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Abstract 
 

In the face of global environmental change, inconsistencies in the frequency and intensity 

of storm events are a predicted result of climate change. An unprecedent flood event in 2013 

caused widespread geomorphic and hydrological change to the Elbow River, located in 

southwestern Alberta. The aim of this study was to characterize how the hydrology and 

geomorphology of the Elbow River from Highway 22 to Highway 8 (Twin Bridges) changed 

during and after the flood of 2013. A seven-year long time series of 15-minute discharge and 

turbidity data as well as daily mean values of discharge, turbidity, and precipitation were 

analyzed monthly (August, September, October), seasonally, and annually (2011 – 2018). Data 

from these stations along the Elbow River were also examined through SSC-discharge 

hysteresis. Google satellite imagery from Google Earth Pro provided a visual analysis of 

geomorphic change throughout the study period. The results show the complex relationship 

between precipitation, discharge, and turbidity, due to the forces of fluvial geomorphology, 

landscape characteristics, and an extreme hydrological event, that have additional controls on 

suspended sediment mobilization. Satellite imagery revealed widespread geomorphic 

restructuring as a result of high rates of sediment deposition and erosion immediately after the 

flood. SSC-discharge hysteresis demonstrated that the 2013 flood mobilized mass amounts of 

suspended sediment into the channel through counter-clockwise hysteresis. The results show the 

Elbow River’s sensitivity to change but also the capacity to stabilize years after the event. An 

analysis of the hydrological regime of the Elbow River provides insights into the fluvial and 

geomorphological response to changes in sediment availability, and how these changes affect 

sediment transport following an extreme hydrological event. Results contribute to background 

knowledge which policy-makers can use to inform flood risk management.  
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Introduction  
 

In the face of global environmental change, inconsistencies in the frequency and intensity 

of storm events are a predicted result of climate change (Linnenluecke and Griffiths, 2010). 

Geomorphologists are pressed to provide answers and forecasts regarding the response of natural 

systems to environmental and anthropogenic changes. Such changes include river channel 

erosion, sediment flux, landslides, glacial retreat, floods, droughts, urbanization, mining, 

recreation, agriculture, and other land use changes (Fryirs, 2017). In particular, large flood events 

have the potential to impact the geomorphology, sediment regime, discharge, behaviour, and 

stability of river systems at different spatial scales and times. A fluvial process is the physical 

interaction between flowing water and the natural channel of a river or stream. Fluvial systems 

are complex and often respond to disturbances in a variety of unprecedented ways (Tamminga 

and Eaton, 2018). Changes in the dynamics of an active channel as a result of a flood event can 

simultaneously modify the flooding pattern and cause direct damages to the watershed and its 

surrounding infrastructure (Baker, 1994). River dynamics in Canada are influenced by multiple 

factors: some natural and some as a result of human activity.Therefore, there is great importance 

in studying the effects of flood events to understand their impacts and inform flood risk 

management (Major et al., 2019).  

 

In June 2013, southwestern Alberta experienced an unprecedented flood event, which led 

to widespread socio-economic and environmental impacts. Throughout the region, mountain 

tributaries supplied large sediment loads to higher-order streams, and bank erosion was 

widespread, which caused substantial geomorphic change to this fluvial system (Tamminga and 

Eaton, 2018).  The examination of geomorphic changes and widespread sediment deposition as a 
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result of the large flood event in 2013 prompted the research and analysis of The Elbow River, 

located in southern Alberta, Canada. An analysis of the relationships between turbidity and 

discharge for years before and after the flood and as a result of hydrological events provides 

insight into the temporal dynamics of suspended sediment availability and geomorphic responses 

to disturbance.  

 

The primary aim of this research is to answer the following question: how has the 

hydrology and geomorphology of the Elbow River from Highway 22 to Twin Bridges changed 

pre- and post the flood of 2013? The objective of this study is to answer the following questions: 

1) Through use of Google satellite imagery of this mid-reach, how has the channel morphology 

of the Elbow River changed before and after the flood? 2) Is there a relationship between 

turbidity and discharge at different time scales, seasonally and during hydrological events? 3) 

How has the relationship between turbidity and discharge changed before, during, and after the 

2013 flood? Prior to the 2013 flood disturbance, it is hypothesized that discharge will be 

generally low and thus yield low sediment availability between Highway 22 and Twin Bridges. 

As a result of the 2013 flood event, it is hypothesized that both discharge and turbidity will 

increase due to geomorphic restructuring of the active channel. Last, it is hypothesized that the 

turbidity for years following the flood event will decrease, again, due to channel stabilization.  
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Literature Review  
 
River Dynamics  
 
Discharge  
 
 River flows are not defined by fixed boundaries but form, because of the flow itself and, 

as a result, river flows change continuously with time and flow rate (Vanoni, 1975). Streams that 

flow in self-formed channels are referred to as alluvial streams (Wang et al., 2015). Alluvial 

streams transport both sediment and water. The volumetric flow rate of water transported 

through a given cross-sectional area, known as discharge, is usually measured in units of volume 

per unit time, e.g. cubic meters per second (Vanoni, 1975). Discharge is rarely steady and 

fluctuates periodically varying from one day or less to a year or longer (Wang et al., 2015). The 

flow rate of sediment, known as sediment discharge, fluctuates with water discharge but remains 

nonuniform regardless of steady water flow (Vanoni, 1975).  

Turbidity  
 

Sediments are classified according to the diameter of grains, and these include clay, silt, 

sand, gravel, cobbles, and boulders (Vanoni, 1975). The sediment that is transported by a stream, 

called the sediment load, can be divided into bedload and suspended load (Wang et al., 2015). 

Bedload is characterized by sediment material greater than 5 mm in diameter that moves on or 

near the bed of the channel and is either in contact with the bed or moves in short jumps along 

the bed (Einstein et al., 1940). Suspended load, on the other hand, is characterized by sediment 

material finer than 1 mm in diameter and moves in suspension throughout the whole channel 

cross-section (Einstein et al., 1940). Suspended sediment is a major contributor to turbidity 

(Prosser et al., 2001). A turbidity monitor deployed in water measures the amount of light that is 

scattered by material in the water (Daphne et al., 2011). Turbidity is an optical characteristic of 
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water and measures the relative clarity of a liquid (Goransson et al., 2013). Turbidity is caused 

by suspended materials such as clay and silt, very small inorganic and organic matter, algae, and 

dissolved organic compounds (Goransson et al., 2013). Turbidity is higher when the intensity of 

scattered light is higher and is reported in nephelometric turbidity units (NTU). Turbidity is often 

used as a proxy for suspended sediment concentration because of the close relationship between 

the two (Goransson et al., 2013). Turbidity is a key parameter for monitoring water quality due 

its relationship to suspended sediment, light suppression, impacts to biological oxygen demand, 

and contaminant transport (Lawler et al., 2006).  

SSC-Discharge Relationship  
 

The transport of sediments in rivers is also important with respect to studying 

hydrological events, such as floods (Williams, 1989). The relationship between sediment 

concentration and water discharge varies at different time scales and during hydrological events 

(Lefrancois et al., 2007). Rate of flow, termed velocity, is correlated to discharge, which is an 

important control on suspended sediment transport (Lefrancois et al., 2007). However, this 

relationship is not straightforward because of the influence by sediment supply from the 

catchment, the intensity and spatial distribution of rainfall, anthropogenic activities (i.e. land use 

change), erosion, and deposition (Goransson et al., 2013). The supply of sediment is spatially 

and temporally heterogenous because of the variation in particle origin, such as hillslopes, soils, 

gullies, banks, and the stream channel (Lefrancois et al., 2007). The relationships and variations 

between suspended sediment concentrations and discharge provides insight into the origins and 

processes that contribute to suspended sediment dynamics in a river basin (Lefrancois et al., 

2007).  
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Factors That Affect River Dynamics  
 

The discharge in a hydrological system depends on precipitation, evapotranspiration, and 

storage factors (Bookhagen and Burbank, 2010). A hydrograph is able to illustrate discharge and 

show annual patterns of flow related to seasonal changes. In addition, a hydrograph can also 

display the short-term impact of event-based hydrological events such as floods or storm events. 

These events are often hours or days long. Hydrographs reveal the relationship between rainfall 

and discharge through a rising limb in the graph, where discharge rates increase when storm 

water enters the drainage basin. The receding limb shows the decline in discharge back to base 

flow level. The hydrograph will also display a lag time as a result of the delay between 

maximum rainfall amount and peak discharge. A suite of physical factors influences river 

dynamics, such as the size and shape of the drainage basin, slope of the basin, and number of 

tributaries (Tilburg et al., 2015). Runoff and infiltration are affected by the level of saturation of 

a drainage basin, permeability of the rock type, and vegetation. Last, anthropogenic influence on 

a watershed can reduce infiltration and increase surface runoff. The amount of precipitation also 

plays a significant role as heavier storms result in more water entering the drainage basin and 

thereby increases discharge (Dufour et al., 2015). Snowfall has a greater lag time than rainfall 

because of the melt time required before water enters the channel (Bookhagen and Burbank, 

2010). However, when snow melt is rapid, or rain is combined with snow on the ground, then 

peak discharge can be significantly higher. Flooding as a result of a severe rainstorm can cause 

widespread bank erosion and floodplain stripping when flow energy exceeds erosive thresholds 

(Brooks and Lawrence, 2000). River dynamics, such as discharge and turbidity, respond to both 

the seasonal influence on hydrology and event-based hydrological events.  
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Fluvial Geomorphology  
 
River Patterns  

 The pattern of a channel can be defined as the spatial arrangement of streams (Twidale, 

2004). The channel pattern of a river reflects three independent factors: the discharge regime, the 

slope of the area, and the erodibility of the bed depending on sediment properties (Alabyan and 

Chalov, 1998). These factors determine the features of the river pattern, control the evolution of 

a channel, the rate of channel adjustment, and the hydraulic state of the flow (Hackney et al., 

2017). The patterns of a river channel have been classified as braided, meandering, or straight 

and each emerge in different ways (Leopold and Wolman, 1957). A straight channel has parallel 

banks, and flow is predominantly longitudinal. A meandering stream is characterized by a single 

sinuous channel with repeated bends (Lewin and Ashworth, 2014). As water moves through the 

bends, water flows faster at the outer edge compared to the inner bend. A cut bank arises from 

the erosive force of sediment on the outer edge and a point bar emerges on the inner edge by 

sediment deposition. Erosion of the outer bank and deposition along the inner bank causes the 

meanders to change position laterally while maintaining channel size (Twidale, 2004). A braided 

channel has multiple-threaded channels that branch and merge to create the braided pattern. 

Braided channels are dynamic systems with mid-channel bars that form, erode, and re-form 

continuously. Braided channels are favoured by conditions such as relatively high gradients, 

erodible banks, an abundance of coarse sediment, and rapid and frequent variations in discharge 

(Twidale, 2004).  
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River Stability  

Rivers are dynamic and constantly changing because of the influence of natural 

anthropogenic factors. The geometry of a river, such as its width, depth, and pattern, adjusts to 

varying water and sediment discharges to maintain dynamic equilibrium of its own water and 

sediment load, and so shifts in these conditions threaten the stability of a channel (Trent and 

Brown, 1984). While all channels are subject to change, stability is defined as an unacceptable 

rate or magnitude of change. There are three geomorphic responses to changes in dominant 

channel flow and sediment: channel widening, channel deepening, and a change in meander 

pattern (Trent and Brown, 1984). Shen et al. (1979) established the stability of alluvial channels 

by showing that straight channels have high stability (low width-depth ratio and gradient), 

straight with some sinuosity are generally stable, meandering channels vary between being stable 

and relatively stable (mixed width-depth ratios, gradients, and sediment loads), and meander-

braided transition and braided channels have low stability (high gradient and width-depth ratio).  

River Sensitivity  

River sensitivity is defined as the possibility of change (river adjustments in response to 

disturbance), probability of change (likelihood and type of adjustment to occur), and the ability 

for a system to recover from disturbance (how long the change will last and manifest in the 

system) (Fryirs, 2017). An analysis of fluvial responses to past events revealed that the 

geomorphic response to disturbances relax over varying timescales but can persist long-term, can 

be both acute and gradual, are influenced by a suite of factors (gradient, riparian vegetation, 

hydrological regime), can follow many trajectories, are intertwined with ecological recovery, and 

systems may not return to its original state before the disturbance (Major et al., 2019). Different 

river types have different capacities for adjustment (Reid and Brierley, 2015). Capacity is a 
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measure of the ease in which rivers adjust their form vertically (bed), laterally (channel 

morphology), and through wholescale dimensions (Fryirs, 2017). Rivers that can adjust in all 

dimensions amidst broad ongoing geomorphic adjustments have the greatest capacity to adjust 

and are considered sensitive to adjustment (i.e. braided gravel bed) (Fryirs, 2017).  

 

Methods to Quantify Fluvial Change  
 
Sediment Budget  

A tool to understand changing fluvial systems is a sediment budget (Reid and Dunne, 

2016). Sediment budgets are used to describe the input, transport, storage, and export of 

sediment in a system (Walling and Collins, 2008). There is a local imbalance in the movement of 

sediment when a fluvial system experiences a disturbance. How a fluvial system collects, 

transports and deposits sediment provides insight into how changes in a catchment affects 

channels, the duration of effects, and the possible sequence of responses (Walling and Collins, 

2008). In addition, sediment budgets can quantify influence on morphological change (Reid and 

Dunne, 2016). It is calculated by determining changes in the volume of sediment stored in a 

system and the sum of the volumes of sediment entering or leaving the system.  

Hysteresis  

Hysteresis is a method to analyze how sediment transport varies with sediment sources 

and availability as a result of changing discharge conditions (Figure 1) (Favaro and Lamoureux, 

2015). In the first case, peak SSC and discharge arrive simultaneously, indicating that sediment 

is coming from fine deposited sediment or readily available bank materials (Lefrancois et al., 

2007). In the second case, SSC peaks before maximum discharge, referred to as clockwise 

hysteresis. In this case particles are made available from the removal of sediment deposited in 
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the channel and decreases in availability during an event (Lefrancois et al., 2007). The last case 

is one in which SSC peaks after the discharge peaks and this relationship is exhibited by a 

counter clockwise hysteresis loop (Williams, 1989). This case is interpreted by the arrival of 

particles from distance sources such as hillslope soil erosion or the upstream channel as well as 

bank collapse due to saturation (Lefrancois et al., 2007). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Remote Sensing  

To assess conditions of a fluvial system pre- and post a high-magnitude hydrological 

event, methods such as light detection and ranging (LiDAR), structure-from-motion (SfM) 

photogrammetry, and terrestrial laser scanning (TSL) can identify both the structure of a river 

and changes due to hydrological processes (Tamminga et al., 2015). Tamming et al. (2015) 

utilized remote sensing imagery collected with unmanned aircraft systems (UASs) to assess 

channel adjustment following the 2013 flood in Elbow River, Alberta. This software provides 

high resolution topographic data and imagery to study surface processes at varying spatial and 

temporal scales.  

 

Figure 1. Three common occurrences (classes) when conducting an 
analysis of SSC-Discharge hysteresis, where Q is discharge and SSC 
is suspended sediment concentrations (Lefrancois et al., 2007). 
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Methods  
 
Site Description   
 

The Elbow River is a river located in southern Alberta, Canada. The Elbow River is a 

main tributary of the Bow River, both of which are major tributaries of the South Saskatchewan 

River Basin (Beers and Sosiak, 1993). Elbow River flows from Elbow Lake in the eastern Rocky 

Mountains through Subalpine, Boreal Foothills, and Aspen Parkland ecoregions and finally to 

the City of Calgary, where it joins into the Bow River. The Elbow River is approximately 120 

km in length and drains a total catchment area of approximately 1230 km2 (Wijesekara et al., 

 2014). The river originates at 2095 m above sea level and joins the Bow River at an elevation of 

1033 m above sea level in Calgary (Beers and Sosiak, 1993). The gradients in the headwaters 

upstream of Elbow Falls are high, at 1.54%. Along the river from Elbow Falls to Bragg Creek, 

the gradient reduces to less than 0.8%. When the Elbow River transitions to the Alberta Plains, 

the gradient reduces to 0.4% and further to 0.2% when the river enters Glenmore Reservoir. The 

Elbow River flows predominantly over a gravel-bed and cobble-sized material and is 

characterized by a weakly braided and meandering pattern. The research conducted for this study 

concerns the mid-reach of the Elbow River, from Highway 22 to Twin Bridges, which is 19 km 

in length and drains 1152 km2 (Figure 2). The dominant land use in this reach is agricultural with 

an increasing trend in residential developments. While the Elbow River is relatively small, 

the river is the source of the Glenmore Reservoir and it provides drinking water for over half of 

the population of Calgary, equating to one-sixth of the population of Alberta (Sosiak and Dixon, 

2006).   
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Climate Setting  
 

The climate setting of the lower Elbow River watershed is characterized by a mean 

annual precipitation of approximately 473 mm, of which 19% is attributed to snow. The 

maximum snow-water equivalence occurs in March and maximum rainfall typically occurs in 

June. The earlier maximum snow-water equivalent occurs in the lower watershed due to 

progressively occurring snowmelt from lower to higher elevations. As a result, winter conditions 

typically persist in the upper watershed until May or June. There is an increased potential for 

large flood events when these winter conditions are combined with intense rainfall in the upper 

watershed during May and June. In the Elbow River watershed, approximately 54% of the 

annual flow volume occurs during May, June, and July. Of this percentage, 25% of the annual 

flow typically occurs in June alone. The higher variability evident in June reflects that this is the 

primary month for flood occurrence. As a result, Southern Alberta has experienced more than a 

handful of historical flood events, and prominent flood events have been recorded since the early 

1900s.  
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Data Acquisition  

 
i. Sonde Data  

A sonde is an instrument equipped to measure and record variables in a water column, 

such as temperature, conductivity, salinity, dissolved oxygen, pH, turbidity, and depth. To 

conduct this study, sonde data from 2010 to 2018 was provided by the Government of Alberta 

and City of Calgary. A sonde was deployed at Elbow River at Highway 22 Bridge (51.03292600, 

-114.46574500) from 2010 to 2014 and then moved to Elbow River at Twin Bridges 

 

Figure 2. The Elbow River Watershed and its location in Alberta. Map depicts Elbow River and the 
boundary of the watershed, the main river, its tributaries, and jurisdictions. The mainstem and tributary 
sampling stations along the Elbow River are marked and labeled, respectively. The mid-reach under 
analysis, Highway 22 to Twin Bridges, is identified by the red outline (Sosiak and Dixon, 2006).  
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(51.01358000, -114.23731000) from 2015 to 2018. Variables such as temperature (C), specific 

conductivity (mS/cm), pH, dissolved oxygen (%), and turbidity (NTU) were collected in 15-

minute intervals at varying months throughout each year. To ensure consistency and for the 

purpose of this analysis, only turbidity data from August to October from 2011 to 2018 was used.  

 

ii. Discharge Data  

Discharge data for Highway 22 and Twin Bridges was not available on the Canadian 

Federal database for weather and climate. Environment and Climate Change Canada was 

contacted via email to acquire fine scale (~15-minute intervals) discharge data for the reach in 

question. A Watershed GIS Technologist at the National Hydrological Services/Engineering 

Services at Environment and Climate Change Canada provided a username and password that 

allowed access to fine scale (5-minute interval) discharge data from 2010 to 2019. However, 

discharge was not measured at Highway 22 and Twin Bridges, and so data was provided for 

Elbow River at Bragg Creek, upstream of Highway 22, and Sarcee Bridge, a station downstream 

of Twin Bridges. To ensure consistency, the discharge data utilized for the analysis was from 

August to October from 2011 to 2018.  

 

iii. Precipitation Data  

Current and historical weather data from stations across Alberta are available on their 

provincial online database, Alberta Climate Information Service. The only station along the 

Elbow River with available precipitation records is Elbow Ranger Station, upstream of both 

Highway 22 and Bragg Creek. Daily precipitation data, measured in millimeters, from August to 

October from 2011 to 2018 was downloaded and used for this analysis.   
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Data Harmonization  
 
 The data used in this analysis was provided by different sources, measured at various 

locations along the Elbow River, and recorded at different time intervals, therefore data 

harmonization is required. The process of data harmonization entails organizing datasets from 

different sources, locations, and time scales and bringing them together to have cohesive 

locations and time scales (Table 1). The format of the turbidity data is in 15-minute intervals and 

the most consistent range of available data is from August to October for the years 2011 to 2018. 

These factors set the baseline for how the discharge data would be formatted and organized. In 

Excel, each month for each year was organized in separate files (August 2011, September 2011, 

October 2011, etc.) Functions and tools in Excel were used to extract discharge data into 15-

minute intervals. Then, the month, year, day, and time of the turbidity data were aligned with the 

same month, year, day, and time from the discharge data. Turbidity data collected from Highway 

22 was aligned with discharge data from Bragg Creek, and turbidity data collected from Twin 

Bridges was aligned with discharge data from Sarcee Bridge. After all of the data was organized 

into 15-minute intervals, daily averages were calculated to align with the daily precipitation data. 

The data files were then organized by location, month, and year with each file containing 

turbidity, discharge, and precipitation. With these files (daily averages and 15-minute intervals), 

plots were made to compare the variables through time (monthly, seasonally, yearly, pre-flood 

and post flood years).  
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Table 1 Range of years under analysis (2011-2018), the data types under analysis, and where the 
data was gathered from for each respective year.  

Year Data Type 1 Location Data Type 2 Location Data Type 3 Location 
2011  

 
 

Turbidity 
 

 
Highway 

22 
 

 
 
 

Discharge 
 

 
Bragg 
Creek 

 

 
 
 

Precipitation 
 

 
 

Elbow 
Ranger 
Station 

 

2012 
2013 
2014 
2015  

Twin 
Bridges 

 

 
Sarcee 
Bridge 

 

2016 
2017 
2018 

 

Suspended Sediment-Discharge Hysteresis  
 

Suspended sediment-discharge hysteresis was plotted for the Elbow River to determine 

patterns in the direction and magnitude of event-based hysteresis (single day high precipitation 

accumulation) and hysteresis in pre-flood conditions (2011-2012), immediately after the flood 

(2013-2015), and years after the flood (2016-2018). Two to three high magnitude precipitation 

events were identified throughout the season of each year of study to analyze how the hysteretic 

relationship changed throughout high precipitation events. To further analyze the SSC-Discharge 

hysteresis relationship through time, plots of pre- and post-flood conditions were created to 

investigate a geomorphic response in the mid-reach following the 2013 flood. 

Google Earth Imagery  
 

 Google satellite imagery allows for spatial and temporal analysis of morphological 

adjustments at catchment scale as well as discrete locations, specifically the reach between 

Highway 22 and Twin Bridges. To determine how the morphology of the channel changed over 

the study period, Google Satellite Imagery was used to analyze the channel before and after the 

2013 flood. Historic views of the Elbow River are available from 2011 to 2017. Clear images of 

a portion of the river between Highway 22 and Twin Bridges were saved from the years 2011, 
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2013, 2014, 2015, and 2016. Images from 2012 and 2017 were not sufficient to be used and are 

not included in this analysis. Images of the exact same location were then lined next to each 

other in chronological order and georeferenced using a positional map of the Elbow River. 

Regions of interest that showed morphological change were identified and outlined in red, then 

marked A, B, and C in each image to track the ROI through time.  
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Results  
 
Flood of 2013  
 

From June 19 to June 23 of 2013, heavy rainfall combined with rapidly melting 

snowpack in the front range of the Canadian Rocky Mountains resulted in widespread flooding 

in multiple watersheds, including the Elbow River Watershed (Tamminga et al., 2015). The high 

rainfall was caused by a combination of factors including unique meteorological conditions, pre-

existing wet conditions, and remaining snowpack and frozen ground upstream where peak 

rainfall occurred (Tamminga et al., 2015). During the event, total precipitation exceeded 300 

mm, which further contributed to a flash runoff response and rapid flooding. The 2013 flood had 

an estimated peak discharge of 1,240 m3/s, a 7-day volume of 149,600,000 m3 and was estimated 

to be slightly greater than a 200-year return period event. 

 
 
Google Satellite Imagery  
 

Google satellite imagery of the mid-reach (between Highway 22 and Twin Bridges) of 

the Elbow River in 2011, 2013, 2014, 2015, and 2016 were saved from Google Earth Pro and 

shown in Figure 3. A qualitative analysis of the reach through time shows prominent geomorphic 

change. ROI A in 2011 shows the channel split into two to three main braids around a mid-

channel vegetated bar. ROI A in 2013, following the flood, is more concentrated in a single 

thread as well as a prominent sediment slug surrounding the channel. The mid-channel vegetated 

bar is also reduced in area in 2013.  ROI A in 2014 shows the same single thread with a 

developed meander, as well as the surrounding sediment slug. ROI A in 2015 is consistent with 

2014, characterized by a single channel and developed meander. In 2015, the mid-channel bar 
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and surrounding patches of vegetation are more noticeable. In 2016, the return of vegetation is 

prominent within the sediment slug. The channel maintains a single meandering thread.  

 

ROI B in 2011 is characterized by a split channel with a more significant wide thread. 

The meander curves left with a developed point bar on the left of the main channel. ROI B in 

2013 is a concentrated single thread with a long meander. The channel also curves to the right 

with a sediment slug on the right of the main channel. ROI B in 2014 maintains channel 

morphology from 2013, with a mid-channel bank and a more developed meander. In 2015, ROI 

B is, again, similar to 2013 and 2014 with the exception of greenery and vegetation forming 

alongside the channel. In 2016, ROI B maintains channel form and the mid-channel bar 

continues to develop.  

 

ROI C in 2011 shows the channel as a single wide thread with a deep meander, and the 

channel is surrounded by forestry and vegetation. ROI C in 2013 shows prominent geomorphic 

change where the channel is split into two narrow and long meanders. The area of the sediment 

slug is wide, and the forested area and vegetation is reduced. ROI C in 2014 shows the channel 

split into two to three main braids. ROI C in 2015 changes minimally from 2014 with the 

exception of a more developed meander and prominent vegetated areas and greenery in the 

sediment slug. In 2016, the channel in ROI C is no longer prominently split. The thread on the 

left is well-connected to the mainstem and the channel on the right is another main braid of 

channel. The geomorphic changes pre- and post 2013 show the development of a single thread, 

sinuous main channel, as well as a prominent sediment slug following the 2013 flood. In 

addition, 2015 and 2016 show development of vegetated areas and greenery.  
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Monthly and Seasonal Precipitation, Discharge, and Turbidity  
 

i. Total Seasonal Precipitation  

The total daily precipitation from August to October was calculated for each year under 

analysis, 2011 to 2018 (Figure 4). In reference to the 1981-2010 Canadian Climate Normals 

station data for Elbow Ranger Station, precipitation normals for August, September, and 

October, are 76.9 mm, 66.3 mm, and 41.4 mm, respectively (Environment Canada, 2019). Based 

on these normals, an approximate precipitation total for the season is 184.6 mm. The highest 

total precipitation occurred from August to October of 2015 with 234.2 mm. 2014 was the 

second wettest year with 232.0 mm of precipitation. 2014 is followed by 2016 with 193.9 mm of 

total precipitation. 2017 was the driest year with 84.6 mm of precipitation. Total precipitation in 

 
Figure 3. Google satellite imagery taken from Google Earth Pro depicting geomorphological change in 
the mid reach (between Highway 22 and Twin Bridges) of the Elbow River. Direction of flow is from 
north-west to east (top of page to bottom left). From left to right the images are taken from the years 
2011, 2013, 2014, 2015, and 2016. The red outlines, A, B, and C highlight regions of interest. The 
positional map below shows the Elbow River and the geographic location of these images.  
 

 

June 08, 2011 August 30, 2013 July 28, 2014 August 22, 2015 September 08, 2016 
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2011 and 2012 were very similar at 139.0 mm and 144.0 mm, respectively. In 2013, the year of 

the flood, total precipitation was 177.5 mm. Last, 2018 received 166.3 mm of precipitation.  

 

 
Figure 4. Cumulative rainfall from August to October throughout the duration of the analysis, 
2011 to 2018, in the Elbow River at Elbow Ranger Station.  
 
 

ii. Seasonal Discharge  

The daily average discharge from August to October was calculated and plotted for 2011 

to 2018 (Figure 5). Daily average discharge in both 2011 and 2012 are generally low and follow 

a continued downward trend in October. Daily average discharge in August 2013, a few months 

after the flood, is the highest among all other years under analysis. The highest daily discharge 

occurs on August 07, 2013 at 19.1 m3/s. Discharge then peaks again on September 07th and 

September 19th of 2013 at 15.4 m3/s and 12.3 m3/s, respectively. Daily average discharge in 2014 

is also generally high, especially in September. Discharge peaks on September 17th at 15.5 m3/s. 
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Daily average discharge in 2015 has various peaks throughout the season, with both low and 

high discharge events. Peaks occur on various dates throughout August to mid-October and 

range from ~9 to 13 m3/s. Daily average discharge in 2016 is generally low throughout the 

season, following a similar trend as 2012, except for a peak in mid-August at 13.5 m3/s. Daily 

average discharge in 2017 displays the lowest discharge values of all years, with no prominent 

peaks. Daily average discharge in 2018 is also generally low, following a similar trend as 2012 

and 2016 in September and October.  

 
Figure 5. Daily average discharge from August to October throughout the duration of the 
analysis, 2011 to 2018, in the Elbow River from Bragg Creek to Sarcee Bridge.  
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iii. Seasonal Turbidity  

The daily average turbidity from August to October was calculated and plotted for 2011 

to 2018 in Figure 6. The plot shows the stark difference between years of low turbidity and years 

of high turbidity. Daily average discharge in 2011 and 2012 are both very low, showing turbidity 

values below 1 Nephelometric Turbidity Unit. Similarly, turbidity in 2017 is generally low in 

both August and September while October has turbidity values closer to 1 NTU. Daily average 

turbidity in 2013 is generally high, displaying high peaks on August 16th and August 21st at 24.0 

NTU and 25.9 NTU, respectively. Turbidity peaks again on September 07th at 19.7 NTU. Daily 

average turbidity in 2014 is variable, having both high and low turbidity values. However, most 

values are generally low with one peak on September 16th at 5.8 NTU. Daily average turbidity in 

2015 is, again, generally low with most values below 5 NTU, however, a distinguishable peak 

occurs on August 22nd at 11.4 NTU. Daily average turbidity in 2016 is generally high through 

August and into early September. August 8th, 2016 displayed the highest recorded daily average 

turbidity value at 37.2 NTU. Another peak occurs on September 2nd at 8.4 NTU. Daily average 

turbidity in 2018 is generally low throughout the season as turbidity values straddle 1 NTU.  
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Figure 6. Daily average turbidity from August to October throughout the duration of the 
analysis, 2011 to 2018, in the Elbow River from Highway 22 to Twin Bridges.  
 

iv. Monthly Precipitation, Turbidity, and Discharge  

a. August  

The total daily precipitation for August was calculated and plotted alongside the monthly 

averages for discharge and turbidity from 2011 to 2018 (Figure 7). Discharge and turbidity data 

for August 2014 was not available, and therefore not included in this analysis. In reference to the 

1981-2010 Canadian Climate Normals station data for Elbow Ranger Station, precipitation 

normals for August are 76.9 mm (Environment Canada, 2019).  The range in total precipitation 

for August from 2011 to 2018 is 112.4mm. August 2015 generated the highest total precipitation 

with 125.6 mm and the driest year was August 2017 with 13.2 mm (Table 2). The mean 
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discharge in August responds to changes in precipitation, with some exceptions (Table 2). As 

total precipitation increases from 2011 to 2012, discharge increases as well. However, in 2013, 

total precipitation decreases while discharge increases to 13.9 m3/s. In August 2015, where total 

precipitation was highest, discharge is generally low at 8.4 m3/s. In August 2016, total 

precipitation decreases and discharge increases, having a greater response than it did in 2015 at 

9.5 m3/s. Total precipitation in August 2017 decreases significantly, and discharge decreases, 

resulting in the lowest value in August at 4.9 m3/s. In August 2018, total precipitation increases 

compared to 2017, and the discharge response is also higher. Mean turbidity in August follows 

the same trend as discharge as the response in discharge is matched by a similar response in 

turbidity (Table 2). As discharge marginally increases from 2011 to 2012, turbidity also 

increases. Similarly, as discharge increases from 2015 to 2016, regardless of the decrease in total 

precipitation, turbidity increases. However, while discharge is lowest in August 2017, the lowest 

turbidity response is in August 2011 at 0.05 NTU. In addition, the highest discharge in 2013 also 

has the highest turbidity response at 10.8 NTU.  

 

Table 2. Mean discharge (m3/s), mean turbidity (NTU), and total precipitation (mm) in August at 
Elbow River between Highway 22 and Twin Bridges from 2011-2018. Mean discharge and 
turbidity is not available for August 2014. 

 
 

Year  Mean Discharge (m3/s) Mean Turbidity (NTU) Total Precipitation (mm) 
2011 8.9 0.05 50.5 
2012 9.7 0.08 73.2 
2013 13.9 10.8 46.0 
2014 N/A N/A 91.6 
2015 8.4 2.5 125.6 
2016 9.5 4.0 95.2 
2017 4.9 0.1 13.2 
2018 5.7 1.2 52.6 



 32 

 
Figure 7. Plot indicating mean discharge (m3/s) (red), mean turbidity (NTU) (grey), and total 
precipitation (mm) (orange) for August from 2011 to 2018 for the middle reach (Highway 22 to 
Twin Bridges) of the Elbow River, Alberta Canada. Mean discharge and turbidity is not available 
for August 2014.  
 

b. September  

The total daily precipitation for September was calculated and plotted alongside the 

monthly averages for discharge and turbidity shown in Figure 8. In reference to the 1981-2010 

Canadian Climate Normals station data for Elbow Ranger Station, precipitation normals for 

September are 66.3 mm (Environment Canada, 2019).  The range in total precipitation for 

September from 2011 to 2018 is 83.2 mm. September 2015 generated the highest total 

precipitation at 108.7 mm (Table 3). The same year generated the highest discharge response, 

12.5 m3/s. The driest year was 2012 at 25.5 mm. However, similar values occurred in 2011 and 

2017 at 28.9 mm and 30.3 mm, respectively. Again, mean discharge responds to changes to 
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precipitation. The decrease in total precipitation from September 2011 to 2012, is matched with a 

decrease in mean discharge. Total precipitation increases in September 2013 to 82.7 mm, and 

discharge also increases significantly to 10.9 m3/s. From 2015 to 2017, total precipitation 

steadily decreases and so does mean discharge. Total precipitation then increases in 2018 and 

mean discharge also marginally increases. Mean turbidity is generally low in September. Mean 

turbidity is lowest in September 2012, similar to the lowest total precipitation while the lowest 

discharge was in 2017. Highest mean turbidity was in September 2013 at 5.7 NTU.  However, in 

2014, turbidity is low at 1.7 NTU, while total precipitation and mean discharge are the highest.  

 

Table 3. Mean discharge (m3/s), mean turbidity (NTU), and total precipitation (mm) in 
September at Elbow River between Highway 22 and Twin Bridges from 2011-2018. 

 

Year  Mean Discharge (m3/s) Mean Turbidity (NTU) Total Precipitation (mm) 
2011 7.3 0.1 28.9 
2012 6.6 0.04 25.5 
2013 10.9 5.7 82.7 
2014 12.5 1.7 108.7 
2015 8.4 1.9 76.5 
2016 6.2 1.5 54.2 
2017 4.2 0.4 30.3 
2018 4.9 1.5 53.2 
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Figure 8. Plot indicating mean discharge (m3/s) (red), mean turbidity (NTU) (grey), and total 
precipitation (mm) (orange) in September from 2011 to 2018 for the middle reach (Highway 22 
to Twin Bridges) of the Elbow River, Alberta Canada.  
 

c. October  
 

The total daily precipitation for October was calculated and plotted alongside the monthly 

averages for discharge and turbidity shown in Figure 9. Mean discharge and turbidity data for 

October 2011 and 2013 were not available, and therefore not included in this analysis. In 

reference to the 1981-2010 Canadian Climate Normals station data for Elbow Ranger Station, 

precipitation normals for October are 41.4 mm (Environment Canada, 2019).  The range in total 

precipitation for October from 2011 to 2018 is 28.8 mm (Table 4). The range in total 

precipitation for October is small in comparison to August and September. October 2018 was the 

wettest and generated 60.5 mm of precipitation and the driest year was 2014 at 31.7 mm. 
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October 2014 generated the highest discharge at 8.5 m3/s and lowest discharge occurred in 

October 2017 at 4.1 m3/s. Discharge follows a decreasing trend regardless of changes in total 

precipitation from 2014 to 2016. Mean turbidity is generally low in October and varies 

regardless of trends in mean discharge and total precipitation. October 2012 had the lowest 

turbidity at 0.05 NTU and highest turbidity was in October 2016 at 1.1 NTU.  

 
Table 4. Mean discharge (m3/s), mean turbidity (NTU), and total precipitation (mm) in October 
at Elbow River between Highway 22 and Twin Bridges from 2011-2018. Mean discharge and 
turbidity is not available for October 2011 and 2013.  

 
 
 

Year  Mean Discharge (m3/s) Mean Turbidity (NTU) Total Precipitation (mm) 
2011 N/A N/A 59.6 
2012 6.1 0.05 46.2 
2013 N/A N/A 48.8 
2014 8.5 0.3 31.7 
2015 7.9 0.8 32.1 
2016 5.9 1.1 44.5 
2017 4.1 0.6 41.1 
2018 5.3 0.9 60.5 
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Figure 9. Plot indicating mean discharge (m3/s) (red), mean turbidity (NTU) (grey), and total 
precipitation (mm) (orange) in October from 2011 to 2018 for the middle reach (Highway 22 to 
Twin Bridges) of the Elbow River, Alberta Canada. Mean discharge and turbidity is not available 
for October 2011 and 2013.  
 
 
Maximum Discharge Events vs Maximum Turbidity Events  
 
 A total of 17 maximum turbidity and discharge events were identified from Figures 5 and 

6. The date and magnitude of each event was recorded (Table 5) and plotted in Figure 10. 

Maximum discharge generally ranged from 7 m3/s to 19 m3/s and maximum turbidity from ~1 

NTU to 37 NTU. Figure 7 shows that there is a generally strong correlation between maximum 

turbidity and maximum discharge event magnitudes. Almost all maximum events occur in 

August and September, with the lowest value occurring in October. However, the dates of 

maximum turbidity and date of maximum discharge events do not always occur on the same day 

or in the same year (Table 5). Most maximum discharge events occurred in 2015, then 2013, 
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2014, 2016, and 2018 while most turbidity events occurred in 2013, then 2014, 2016, and 2018. 

The maximum turbidity events ranked 9 to 17 are generally low and constant, ranging from 1 

NTU – 3 NTU. As discharge begins to exceed ~12 m3/s for events ranked 1 to 9 the response for 

maximum turbidity events increases strongly.   

 

Table 5. Ranked maximum turbidity events and peak discharge events throughout the study 
period and their respective date of occurrence. 

 

Rank Date of Event Turbidity (NTU) Date of Event  Discharge (m3/s) 
1 08-Aug-16 37.2 07-Aug-13 19.1 

2 21-Aug-13 25.9 03-Aug-13 16.9 

3 16-Aug-13 24.0 17-Sep-14 15.5 

4 07-Sep-13 19.7 07-Sep-13 15.4 

5 22-Aug-15 11.4 03-Sep-14 13.8 

6 02-Sep-16 8.4 09-Aug-16 13.5 

7 16-Sep-14 5.8 03-Aug-12 13.3 

8 03-Aug-16 4.5 22-Aug-15 13.3 

9 01-Aug-16 3.8 18-Sep-13 12.2 

10 04-Sep-14 3.5 05-Aug-15 12.0 

11 12-Sep-14 3.5 24-Aug-14 10.3 

12 28-Aug-13 3.5 06-Sep-15 10.2 

13 15-Sep-15 3.2 15-Sep-15 9.9 

14 02-Sep-18 2.4 12-Oct-15 9.6 

15 02-Aug-18 2.2 15-Aug-15 9.5 

16 22-Sep-18 1.9 02-Sep-18 7.6 

17 03-Oct-15 1.4 12-Sep-16 7.5 
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Figure 10. Peak daily average discharge events plotted against the peak daily average turbidity 
events throughout the study period (2011 to 2018).  
 

Turbidity – Discharge Hysteresis  
 

i. Event-based Hysteresis  

A total of 27 high magnitude precipitation events were chosen from August to October of 

2011 to 2018 and the magnitude of turbidity (y-axis) were plotted against discharge (x-axis) 

(Appendix A). The events lasted 24 hours, and turbidity and discharge were recorded every 15 

minutes. The magnitude of precipitation events ranged from 0.2 mm to 34.2 mm. The hysteretic 

relationships varied over the course of the study. Event-based hysteresis in 2011 shows neither 

circular or linear shape, and no hysteresis. August 2012 developed a slight clockwise 

relationship; however, the turbidity range was low, ranging from 0 to 2 NTU. In addition, events 

in both September and October 2012 showed no hysteresis. Event-based hysteresis throughout 

2013, again, shows no distinct circular or linear shape and no signs of a hysteretic relationship 
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(Refer to Appendix A- Figure A7, A8, A9). On September 10, 2014, a precipitation event of 34.2 

mm occurred, and the event-based hysteresis plot exhibited a counter-clockwise relationship 

(Refer to Appendix A- Figure A10). However, in October, there was no hysteresis. In August 

and September of 2015, event-based hysteresis plots show a developing counter-clockwise 

relationship. However, again, there was no hysteresis in October. In August 2016, a weak 

counter-clockwise relationship develops following a 25.2 mm precipitation event. On September 

12, 2016, following a precipitation event, the relationship is a weak clockwise hysteresis. 

However, October 2016 showed no hysteresis. In 2017, a weak counter-clockwise relationship 

develops in September, while there is no hysteresis in October (Refer to Appendix A – Figure 

A12 and Figure A13). This occurs again in 2018, where a weak counter-clockwise hysteresis is 

displayed in September and no hysteresis in October.  

 

ii. Pre- and Post-2013 Flood Hysteresis  

Multi-year hysteresis was analyzed using three plots that demonstrated the hysteretic 

response before the flood (2011 to 2012), immediately after the flood (2013 to 2015), and years 

after the flood (2016 to 2018). Daily average discharge was plotted against daily turbidity from 

August to October of 2011 and 2012 (Figure 11) Sediment transport exhibited two weak 

clockwise hysteresis loops in September 2011 and September 2012. The range in turbidity is 

very low from 0 to 0.9 NTU. Immediately after the flood, from 2013 to 2015, sediment transport 

exhibited three hysteresis loops (Figure 12). August 2013 demonstrated a counter-clockwise 

hysteresis, followed by a weak clock-wise hysteresis in both September 2013 and in September 

2014. After the flood, from 2016 to 2018, sediment transport exhibited two hysteresis loops 
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(Figure 13). August 2016 demonstrated a strong clock-wise hysteresis, and then transitions to a 

weak counter-clockwise hysteresis in September 2016.  
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Figure 11. Turbidity – Discharge hysteresis before the flood of the 2013, from August 2011 to 
October 2012. Arrows show the direction of the hysteresis loop. Hysteresis loops are labeled with the 
time of year of occurrence.   
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Figure 12. Turbidity – Discharge hysteresis immediately after the flood of the 2013, from August 2013 to 
October 2015. Arrows show the direction of the hysteresis loop. Hysteresis loops are labeled with the time 
of year of occurrence.   

Figure 13. Turbidity – Discharge hysteresis years after the flood of the 2013, from August 2016 to October 
2018. Arrows show the direction of the hysteresis loop. Hysteresis loops are labeled with the time of year of 
occurrence.  
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Discussion  
 
Influence of Discharge and Precipitation on Sediment Dynamics  
 

The hydrological characteristics of the Elbow River are complex and respond to various 

factors. Sediment dynamics, specifically, can be affected by water flow, water level, weather 

events, and human influence. In addition, it is important to identify the influence of factors such 

as precipitation levels and discharge as important elements of sediment transport. Figure 4 

demonstrates the variability in precipitation throughout the study period in the Elbow River. 

However, precipitation amount is an important control on water level and discharge dynamics 

and can also account for variations in turbidity (Chen and Chang, 2019). This relationship is 

demonstrated in Figure 5 as years with low total precipitation such as 2011, 2012, and 2017 

exhibited generally low discharge values. Years with high total precipitation, such as 2013, 2014, 

2015, and 2016 are years with the highest responses in discharge. The correlation between 

discharge and precipitation is a possible result of surface runoff from precipitation plus the 

baseflow from groundwater (Higashino and Stefa, 2019).  

 

The discharge responses in Figure 5 then translate to the turbidity responses in Figure 6. 

The years of generally low discharge, 2011, 2012, 2017, and 2018 also have very low turbidity 

values. Similarly, high discharge in years such as 2013, 2014, 2015, 2016 are reflected by 

generally high turbidity values.  Precipitation processes have a control on discharge and thus 

affect the variation of sediment load indirectly (Liu et al., 2019). In addition, the periods of high 

turbidity correlate to the wet season because surface runoff transports sediments from the soil to 

the river, and water flow is generally higher and more turbulent, which restricts the settlement of 

particles on the riverbed (Goransson et al., 2013).  
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To further understand the relationship between precipitation, discharge, and turbidity, 

Figures 7, 8, and 9 exhibits the variability within a season (August to October). The high total 

precipitation in the month of August and September compared to October correlates to the high 

peak discharge activity in August and September shown in Figure 5. However, the discharge and 

turbidity in August 2013 demonstrate that the relationship with precipitation, discharge, and 

turbidity, is not straightforward (Table 2). Total precipitation in August 2013 is generally low 

while the discharge and turbidity are the highest among the years under analysis. Following the 

flood of 2013, high discharge in 2013 points to wet antecedent conditions driving high discharge, 

regardless of low total precipitation (Ivancic and Shaw, 2015). In addition, the high turbidity is a 

result of the temporal and spatial variations in particle availability following the flood 

(Lefrancois et al., 2007). Particle availability correlates to the mobilization of sediment following 

the flood (Aguilera and Melack, 2018). As discharges increases, the stream transport capacity 

increases, and this is shown in August and September 2013 where turbidity is generally high 

(Lefrancois et al., 2007). However, the particle availability decreases in years following the flood 

regardless of generally high discharge (Table 2 and 3). Particle availability in years following the 

flood demonstrates how the origins of suspended sediment evolves, where suspended sediment 

could come from deposited sediment and bank material from the channel (Lefrancois et al., 

2007).  

 

The trajectory of turbidity in August, September, and October, before and years after the 

flood, is generally low because of deposited sediment stock depletion and a lack of bank material 

supply (Lefrancois et al., 2007). In addition, recently deposited suspended sediment may be very 

loose and can be easily swept away by a small change in flow velocity (Bojen, 1980). This 
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demonstrates that the particle availability during the stages of a flood are high, whereas the stock 

of deposited sediment becomes exhausted in stages following an extreme hydrological event 

(Lefrancois et al., 2007).  

 

Morphological Adjustments to Sediment Supply  
 

Alluvial stream channels generally adjust the geometry of a river, such as its width, 

depth, and pattern to varying water and sediment discharges to maintain dynamic equilibrium of 

its own water and sediment load (Trent and Brown, 1984). The google satellite imagery, 

alongside the relationship between suspended sediment and discharge, demonstrates that the 

Elbow River is quite sensitive to variations in sediment supply. In Figure 3, geomorphic 

restructuring as a result of the flood is evident. The Elbow River Watershed is a dynamic 

landscape, as the river flows through mountainous environments in the headwaters, forestry, 

agricultural lands, residential areas, and urban environments. In forested and partially forested 

catchments, the impacts of a flood event are often exacerbated by the presence of large woody 

debris. The geomorphic effects of woody debris in rivers impact sediment routing and storage, 

channel dynamics and processes, and channel morphology (Montgomery et al., 2003). The 

geomorphic effects are a result of large stable wood acting as obstructions to flow and sediment 

transport (Montgomery et al., 2003). Sediment deposition because of wood can be significant 

and can cause variability in the storage and rate of transport.  

 

In addition, major storms in the headwaters of a river lead to high rates of sediment 

delivery to the channel and numerous small-scale sediment slugs (Figure 3) (Nicholas et al., 

1995). Furthermore, a reduction in bank stability corresponds to periods of increased sediment 
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supply to rivers and acts to reduce bank and slope resistance, resulting in high rates of erosion 

and sediment supply to the channel during major flood events (Nicholas et al., 1995). Bank 

erosion also contributes to morphological changes such as widening and restructuring of the 

channel pattern (Figure 3) (Tamminga et al., 2015). Widening of the channel as a result of a 

flood disturbance demonstrates the adjustment of the channel to accommodate the flood flow as 

well as dissipating the flow energy (Brooks and Lawrence, 2000). In addition, wood deposited 

into the channel influences width, causing localized erosion and channel widening (Montgomery 

et al., 2015). For the years after 2013, the long meanders begin to develop into more prominent 

meanders as the channel adjusted to river flows and sediment discharge.  

 

Another indication of channel adjustment and stabilization for years following the flood 

is the regrowth of vegetation surrounding the stream channel. Vegetation adds stability to the bed 

and banks, which decreases lateral mobility and migration rates (Gran et al., 2015). In addition, 

through root binding and inducing deposition of fine-grained sediment, vegetation is able to 

strengthen banks and increase the threshold shear stress level required for erosion (Gran et al., 

2015). While the channel dynamics depend on the strength of the vegetation, indication of early 

growth demonstrates the likelihood that the channel is re-establishing stability years after the 

initial flood event.  

 

Multi-year and Event-based Hysteresis   
 

i. Discharge Threshold  

The event-based hysteresis and multi-year hysteresis demonstrates a turbidity response 

around a threshold discharge of ~12 m3/s, when turbidity begins to increase strongly (Lawler et 
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al., 2006). In Figure 10, discharge increases from ~7 to ~12 m3/s while turbidity remains 

stagnant. A significant increase in peak turbidity events takes place as discharge exceeds 12 m3/s. 

The discharge threshold is also evident in the SSC-discharge hysteresis. The event-based 

hysteresis models are variable throughout 2011 to 2018. However, when discharge exceeds ~12 

m3/s, there is a more identifiable hysteresis relationship (Refer to Appendix A – Figures A4 and 

A10). The multi-year hysteresis demonstrates a similar relationship, as there is a prominent 

difference between strong and weak hysteresis when discharge exceeds ~12 m3/s. Therefore, 

there is a more rapid turbidity response in which suspended sediment mobilizes when discharge 

exceeds ~12 m3/s.  

 

ii. Event-Based Hysteresis  

The event-based hysteresis models exhibited variable responses between suspended-

sediment and discharge. No evidence of hysteresis prior to the flood of 2013 is indicative of 

variable sediment sources and availability. During hydrological events prior to 2013, sediment 

availability may have originated from deposited sediment in the channel or readily available 

bank material. However, on August 24, 2012, a precipitation event of 33.9 mm produced a weak 

clockwise hysteresis loop (Refer to Appendix A – Figure A4). While turbidity was generally 

low, the discharge was generally high, between 10 m3/s and 12 m3/s. The high discharge was 

able to drive a clockwise hysteresis, demonstrating that concentrations of suspended sediment 

arrived before the discharge peak. Turbidity peaked because of the removal of sediment 

deposited in the channel and then decreased in availability during the event (Lefrancois et al., 

2007).   
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Event-based hysteresis throughout 2013 exhibited no hysteresis. However, both discharge 

and turbidity were high, even in the absence of a high magnitude precipitation event (Refer to 

Appendix A - Figure A7) (Jalon-Rojas et al., 2015). The absence of SSC-discharge hysteresis 

demonstrates the variability in sediment availability, as well as geomorphic restructuring as a 

result of the 2013 flood. Evidence of widespread sediment slugs suggest large inputs or the 

redistribution of sediment, which can alter and restructure the fluvial landscape (Figure 3) (Major 

et al., 2019). In addition, the Elbow River is especially vulnerable to morphological change due 

to the sensitivity and low stability of braided rivers (Shen et al., 1979). Therefore, sediment 

availability immediately after the flood may have originated from multiple sources as water flow 

flushes the system, such as widespread bank erosion, upstream sources, and recently deposited 

suspended sediment within the channel.  

 

The variability in sediment availability and transport, as well as signs of geomorphic 

restructuring and stabilization, is evident for the years following 2013. In 2014, a precipitation 

event of 34.2 mm produced a counter-clockwise hysteresis loop (Refer to Appendix A – Figure 

A10). Discharge was generally high, ranging from ~12 m3/s to ~13 m3/s. The counter-clockwise 

relationship indicates that the SSC peak arrived after the discharge peak (Lefrancois et al., 2007). 

In this case, sediment has arrived from the upstream channel or processes with slow dynamics, 

such as bank collapse caused by sufficiently saturated bank material (Lefrancois et al., 2007). 

However, following a precipitation event in October 2014, the SSC-discharge relationship 

exhibited no hysteresis. This may be the result of generally low discharge that failed to drive a 

sufficient turbidity response. In addition, as the river adjusts to stable conditions following the 

flood event in 2013, sediment availability is variable, as shown in 2013. Event-based hysteresis 
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in 2015 exhibited a strong counter-clockwise relationship in August and a weak counter-

clockwise relationship in September (Refer to Appendix A – Figures A12 and A13).  The strong 

counter-clockwise hysteresis on August 15, 2015 (Precipitation total= 22.7 mm) resulted from 

high discharge, ranging between ~9 m3/s and ~14 m3/s, which mobilized sediment from a distant 

source. Similarly, a precipitation event on September 05, 2015 (23.2 mm) generated ~7 m3/s to 

~11 m3/s, and again, mobilized sediment. The discharge threshold is seen again on October 02, 

2015 where the SSC-Discharge relationship exhibits no hysteresis because of the generally low 

discharge and turbidity, compared to events in both August and September. Event-based 

hysteresis in 2016, much like previous years, shows variable responses in the relationship 

between SSC and discharge. A weak counter-clockwise hysteresis develops following a 

precipitation event (25.2 mm) on August 02nd, while no hysteresis occurs on August 14th and 

October 09th. A weak clockwise hysteresis on September 12th develops following a precipitation 

event on September 11th, producing 30.0 mm. The range in turbidity is generally low and 

discharge is below the threshold. The variability in sediment availability and transport 

demonstrates the process of geomorphic restructuring in an effort to establish stability and 

equilibrium (Trent and Brown, 1984).  This trend continues further into 2017 and 2018. Event-

based hysteresis in both 2017 and 2018 demonstrate variable hysteretic relationships, including 

no hysteresis, weak counter-clockwise hysteresis, and weak clockwise hysteresis.  

 

Many precipitation events were recorded throughout the study period; however, low 

discharge is unable to drive a strong hysteresis relationship. In addition, following the 2013 

flood, geomorphic restructuring of the channel caused variability in sediment sources. In efforts 

to readjust and respond to the disturbance, suspended sediment concentrations in the Elbow 
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River are likely dominated by the erodibility of the landscape as flow saturates the bank material 

and deposits it into the channel for transport downstream (Mueller and Pitlick, 2013).  

 

iii. Multi-year Hysteresis  

Pre-flood hysteresis, 2011 to 2012, exhibited two clockwise hysteresis loops (Figure 11). 

The discharge threshold plays a significant role in the interpretation of pre-flood conditions. 

While there is a clockwise relationship, the discharge is generally low and mobilizes very little 

suspended sediment. In this case, the clockwise relationship indicates that the SSC peak arrived 

before the discharge peak, and so the particles are available from the removal of sediment 

deposited in the channel (Zeigler et al., 2014). Immediately after the flood in 2013, from August 

2013 to October 2015, three hysteresis loops were identified (Figure 12). In August of 2013, a 

counter-clockwise hysteresis demonstrates that SSC peaks later than the discharge peak (Zeigler 

et al., 2014). This relationship reveals the arrival of more distant particles from hillslope soil 

erosion from the upstream channel (Jalon-Rojas et al., 2015). In consideration of the flood, 

geomorphic restructuring was widespread and bank collapse as a result of sufficiently saturated 

bank material was able to drive abundant sediment availability upstream of the channel (Jalon-

Rojas et al., 2015). Following this, in September 2013 and September 2014 the clockwise 

relationship indicates the abundance of sediment deposited in the channel that is mobilized when 

discharge exceeds ~12 m3/s. The absence of hysteresis in other months is explained by the 

discharge threshold, in which sediment mobility is low when discharge is low (Long and 

Pavelsky, 2013). Last, years after the flood, from 2016 to 2018, two hysteresis loops were 

identified (Figure 13). In August 2016, a strong clockwise hysteresis loop reveals that after the 

flood, the majority of transported sediment originated from the sediment deposited in the channel 



 50 

(Zeigler et al., 2014). This is followed by a weak counter-clockwise hysteresis loop in September 

2016 demonstrating, again, the effect of the discharge threshold mobilizing very little sediment 

compared to higher rates of flow.  

 

Throughout the multi-year hysteresis relationships, the results exhibited clockwise, 

counter-clockwise loops, multiple hysteresis loops, and no hysteresis. The processes occurring 

throughout the catchment that contribute to sediment availability and transport are numerous and 

occurring across several spatial-temporal scales. However, the 2013 flood mobilized abundant 

sediment from upstream sources, causing widespread bank and channel erosion, mass wasting, 

and in-channel construction. While years after the flood, hysteresis and satellite imagery indicate 

the effects of channel restructuring through generally low turbidity, declines in sediment 

recharge, and channel stabilization.  
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Study Limitations  
 
  A limitation throughout the process of this study was the lack of hydrological data at the 

Highway 22 station and Twin Bridges station along the Elbow River. In order to compensate for 

the absence of discharge data, data was acquired from the Ministry of Environment and Climate 

Change Canada for stations upstream and downstream of Highway 22 and Twin Bridges. The 

spatial variations in hydrological data highlight the need for continuous monitoring at additional 

stations, since discharge and turbidity vary from site to site. Furthermore, sonde data was 

collected at two different times by moving the sonde from Highway 22 to Twin Bridges. While 

this presents a ‘before and after’ picture of the river, continuous monitoring throughout the year 

would provide the means to calculate the sediment budget within this reach at different time 

scales. The Elbow River underwent widespread geomorphic and hydrological change as a result 

of the 2013 flood. In addition, the Elbow River is a major source of drinking water for the City 

of Calgary. The importance of flood risk management prompted the proposal to mitigate future 

flood damage by diverting floodwater from the Elbow River to a new Springbank Off-Channel 

Reservoir (Perry et al., 2018). While the Springbank Off-Channel Reservoir is imperative for risk 

management and future unprecedented floods, investments into continuously operating 

hydrological monitoring stations would contribute to further research analyses of the Elbow 

River. This study shows that the Elbow River is sensitive to change and continuous monitoring 

along the river serves to track changes to the hydrological regime, geomorphology, and the 

ecological environment across various spatial and temporal scales. Research regarding the fluvial 

geomorphology and hydrology for a prominent river in an urbanized area, such as the Elbow 

River, is crucial for the City of Calgary, policy makers, and Indigenous communities who rely on 

the Elbow River Watershed.  
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Summary  
 
Results from this analysis contribute to background knowledge that policy-makers can utilize to 

inform flood risk management. The primary results are as follows: 

 
 
(1) From June 19 to June 23 of 2013, heavy rainfall combined with rapidly melting snowpack in 

the front range of the Canadian Rocky Mountains resulted in widespread flooding in multiple 

watersheds, including the Elbow River Watershed.  

 (2) Google Satellite Imagery revealed that the mid-reach of the Elbow River is quite sensitive to 

variations in sediment supply and underwent widespread morphological change to the channel. 

The imagery shows sediment slugs as a result of high rates of sediment delivery to the channel 

from upstream sources. This resulted in channel restructuring immediately after the flood and 

eventual stabilization observed years after the flood.  

(3) Analysis of the relationship between precipitation, discharge, and turbidity, demonstrated that 

suspended sediment dynamics are not limited to precipitation and discharge. The weak 

correlation between precipitation and turbidity revealed that extreme hydrological events, river 

geomorphology, and land characteristics are additional controls on sediment availability, 

mobilization, transport, and deposition.  

(3) An analysis of peak discharge events, peak turbidity events, and event-based hysteresis 

revealed a discharge threshold of ~12m3/s. At this threshold, turbidity begins to increase 

strongly.  

(6) Prior to 2013, hysteresis exhibited very little sediment mobilization. Immediately after the 

flood, suspended sediment and discharge were generally high and variable, and hysteresis 

revealed that the sources of suspended sediment were likely from the upstream channel and from 
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slow dynamics such as bank erosion caused by saturated bank material. Years after the flood, 

suspended sediment and discharge were generally low, again, and hysteresis revealed that the 

majority of transported sediment originates from the sediment deposited in the channel. 

(7) Limitations were a result of limited hydrological data. To aid future research and serve the 

best interests of the City of Calgary, investments into additional continuous monitoring stations 

along the Elbow River is imperative to understand future geomorphic, hydrological, and 

ecological change, as well as an informative measure to address flood risk management.  
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Appendix A – Event-based Hysteresis Plots from 2011 to 2018 
 

 
Figure 14. Event-based hysteresis plot for a precipitation event on August 31, 2011. 
Precipitation = 25.5 mm. 

  

 
Figure 15. Event-based hysteresis plot for a precipitation event on September 01, 2011. 
Precipitation = 0.40 mm.  
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Figure A3. Event-based hysteresis plot for a precipitation event on September 02, 2011. 
Precipitation = 9.90 mm.  
 

 
Figure A4. Event-based hysteresis plot for a precipitation event on August 24, 2012. 
Precipitation = 33.9 mm.  
 

 
 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

8.15 8.2 8.25 8.3 8.35 8.4 8.45 8.5 8.55 8.6 8.65

Tu
rb

id
ity

 (N
TU

)

Discharge (m3/s) 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

0 2 4 6 8 10 12 14

Tu
rb

id
ity

 (N
TU

)

Discharge (m3/s)



 60 

 
Figure 16. Event-based hysteresis plot for a precipitation event on September 05, 2012. 
Precipitation = 2.30 mm.  
 

 
Figure 17. Event-based hysteresis plot for a precipitation event on October 11, 2012. 
Precipitation = 0.2 mm. Precipitation on October 10th = 5.8mm.  
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Figure 18. Event-based hysteresis plot for a precipitation event on August 21, 2013. 
Precipitation = 0 mm.  
 
 

 
Figure 19. Event-based hysteresis plot for a precipitation event on August 26, 2013. 
Precipitation = 0.70 mm.  
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Figure 20. Event-based hysteresis plot for a precipitation event on September 07, 2013. 
Precipitation = 21.60 mm.  
 

 
Figure A10. Event-based hysteresis plot for a precipitation event on September 10, 2014. 
Precipitation = 34.20 mm.  
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Figure A11. Event-based hysteresis plot for a precipitation event on October 14, 2014. 
Precipitation = 4.50 mm.  
 
 

 
Figure A12. Event-based hysteresis plot for a precipitation event on August 15, 2015. 
Precipitation = 22.70 mm.  
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Figure 21. Event-based hysteresis plot for a precipitation event on September 05, 2015. 
Precipitation = 23.20 mm.  
 

 

 
Figure A14. Event-based hysteresis plot for a precipitation event on October 02, 2015. 
Precipitation = 21.80 mm.  
 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

0 2 4 6 8 10 12 14

Tu
rb

id
ity

 (N
TU

)

Discharge (m3/s)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

6.95 7 7.05 7.1 7.15 7.2 7.25 7.3 7.35 7.4

Tu
rb

id
ity

 (N
TU

)

Discharge (m3/s) 



 65 

 

 
Figure A15. Event-based hysteresis plot for a precipitation event on August 02, 2016. 
Precipitation = 25.20 mm.  
 

 

 
Figure A16. Event-based hysteresis plot for a precipitation event on August 14, 2016. 
Precipitation = 13.60 mm.  
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Figure A17. Event-based hysteresis plot for a precipitation event on September 12, 2016. 
Precipitation = 0.90 mm. 

 

 
Figure A18. Event-based hysteresis plot for a precipitation event on October 09, 2016. 
Precipitation = 10.10 mm.  
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Figure A19. Event-based hysteresis plot for a precipitation event on October 28, 2016. 
Precipitation = 14.60 mm.  
 

 

 
Figure A20. Event-based hysteresis plot for a precipitation event on August 01, 2017. 
Precipitation = 1.90 mm.  
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Figure A21. Event-based hysteresis plot for a precipitation event on September 13, 2017. 
Precipitation = 3.40 mm.  
 

 

 
Figure A22. Event-based hysteresis plot for a precipitation event on October 12, 2017. 
Precipitation = 9.80 mm.  
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Figure A23. Event-based hysteresis plot for a precipitation event on August 08, 2018. 
Precipitation = 9.90 mm.  
 
 

 
Figure A24. Event-based hysteresis plot for a precipitation event on September 21, 2018. 
Precipitation = 2.20 mm.  
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Figure A25. Event-based hysteresis plot for a precipitation event on October 13, 2018. 
Precipitation = 6.10 mm.  
 

 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

5.15 5.2 5.25 5.3 5.35 5.4 5.45 5.5 5.55 5.6

Tu
rb

id
ity

 (N
TU

)

Discharge (m3/s)


