the 

sonicated and non-sonicated median grain size from the captured sediment was relatively 

consistent at 10-20 µm (Figure 4.9 and 4.10).  In 2006, results from the variable traps 

show a more muted representation of the ambient sediment transport as well as noticeably 

finer seasonal maxima than the fixed traps, particularly for the East River.  These results 

may represent the different sediment capture properties of the two trap models or their 

relative positions with respect to the banks.  

In both years, sediment in both types of traps exhibited significantly coarser 

material compared to the ambient flow (Table 4.1).   Although the general D50 trends of 

the ambient flow were paralleled by the captured material, the D50 of captured material 

was coarser than ambient material and grain size was substantially different between both 

trap models in both rivers and years.  Further, the D50 of the captured material between 
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the trap models was significantly different in the East, but not in the West River (Table 

4.2).   

   Clay- and silt-sized material dominated the ambient river suspended sediment 

load and sand-sized material represented a maximum of 40 % of the daily sediment in the 

West River in both years (Figure 4.11).  The difference between the effective and 

absolute median grain size in the captured material was more significant than the same 

difference in the ambient suspended sediment load, and suggests that grain aggregates 

and/or flocs were more prevalent in the captured material (Table 4.3).  In contrast, sand-

sized material represented up to 80 % of the captured material (Figure 4.11, 4.12).  The 

proportions of sand-sized material were highest during the snowmelt peak, and decreased 

as discharge, velocity and SSC waned.  Although increased sand-sized sediment in the 

captured material paralleled increases in the ambient suspended sediment load, the 

proportion of coarse material was still substantially higher in the captured sediment 

throughout the season (Figure 4.13).  

 In summary, while the temporal variability in sediment capture rates was 

qualitatively similar to seasonal fluctuations in discharge, velocity and SSC in both rivers 

and both trap models, the proportion of material captured throughout the season was not 

consistently proportionate to the daily sediment yield and the grain size distribution of 

that material was significantly coarser than the ambient suspended sediment load. 
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Figure 4.9:  Effective (non-sonicated) and absolute (sonicated) grain size of fluvial trap 
sediment from the (a) West and (b) East Rivers in 2005.  Sample periods were bi-daily 
after June 18 in the East River.  The lower dotted line represents the boundaries between 
clay- and silt-sized material (3.9 µm) and the upper dotted line represents the boundary 
between silt and sand-sized material (62.5 µm).      
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Figure 4.10:  Effective (non-sonicated) and absolute (sonicated) grain size of fluvial trap 
sediment from the (a) West and (b) East Rivers in 2006.  Plots are disconnected due to bi-
daily sample periods after July 13 and insufficient sediment for investigation of effective 
grain size.  The lower dotted line represents the boundaries between clay- and silt-sized 
material (3.9 µm), the upper dotted line represents the boundary between silt and sand-
sized material (62.5 µm)    
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Table 4.1:  A two-factor ANOVA test without replication to compare the effective and 
absolute median grain size (d50) of the fixed and variable model traps with the absolute 
and effective weighted mean median d50 of the ambient material in West River 2005 and 
2006.   
 
 
 

2005   Effective Absolute 2006 Effective Absolute 
fixed F 37 28.7  56.3 23 
 p 7.9x10-5 1.9x10-5  2.86x10-6 1.2x10-4 
 df 15 15  14 19 
              
variable F    75 47.8 
 p    5.0x10-7 7.8x10-7 
  df       14 21 

 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.2:  A two-factor ANOVA test without replication to compare the effective and 
absolute median grain size (d50) of the fixed and variable model trap sediments from 
2006.   
 
 
 

    Effective Absolute
East River F 11.1 10.9 
 p 0.0039 0.0031 
 df 17 23 
        
West River F 2.42 1.3 
 p 0.136 0.256 
  df 14 19 
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Figure 4.11:  The volumetric proportion of clay-, silt- and sand-sized material in the 
ambient and captured material in the fixed model traps in West River in 2005 and 2006.  
The * symbol denotes instances where the sample was lost.  Bi-daily sample collection 
began  
on July 14, 2006.  
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Table 4.3: a) A two-factor ANOVA test without replication to compare the effective and 
absolute median grain size (d50) within the ambient suspended sediment load and b) a 
two-factor ANOVA test without replication to compare the effective and absolute d50 
within the fixed and variable model traps in 2005 and 2006.   
 
 
 
 
 
 
 
 
 
 

 
 

 

a  2005   2006 
F 2.8   8.4 
p 0.11  0.007 
df 17   23 

b East  West 
 2005 2006  fixed 2006 variable  2005 2006 fixed 2006 variable 
F 43.5 45.5 52.6  71.6 281 44.3 
p <0.001 <0.001 <0.001  <0.001 <0.001 <0.001 
df 7 17 19  17 14 14 
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Figure 4.12.: The effective and absolute volumetric proportion of clay-, silt- and sand-
sized material of captured material in the fixed model East River in 2005 and 2006.  Bi-
daily sample collection began on June 19, 2005 and July 14, 2006.  
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Figure 4.13:  Proportion of sand (effective) in ambient versus captured sediment in the 
West River in 2005 and 2006.   
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4.6 Discussion 

 Results from two seasons of sediment capture, with fixed- and variable-depth 

traps suggest that the time-integrated fluvial suspended sediment sampler in a highly 

ephemeral arctic environment provided sediment samples that were unrepresentative of 

the suspended sediment discharge and the grain size distribution of ambient sediment 

transport.  The efficient operation of the trap is dependent on basic hydraulic principles 

that may have been compromised by the highly variable hydraulic conditions at the 

deployment site, which differed considerably from the original deployment described by 

Philips et al. (2000).  Sediment discharge and grain size characteristics are influenced by 

flow velocity, sediment availability (Arnborg, 1967; Lane et al., 1996; Collins and 

Walling, 2004), temporal and spatial variability in grain size characteristics (Walling and 

Moorehead, 1987; Philips and Walling, 1999; Chapter 3) and, in arctic environments, 

channel snowpack characteristics (Chapter 3).  These factors and others are likely 

contributors to the capture of unrepresentative samples in this study and are discussed 

further below.   

 Both rivers had a channel width of 10 – 15 m that decreased considerably in the 

latter portion of the season.  Additionally, the flow depth and SSC conditions 

encountered showed high seasonal and diurnal variability.  Peaks in discharge and SSC 

have been found to occur asynchronously in nival-dominated arctic environments 

(Arnborg et al., 1967; McLaren, 1981; Lewkowicz and Wolfe, 1994; Chapter 3).  It is 

therefore necessary to employ a sediment trap that can function under highly variable 

hydraulic and sediment transport conditions.  In both rivers, the traps were suspended 

from a boom anchored to the shore.  Due to different channel configurations, the traps 
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were usually suspended in the thalweg of the West River, but in the East River, the 

thalweg was often beyond the limits of the boom, which may have impacted the sediment 

load delivered and captured by the respective traps.  In both rivers, the variable (2006) 

model of the trap was located 15 cm closer to the bank in slower flow, which may have 

further influenced capture rates.  The position of the trap within the narrow channel and 

shallow water column was also likely to have had an impact on the amount and 

characteristics of material captured by the traps.  Capture in the fixed traps tended to 

follow the discharge curve more closely and show more marked variability between the 

early and late season capture, compared to the variable model traps that showed a more 

muted representation of the ambient conditions.   

These minor differences in deployment characteristics may have amplified 

hydraulic effects and sensitivity of the trap intake to changes in velocity.  Greater flow 

rates closer to the centre of the channel may have allowed the fixed model traps to 

capture more and coarser sediment throughout the season.  For example, manual velocity 

measurements in 2006 show that the velocity within the thalweg of both rivers was > 1 

m·s-1 during the snowmelt flood, compared to the velocity at the channel edge that was 

consistently < 0.5 m·s-1 through the entire season.  The ability of the variable model traps 

to follow stage changes was intended to allow capture of a more representative sample.  

However, the placement of the trap in the channel may have prevented a fully 

representative comparison of the two designs.  The variable model captured material with 

median grain size (D50) more similar to ambient conditions than the fixed model (Table 

4.2), which may be due to its position higher in the water column where generally finer 

grain sizes would be expected to be present (e.g., Arnborg et al., 1967).   
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 In a detailed examination of the relationship between the inlet velocity and the 

ambient velocity, Philips et al. (2000) found that turbulent flow in the ambient 

environment significantly decreased the inlet flow velocity, but the extent to which inlet 

velocity was affected was difficult to determine.  The low capture rates during periods of 

high discharge in this study imply that increased discharge rates and turbulence may have 

negatively impacted the ability of the trap to capture sediment and suggests that the 

function of the trap may be limited in turbulent environments (Figure 4.8).  For this 

study, velocity in West River, and presumably in the East River, was highly variable on 

diurnal and seasonal scales.  The range of velocities recorded in the West River in 2006 

was large (0.02 to 2.71 m.s-1), and substantially greater than in 2005 (0.08 to 1.08 m.s-1, 

manual measurements) when capture rates better reflected the ambient conditions.  The 

overall higher velocity regime in 2006 may have played a role in decreased capture 

efficiency, especially during the snowmelt peak (Figure 4.4).  By contrast, the captured 

material in 2006 was coarser than in 2005, although the ambient river sediment D50 was 

similar in both years.  This suggests that the increased variability of velocity in 2006 may 

have influenced capture by increasing flow rates through the trap and reducing the 

proportion of fine material being captured.  Both trap models would have been affected 

by variable velocity and turbulence around the inlet, although it was likely that the 

variable trap model would have been impacted more due to its consistently higher 

position in the water column during high stage conditions.   

Variability in observed capture rates suggests that sediment capture was 

influenced more by discharge fluctuations and intensity than by suspended sediment load, 

although a direct link is difficult to distinguish.  The suspended sediment concentration 
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and discharge were asynchronous to some degree during the snowmelt peak (Chapter 3), 

which suggests that in order to capture a sample representative of the ambient suspended 

sediment load, a trap that consistently captures a proportionate amount of the ambient 

sediment load under a variety of discharge and velocity conditions would be necessary.  

 Philips et al. (2000) determined that the trap was not isokinetic (i.e. inlet velocity 

is less than ambient flow velocity), which can lead to over-sampling of coarse material 

(> 62.5 µm) and this appears to have also been the case in this study.  The trap design 

was originally intended for small streams characterized by transport of fine material (< 

62.5 µm) such that the non-isokinetic nature of the trap would not significantly bias the 

captured material.  Suspended sediment grain size sampling in the West River during two 

years determined that during the snowmelt peak, up to 40 % of the ambient suspended 

sediment load was comprised of sand-sized material, while the captured material was 

found to be comprised of up to 80% coarse material during the same period.  These 

results indicate a prominent bias towards coarse material in the captured sediment 

compared to the ambient suspended sediment load.  

 Additionally, velocities recorded in the West River were > 1 m·s-1 higher than 

those recorded by Philips et al. (2000), and would increase the rate of flow through the 

traps used in this study.  Further, the dimensions of the trap body were also smaller than 

the deployment in the original study, which would have decreased the time available for 

fine material to settle in the trap before it flowed through the outlet.  This would reduce 

the proportion of fine material relative to the ambient load and partially explain the 

observed bias toward coarse material in the captured sediment. 
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 Suspended sediment is often transported as aggregated or flocculated material, 

increasing the effective particle size of the suspended sediment load (e.g., Droppo and 

Ongley, 1994; Stone and Walling, 1997; Droppo et al. 1998).  The effective, rather than 

the absolute, particle size is typically of greatest importance in sediment transport and 

other water quality studies, due to the substantial proportion of suspended sediment that 

travels as aggregates or flocs within the water column and the influence that these 

materials have on the hydrodynamics of suspended sediment transport (e.g. Droppo et al. 

1997).   Few studies are available to confirm the extent to which this phenomenon occurs 

in High Arctic environments (Droppo et al. 1998), but data presented in this study 

suggest that aggregated and/or flocculated particles represent a significant proportion of 

suspended sediment and would likely influence sediment transport and deposition.  

Significant differences between effective and absolute grain sizes suggest a tendency for 

formation of aggregates and/or flocs in this environment, which are likely to have 

influenced capture rates. 

 Some differences are apparent in both the mass captured and the median grain 

size from the East and West Rivers.  Although the East catchment is slightly larger, the 

general characteristics of discharge in the two rivers were similar during the study period.  

Capture rates were generally higher in the West traps than in the East, despite higher 

ambient suspended sediment concentrations and overall yield in the East.    Point grain 

size samples were not available for the East River so it was not possible to examine if the 

ambient suspended sediment load exhibited a different grain size distribution than the 

West River and the possible effect any differences may have had on capture rates.  

However, differences in masses captured and median grain size observed between the 



 132

two rivers suggest that the slightly different placement of the traps within their respective 

channels in relation to the banks and the thalweg, and different channel morphology at 

the gauging stations could have affected the sediment captured. 

 Finally, on several occasions throughout the season, slush and detrital organic 

material had to be removed from the inlet of the traps.  It is not possible to determine the 

extent to which these blockages may have prevented inflow of water and sediment and 

reduced capture, since they were observed irregularly and may have become dislodged 

without intervention.  However, blockages likely would have reduced capture and 

introduced inconsistency into the ability of the trap to function efficiently in this 

environment.  Similar river detritus would likely represent a significant problem in many 

temperate settings as well. 

 Results from this study do not provide any definitive indication that the modified 

variable stage trap design provided a more representative sample than the fixed model.  

The highly variable nature of stage in the rivers suggests that with experiments under 

controlled conditions, an improved model that can adjust to stage variations holds 

potential to integrate a more representative sample of the ambient sediment load.  

Similarly, the relationship between intake and trap body diameter and the resulting 

hydraulic conditions have not been examined under laboratory conditions and may 

represent limitations to trap use in this instance.  It is possible that capture characteristics 

and hydraulic conditions could change substantially with a longer or wider trap body.  

The size of the trap practical for deployment in this study was limited by shallow, rapid 

flow in the river (< 0.5 m, > 1 m·s-1) and the mounting system which was designed to 

prevent damage from ice and slush during the early stages of flow and accommodate a 
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frozen channel bed.  Laboratory experiments to examine optimal trap and inlet 

dimensions would shed light on capture characteristics in dynamic stream environments 

rich in coarse suspended material. 

 

4.7 Conclusions 

 Time-integrated suspended sediment samplers were deployed in two small, 

dynamic High Arctic rivers to evaluate the method as a means to capture a representative 

sample of the mass flux and grain size properties of the ambient river suspended sediment 

load.  Although the trap had been proven effective in its original design and deployment, 

results of this study suggest that in a river environment where the discharge, flow 

velocity, SSC and grain size were highly variable, the trap did not capture a sediment 

sample proportionate to the ambient sediment load.  A modified trap mount that 

permitted vertical movement in response to stage changes did not appreciably improve 

sample quality.  The most prevalent issue with the deployment in this environment was 

the over-capture of coarse material.  The trap captured a sufficient quantity of sediment 

for a number of sedimentary and biogeochemical analyses, but the captured material was 

unrepresentative of the ambient sediment.   

 Based on a detailed examination of the hydraulic conditions under which the trap 

would be effective, Philips et al. (2000) suggested that the efficiency of the sampler could 

be improved by increasing diameter of the trap body.  In small, shallow rivers where 

conditions would prevent this modification, further field and laboratory studies are 

required to find an effective trap body length and inlet/body diameter ratio. 
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 Results and field observations suggest that the traps have the potential to be an 

inexpensive and practical means of collecting a sample integrating fluvial suspended 

sediment transport events.  Sediment captured by the traps could ultimately be effective 

for sediment, biogeochemical and contaminant transport studies.  However, further field 

studies and laboratory investigations are required to determine a trap design and 

deployment strategy appropriate to characterize the suspended sediment load in this 

environment. 
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Chapter 5: Summary and Conclusions 

 High Arctic nival-dominated fluvial systems exhibit consistent general 

characteristics each season including a short-lived and intense nival discharge peak and a 

rapid recession into the baseflow period where residual catchment snowpack and ground 

ice melt support runoff.  In this study, up to 96% of sediment transport occurred during 

the nival discharge peak, compared to minimal transport during the baseflow period due 

to reduced stream competence.  Within this fluvial regime, temporal variability in 

sediment delivery occurs and results of this study suggest that catchment SWE and, more 

specifically, channel snowpack play an important role in the timing and magnitude of 

suspended sediment delivery. Data suggests that instances of discharge-suspended 

sediment hysteresis are linked to channel snowpack through the timing of sediment 

accessibility during the nival discharge period. Also, sediment deposition on the residual 

channel snowpack and the channel bed allows interannual sediment storage and provide 

isolated sources of sediment that can be accessed in subsequent seasons.  These deposits 

are coarsened by winnowing of fines by late-season flow, and influence the grain size 

characteristics of the suspended sediment load when they are subsequently accessed and 

contribute to grain size hysteresis relationships.   

 Four major conclusions can be drawn from three years of hydrological and 

sedimentological research at Cape Bounty, Melville Island, Nunavut. 

1. The snowmelt flood was the most important hydrological and sediment 

delivery event of each of the three seasons, with 54-96% of the annual 

sediment load transported during that period.  Discharge and the suspended 

sediment delivery response were highly variable on an interannual basis in 
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this nivally-dominated High Arctic catchment.  Suspended sediment delivery 

had a disproportionate response to hydroclimatic conditions, particularly snow 

water equivalence (SWE), in each year, which suggests that sediment sources 

and accessibility are variable and controlled by mechanisms that may include 

armouring by channel snowpack, as well as sediment deposits isolated by 

snow and frozen bed and bank material. 

2. Snowpack distribution and river flow in channel snowpack influenced 

suspended sediment delivery to a different degree each year.  Results suggest 

that the extent of channel snowpack influenced the timing and magnitude of 

sediment delivery.  Event-scale discharge-suspended sediment hysteresis 

relationships indicate that water and sediment discharge were not 

synchronous and displayed relationships consistent with observed snowpack 

conditions. Years with greater snowpack resulted in the maximum suspended 

sediment load that lagged the discharge peak and exhibited counter-

clockwise hysteresis.  In contrast, in a year with less extensive channel 

snowpack, the maximum suspended sediment load preceded the discharge 

peak and resulted in clockwise hysteresis.  Additionally, diurnal-scale 

hysteresis relationships suggest daily exhaustion of immediately available 

sediment sources.   

3. Suspended sediment grain size analysis suggests that coarse material was 

dominant during the nival discharge peak, especially before maximum 

discharge.  This suggests that coarse material is available for transport at the 

onset of flow and that fine material becomes more available as channel snow 
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and ice diminish and the bed and banks thaw.  Grain size hysteresis 

relationships substantiate this conclusion and show that grain size decreased 

with increased discharge and suspended sediment concentration. 

4. Two models of a time-integrated suspended sediment sampler based on a 

design by Philips et al. (2000) were deployed in the East and West rivers at 

Cape Bounty.  The results of these deployments indicate that an adequate 

amount of sediment was collected for a number of analyses, but that the 

quantity and median grain size of the captured sediment was significantly less 

than expected and coarser than the ambient suspended sediment load, making 

the sample unrepresentative of the ambient conditions.  Laboratory 

investigations of trap function would be required in order to develop a model 

of the trap that would be appropriate for a High Arctic or similar environment 

with highly variable discharge, velocity and suspended sediment transport 

characteristics.  Further examination of time-integrated suspended sediment 

sampling would facilitate continued sediment delivery studies in remote 

environments. 

 

 This thesis represents one of the most comprehensive sediment delivery studies 

completed in the Canadian High Arctic to date.   The results presented in the preceding 

chapters would be augmented by further studies regarding quantitative characterization of 

the relationships between sediment storage and channel snowpack through detailed 

geomorphic surveys of channel characteristics through the duration of the melt season.  

Additionally, continued monitoring of discharge and suspended sediment in both rivers at 
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Cape Bounty to further extend the hydrological and sediment delivery records would 

allow a more complete understanding of hydroclimatic influences over sediment delivery 

and discharge and contribute to future studies modeling geomorphic and hydrologic 

changes in response to climate variability.  
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Appendix A: 
 

a)  
 
 

b)  
 
 
Figure 1:  The West River gauging station (upper) and anchored fluvial traps (lower) 
suspended into the water column (a) during moderate discharge on June 23, 2006 and (b) 
during low flow on July 22, 2006. 
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a)  
 
 

b)  
 
Figure 2:  (a) Channel development in snow in a wide valley.  The channel is ill-defined 
and flow occurs over snow.  (b)  Flow occurring the snow-armoured bed in a defined 
channel. 



 150

 
 

Figure 3:  Flow incised into channel snowpack in a narrow, deep channel reach.  
Sediment has been deposited on the snow surface. 
 

 
 

Figure 4:  Overhanging snowbanks in the West River channel. Photo: Allison Reid.  
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Figure 5:  Snowbanks receding from the channel.  Flow occurs over the clastic stream 
bed. 
 

 
 

Figure 6:  Coarse sediment left abandoned on snowpack. 
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Figure 7:  A sediment deposit that has been reworked by flow and abandoned on channel 
snowpack.  Photo: Stephanie Cuven 
 

 
 

Figure 8:  Sediment deposited on snowpack where damming and ponding have occurred. 
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Figure 9:  Clay-rich material undercut by flow and collapsing into the channel providing 
a source of fine sediment in the late season. 


