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Abstract 

Global trends of increasing urbanization have led many researchers to attempt to quantify the 

resulting impacts on channel morphology and on the ecological health of urban channels. Overall, 

there has been a lack of research on the effectiveness of stormwater management facilities in reducing 

the potential for bedload sediment transport within the channel. This study aimed to characterize the 

impact of stormwater management facilities on bedload sediment transport potential within a 

particular urban stream. 

A field study was undertaken along Morningside Creek, a tributary of the Rouge River in Toronto, 

Ontario. A tracer study using 300 stones with radio frequency identification tags was undertaken over 

a two year period, tracking the positions of the stones after major storm events. A hydrologic model 

was then prepared for the catchment area, detailing the stormwater management features. 

A critical shear stress of 0.043 was determined for the threshold of particle mobilization, using a 

hiding factor to account for the increase in shear stress in the displacement of larger particles. The 

travel distances of the tagged particles were shown to follow a non-linear decreasing function with 

particle size. A variety of hydrometrics were measured based on the high resolution water level 

measurements taken within the creek. The cumulative excess shear stress was used as the basis for 

determining bedload sediment potential within the creek. A model of bedload sediment transport was 

developed by modifying the excess shear stress relationship first proposed by DeVries (2000). The 

hydrologic model was used to compare a variety of stormwater management scenarios to determine 

their effectiveness in reducing the potential for sediment transport within the creek. It was determined 

that the detention ponds in the Morningside Creek catchment provide a 33% reduction in bedload 

sediment transport potential. Analysis of the hydrologic model revealed that increases in 

imperviousness lead to a proportionate increase in bedload sediment transport. The hydrologic model 

also determined that for storms of a similar return period, longer storm durations generate larger 

bedload sediment transport potential. 
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Chapter 1 

Introduction 

Urbanization and land use changes have strong implications for the overall health and function of 

natural water courses. The growth of urban centres globally is leading to systematic changes in the 

natural environment, particularly impacting urban watercourses in what has been labelled by Meyer et 

al. (2005) as the ‘urban stream syndrome’ (Walsh et al., 2005). Symptoms include a flashier 

hydrograph, increased flooding and erosion, rapid geomorphic alteration and reduced biotic richness. 

Streams are dynamic systems that are subject to unsteady flows and sediment supply and are 

continuously changing in time. The relationship between channel flow and sediment transport in 

rivers has been a topic of research for many years with researchers seeking to understand the drivers 

causing the transport of sediment through fluvial systems (Lane, 1955; Schumm, 1969; Trimble, 

1997). Despite growing research efforts to quantify the impacts of urbanization on natural water 

courses, the urban stream syndrome remains a prevalent issue. 

Urbanization and increases in impervious land cover have been shown to alter the hydrologic regime 

and stream response, leading to greater peak flows (Hollis, 1975; MacRae, 1996) and storm runoff 

volumes (Bledsoe, 2002; Smith et al., 2013). Urban storm runoff creates flashier stream responses, 

resulting in rapid rising and falling water levels after storm events (Baker et al., 2008; Rosberg et al., 

2017). In urban areas, the increase in erosion potential is greatest in small frequent events (MacRae & 

Rowney, 1992), with an increase in frequency of channel forming flows (Annable et al., 2010). Many 

studies have identified accelerated fluvial processes in urban streams often related to the large 

changes in hydrology due to urbanization (Doyle et al., 2000). Bedload transport is a crucial 

processes that largely defines the morphology of a stream (Church, 2006). In urban environments, the 

rate of stream modification can be of particular importance because of potential impacts to 

infrastructure located near streams. Modern stormwater management strategies, specifically detention 

and storage type facilities, have developed in response to urbanization in order to protect urban 

streams. There have been many difficulties in developing effective best management practices that 

protect urban streams against the changes in hydrology due to urban intensification. The highly 

variable nature of precipitation events, high variance in temporal solution effectiveness, mixed with 

an ever changing climate has made it difficult to find robust solutions. Intrinsic to stormwater 

management at the catchment scale is the complexity of the cumulative downstream impacts of 

stormwater management (McGuen 1974; Goff & Gentry, 2006).  
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Despite the best of intentions, the implementation of detention type facilities can often lead to 

increases in downstream erosion potential (MacRae, 1996; Booth & Jackson, 1997; Bledsoe, 2002). 

Another problem is the increase in urbanization leads to degradation of vital ecological conditions 

necessary for many sensitive species to inhabit these once natural streams (Walsh et al., 2005). The 

stream bed, comprised of larger bedload particles in semi-alluvial and alluvial systems, is habitat for 

many species, providing breeding and feeding grounds. The rate of bed disturbance is an important 

factor in the species richness of a stream environment (Townsend et al., 1997). Despite growing 

recognition of the impacts of urbanization, there continues to be a lack of field based assessment 

measuring the downstream impacts of stormwater management on erosion and sediment transport in 

urbanized water courses.  

The aim of this research is to better understand the downstream impacts of stormwater management 

ponds on bedload sediment transport. The goal is to link hydrologic response with sediment 

movement in an urban stream at the individual storm event scale. Specific objectives include i) use 

field sediment tracking data to test available relations that link hydrologic response with sediment 

transport, ii) calibrate an event based hydrologic model to observed floods and iii) use the  hydrologic 

model to assess scenarios with different stormwater management strategies, urbanization level and 

storm return period. The hope is that this study will improve the techniques for mitigating negative 

impacts of the urban stream system 

This study looks at reach scale response to catchment wide alterations in land use and their impact on 

event scale hydrology and sediment transport. Whereas the majority of previous research has focused 

on larger temporal trends, the hypothesis of the current work is that a focus on the smaller scale will 

provide better resolution details of the driving forces behind bedload sediment transport and a better 

explanation of the channel instability that can result from urbanization. This work is part of a larger 

study seeking to understand urban hydrology and its impacts on bedload sediment transport and 

ecological stream health.  
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Chapter 2 

Literature Review 

2.1 Urban Rivers 

The growth of urban centers is not a new phenomenon.  From 1950 to 2014, the number of people 

living in urban areas increased by 24% and the urban population is projected to continue increasing 

(United Nations, 2015). With this shift toward further urbanization it is vital that we understand the 

impacts to streams and rivers caused by urban development. The impacts of urbanization on stream 

health has been a focus of research over past decades spanning across a variety of disciplines. The 

term “urban stream syndrome” was coined by Meyer et al. (2005) to describe the growing 

acknowledgment of the trend of ecological degradation in urban watercourses (Walsh et al., 2005). 

Chin (2006) took a global context approach and looked at the impacts that urbanization causes on 

river landscapes. The impacts of urbanization on river systems can be seen in four key areas: 

hydrology, geomorphology, water quality and stream ecology (Ladson et al., 2006). Figure 1 shows 

the complex relationship between these four areas. While motivated by the desire to minimize 

impacts on stream ecology, this study focuses specifically on the impacts of hydrology and 

geomorphology. 

 

Figure 1: Conceptual diagram of the relationship between hydrology, geomorphology, and 

ecology and their responses to changes in land use (Poff et al., 2006) 
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2.1.1 Hydromodification in Urban River Systems 

2.1.1.1 Imperviousness 

Seemingly the largest focus of all urban river studies is the hydrologic response to increases in 

impervious land cover. Total imperviousness is strongly correlated with channel degradation 

(Leopold, 1968; Booth & Jackson, 1997). From a hydrologic perspective, an increase in impervious 

area results in decreased infiltration, higher runoff and a reduction in the time it takes for runoff to 

reach the channel (Galster et al., 2008). Increases in impervious land cover have been linked to 

increased runoff (Leopold, 1968; Dunne & Leopold 1978; McCuen & Moglen, 1988), bed and bank 

erosion (Wolman, 1967; Booth, 1990), channel incision (Chin, 2006) and loss of biological diversity 

(Townsend et al., 1997). It has been reported that even low levels of impervious cover, 5-20%, can 

result in degraded stream channels (Bledsoe, 2002; Poff et al., 2006). There are indications that there 

may be a threshold level of imperviousness, approximately 15%, beyond which there is a significant 

increase in the effects of degradation (Moscrip & Montgomery, 1997). Other factors, such as the 

length of time which a watershed has been urbanized, may also influence the geomorphic state of the 

channel (Doyle et al., 2000). 

2.1.1.2 Storm Event Flows 

The impact of urbanization can be seen on the event scale, altering the channel’s response to a storm 

event. Urban streams tend to experience flashier peak flows, a faster rise and recession of flow due to 

storm runoff, as a result of a reduction in response time and increased total imperviousness (Leopold, 

1968; Walsh et al., 2005; Trudeau & Richardson, 2016). Urban streams tend to have greater peak 

flow values (Baker et al., 2008; Mcguen & Moglen, 1988; Konrad et al., 2005, Poff et al., 2006) as 

well as increased flow exceedance frequencies (Dunne & Leopold, 1978; Booth & Jackson, 1997; 

Annable et al., 2012).  

It has been shown that urbanization and increasing levels of imperviousness have a greater impact on 

the increase in peak flow of small, frequent events than in larger infrequent events (Booth, 1991; 

Konrad et al., 2005; Nehrke & Roesner, 2002). In smaller storms, the increase in peak flow is directly 

proportional to increased imperviousness (Nehrke & Roesner, 2002). Furthermore, the durations of 

frequent high flow events are shorter in higher levels of urbanization, indicating an increase in 

potential streambed disturbance (Konrad et al., 2005). 
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Annable et al. (2012) suggest that urban streams in comparison to rural streams show no increase in 

total annual discharge volumes; however, the annual cumulative volume in exceedance of bankfull 

stage increases in urban streams (Figure 2). This tends to agree with the concept of exceedance of 

mean annual streamflow, Qmean, where a study by Konrad et al. (2005) showed that urban streams 

exceed Qmean on less days than their rural counterparts. In general, research agrees that urbanization 

increases storm runoff volume, resulting in larger peaks, decreased response time, greater volumes 

conveyed above bankfull and greater frequency of sediment-transporting flows (Booth & Jackson, 

1997). 

 

Figure 2: Conceptual hydrograph showing the distinction between ‘event volume’ and ‘event 

volume only exceeding bankfull’.  Although the cumulative Ve is the same between urban and 

rural streams, the cumulative Vbf is larger in urban streams. From Annable et al. (2012). 

Many studies have recognized the positive trend between peak flow and erosive potential. However, 

analysis of the entire hydrograph provides a more complete understanding of the impacts of 

urbanization on streamflow.  Recent studies by Trudeau and Richardson (2015, 2016) focus on the 

rising limb of the hydrograph and the rate at which flow accelerates toward a peak value.  In an urban 

environment, the event flow acceleration of the rising limb during a storm event is greater than in 

rural systems as shown in Figure 3 (Trudeau & Richardson, 2016). This serves as evidence to the 

flashier peak flows seen after urbanization (Mcguen & Moglen, 1988, Leopold 1968). The studies by 

Trudeau and Richardson (2015, 2016) do not quantify the level of stormwater management present on 

the catchments studied, which could create great variance in how the hydrograph responds to runoff 

in an urban setting (McCuen & Moglen 1988). 



 

 6 

 

Figure 3: A) Increasing trend of mean event acceleration and percent urban land use. B) The 

probability distributions of mean event accelerations for varying levels of urban cover 

(Trudeau & Richardson, 2016). 

Rosburg et al. (2017) use the Richards-Baker (RB) flashiness index (Baker et al., 2004) to describe 

the rapid rise and fall of stream discharge over time experienced in urban rivers.  

�� = 	∑ 	|��		��
�|��
�∑ ����
� 	   (1) 

The findings suggest an increase in flashiness with urbanization in all four urban watersheds studied 

similar to other studies (Annable et al., 2012). The study uses daily flow data, which while providing 

a reliable measure of stream flashiness (Baker et al., 2004), does not provide details on the rising and 

falling limbs of the storm hydrograph. Rosburg et al. (2017) discuss the likelihood of increased 

flashiness being tied to the introduction of stormwater conveyance systems. It is unclear as to what 

extent stormwater management techniques had been introduced in the catchments studied. 

Stormwater detention facilities can have a large impact on the reduction of flashiness (Booth & 

Jackson, 1997). However, the cumulative impacts of multiple detention facilities can actually create 

flooding problems, as peak flows can increase downstream (McCuen, 1974). Goff and Gentry (2006) 

concluded that a fully developed watershed with detention storage throughout will still experience 

greater than pre-development flows at certain points within the main channel. There is a lack of 

research that imposes field measurements downstream of detention facilities to measure cumulative 

impacts on channel response.  

2.1.2 Morphological Adjustment  

Lane (1955) first modelled the ability of a river to maintain equilibrium or geomorphic stability with 

the introduction of the following equation: 



 

 7 

��	 ∝ 	�����	    (2) 

where Q is discharge, S is channel slope, Qs is the sediment flux, and D50 is the median sediment 

diameter of the bed material. The equation qualitatively shows that a perturbation in any of the four 

parameters will cause a shift or response in the others (Figure 4), and that an alluvial channel will 

stabilize if the streamflow conditions remain consistent for a long time (Lane, 1955; Konrad et al., 

2005). The balance of these conditions is linked to the stability of the channel (Church, 2006). 

 

Figure 4: Lane’s relationship (1955) presented visually by Rosgen (1996). 

 

In response to increases in urbanization, studies have shown that creeks will undergo a series of 

morphological adjustments. Typically, increases in peak flow and storm flow volumes result in wider 

and deeper channels (Dunne & Leopold, 1978; Booth, 1990; Galster et al., 2008). A river’s 

morphology will also respond to changes in sediment supply. During the development phase of an 

urban area, construction can cause large increases in sediment production, as much as 80% of the 

basin’s yield (Chin, 2006; Fusillo et al., 1977). After development has ceased, there is a decrease of 

sediment supply from the urbanized watershed due to the hardening of surfaces from land use 

changes, resulting in an increase of the amount of sediment eroded from the bed and banks of the 

channel (Doyle et al., 2000; Nelson & Booth 2002; Trimble, 1997; Poff et al., 2006). Additional 

factors, such as detention ponds, can act as sediment sinks in a watershed further reducing the 

sediment supply (Poff et al., 2006). A low sediment supply can lead to coarsening of the channel bed, 

potentially generating areas of immobile sediment (Yager & Schott, 2013).  

Much research has been done in the area of determining the most geomorphologically significant 

flow in a river system, also referred to as the effective discharge. The effective discharge can be 
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defined as the flow rate at which the most work is done in defining the hydraulic geometry of the 

channel (Leopold et al., 1964). Thus, the identification of bankfull flow became synonymous with 

effective discharge (Leopold et al., 1964). However, Leopold’s work was developed in non-urban 

channels. A shift in the effective work curve may come as a result of urbanization as well as an 

increase in sediment transport potential for moderate flow events (MacRae & Rowney, 1992) creating 

debate as to whether the greatest effective work occurs at bankfull or mid-bank flows (MacRae, 

1992). In urban environments, the frequency of midbankfull to bankfull events increases (MacRae, 

1997; Annable et al., 2010) and are possibly the most geomorphically significant flows, leading to 

even greater rates of erosion (MacRae, 1992). This could be a consequence of the incised nature of 

most urban streams (Chuch, 2006) or in the difficulty of identifying what the bankfull stage is for a 

channel (Annable et al., 2010). In the development of this conclusion, MacRae (1997) looked at a 

stream with cohesive bed materials. The application of this understanding to alluvial channels with 

much larger particle sizes has yet to be studied.  

2.1.3 Quasi-equilibrium 

Leopold et al. (1964) proposed the idea that urban rivers can achieve a state of quasi-equilibrium after 

active development in the area has ceased. While studies show that channels can return to a 

theoretical state of quasi-equilibrium after urbanization (Leopold et al., 1964; Graf, 1977), the stable 

conditions can be difficult to achieve due to the complex nature of the processes (Chin, 2006). 

Konrad et al. (2005) suggest even after a period of adjustment urban streams will still undergo an 

increase in frequency and magnitude of streambed disturbance due to urban streamflow patterns. 

While gravel beds are generally stable under conditions of moderate duration flows, the increased 

magnitude of frequent high flow events in urban streams will result in greater streambed disturbance 

(Konrad et al., 2005).    

The question of whether a stream is in a quasi-equilibrium state is important, with channel stability 

often becoming a definition of success in mitigating urban impacts. Grant et al. (2013) underlined the 

importance of the notion of equilibrium in regards to geomorphology, stating that while geomorphic 

processes and forces are not necessarily in equilibrium, the concept provides a reference point from 

which we can assess system behavior. However, Bledsoe (2002) pointed out that the concept of 

channel stability is subjective, due to the lack of an accepted definition or standard. The term stability 

can span disciplines, from geomorphology and bank stability, to channel hydraulics and the failure of 

culverts and bridges, and even ecology and bed stability as a requirement for habitat for aquatic 
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organisms. Additionally, local context down to the  channel reach scale can provide a variable 

definition of channel stability as certain reaches may have infrastructure concerns or provide habitat 

for sensitive species. It becomes increasingly important to define what channel stability looks like 

when trying to devise mitigation strategies, such as those in stormwater management. 

2.1.4 Urbanization and Ecological Impacts 

In response to growing urban centres and increasing development, many natural channels have 

experienced the negative effects of the “urban stream syndrome”, resulting in major losses of aquatic 

habitat (Walsh et al. 2005). Even a 10% effective impervious area can result in loss of aquatic-system 

function (Booth & Jackson, 1997). The physical adjustments that a river undergoes in response to 

urbanization impact the survival of many aquatic biota.  

Poff et al. (1997) list 5 critical components of the flow regime that influence the aquatic ecosystem in 

the channel: magnitude of flow, flow frequency, duration, timing, and rate of change. Native species 

have adapted to these natural conditions over time and alterations in any of these components can 

impact their ability to survive or give unfair advantage to invasive species (Poff et al., 1997). 

Townsend et al. (1997) found similar results when looking at bed-mobilizing events. The greatest 

species richness was found with intermediate frequency of bed-mobilizing events, suggesting that 

greater disturbances reduce biotic richness. Biota tend to respond better to a single large disturbance 

rather than smaller disturbances that occur at a higher frequency (Konrad et al., 2005; MacRae & 

Rowney, 1992). Macroinvertebrates have the capacity to respond to channel alterations, and can 

recover within a year in typical warm water streams (Whitaker et al., 1979). Flows at and above 

bankfull tend to occur more frequently with increasing urbanization, with sediment mobilizing events 

occurring multiple times a year (Annable et al., 2012). Therefore, preservation of diverse aquatic 

ecosystems is best approached through replicating the frequency of bed mobilization found in natural, 

stable channels (Doyle et al., 2000).  

There is little research that focuses onthe ecological implications of hydromodification due to 

stormwater management controls. Mobley and Culver (2014) looked at optimizing the outlet 

configurations of stormwater detention facilities in order to minimize the impact on the ecological 

conditions in the channel. Their work focused on dry ponds, but the conclusions are transferrable; the 

hydrologic channel response to a storm event plays an important role in ecological stream health.  
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2.2 Bedload Sediment Transport 

River systems are powerful morphological features carving into the landscape, not only conveying 

water but transporting sediment as well. The sediment transported by a channel is made up of a 

suspended load and a bedload, with the bedload fraction generally thought to range between 5 and 10 

percent. The morphology of an alluvial river, in particular gravel-bed rivers, depends largely on the 

transport of bed material (Church, 2006). Depending on the frequency of formative flows, the river 

morphology can be redefined fairly frequently, including multiple times a year in highly urbanized 

watersheds (Annable et al., 2012). There is a critical link to be further explored between how the 

bedload fraction is transported and the morphological adjustments of gravel-bed rivers. 

Particles resting on the bed of a channel are subject to applied forces from the flow; when these 

applied forces exceed the resisting forces, particles become mobile. The concept of tractive forces 

doing work on the bed and banks was first conceived by DuBoys (1879). Bedload particles, once set 

in motion, will travel by rolling, sliding, or saltation, remaining in contact with the channel bed. 

During a single storm event, particle travel distances are composed of multiple steps interspersed with 

periods of rest (Nikora et al., 2002). Einstein (1950) proposed that sediment transport was a stochastic 

process, and could be determined through statistical analysis. The research of mechanical forces that 

are at work on particles on a steam bed has been expanded upon over the years. Shear stress, 

turbulence, near bed variations in flow, and other mechanisms have been proposed as theories for 

initiation of particle movement.  

2.2.1 Particle Mobilization 

The stability of an alluvial channel is dependent on the coarse particles which define its geomorphic 

form. When these particles are mobilized the stability of the channel is decreased. Doyle et al. (2000) 

argues, “the recurrence of bed mobilization, while the most data intensive, is considered the most 

robust measure of geomorphic stability of those investigated, as it accounts for eroding forces, 

resisting forces, and hydrologic frequency of critical events”. There are not many studies that use the 

particle mobility parameter to assess channel stability (Macvicar et al., 2015), which is of much 

importance in assessing urban streams. 

The initiation of particle motion can be understood through Newton’s first principle, F=ma = 

m*dV/dt. Rearranged to Fdt = mdV, where Fdt is the impulse and can be used to develop the tractive 

force method (Malcom & Smallwood, 1977). Shields’ theory (1936) has been used to identify the 

threshold conditions for the initiation of particle movement. Shields formulated incipient motion of a 
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particle as a dimensionless ratio between bed shear stress and the submerged grain weight per unit 

area.  

�∗ = �����	����    (3) 

where τ* is the dimensionless Shields parameter for entrainment of the clasts of size D, ρs is the 

density of sediment, ρ is the density of water (1000 g/m3), and g is the acceleration due to gravity 

(9.81 m2/s). 

Incipient motion of coarse particles is complicated by factors such as bed armouring (Church & 

Hassan, 2002; Yager & Scott, 2013), particle locking, grain sheltering (Church, 2006) and burial in 

reach-scale features like bars and riffles. Channel bed armouring, bed surface coarsening and areas of 

immobile sediment can be a common occurrence in urban streams as sediment supply is reduced and 

the transport capacity remains high (Yager & Scott, 2013). The hiding function proposed by 

Egiazaroff in 1965, was the first to provide a reasonable approximation of Shields parameter for 

mixed particle size beds, capable of including the effect of decreased mobility due to increasing grain 

weight, and increasing mobility due to protrusion of larger particles (Parker, 2008).  

����∗��� ∗ = 	!"# $%�% & = 	 ' ()*	�+,�
()*	�+,-�- �

.
/
   (4) 

In the equation, Dg is the geometric mean particle size of the distribution. The hiding function 

provides a modified critical Shields parameter for particles; however, it has been shown that the 

function does not work well for very small particles, Di/Dg < 0.4 and for the very coarse, rare particles 

in a mix (Parker, 2008). 

2.2.1.1 Partial Mobility 

Bed particles in a gravel bed river can experience partial, selective, and equal mobility. Partial 

mobility occurs when the coarse fraction of the bed surface material size distribution is not presented 

in the mobile material (Parker, 2008). Selective mobility occurs when all size particles are mobilized, 

but the size distribution of the bedload is finer than the bed surface. Equal mobility occurs when all 

size fractions of the bed material are present in equal proportion in the mobile material. To determine 

differential mobility conditions, Wilcock and McArdell (1993) suggested indexing the ratio of the 

boundary shear stress to the shear stress required to move a particular grain size; commonly the 84th 

percentile of the bed material because it is associated with the coarse tail of the grain size distribution 

(Venditti et al., 2015). Most gravel-bed rivers exhibit partial mobility during flows below bankfull, 

but have selective mobility during bankfull flows (Wilcock & McArdell, 1997; Church & Hassan, 
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2002; Macvicar et al., 2015; Phillips & Jerolmack, 2014; Venditti et al., 2015). Research has given 

evidence that size-selective mobility holds for gravel-bed rivers (Ashworth & Ferguson, 1989; 

Church & Hassan, 2002).  

2.2.2 Particle Travel Distance 

Important in the measure of channel stability is not only whether a particle has moved but also how 

far it travels before it comes to a rest. Particle travel distance is essential to quantifying bulk sediment 

transport and erosion rates. Past research has focused on creating relationships between travel 

distance and particle size (Church & Hassan, 1992), flow characteristics (Church & Hassan, 2002), 

near bed turbulence (Yager & Schott, 2013), and channel morphology (Pryce & Ashmore, 2003; 

Lamarre & Roy, 2008). 

Church and Hassan (1992) propose assessing travel distance by grouping particles by size class and 

comparing mean travel distances to the mean travel distance of particles in the median size class. 

They developed the following equation,  

35.1
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L i
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   (5) 

where iL is the mean travel distance for particles in a size class i , iD  is the corresponding mean 

particle size, and 50DL  is the geometric mean travel distance of particles in the median size class. 

It is generally agreed that there is a non-linear relationship between scaled movement distance and 

scaled particle size (Church & Hassan; 1992). Macvicar et al. (2015) used the proposed relationship 

of Church and Hassan in a study with a large number of stones (n = 443) over a wide range of grain 

sizes. However, one of the limitations was the small sample size for each size class of tracer particles. 

Vasquez-Tarrio and Menendez-Duarte (2014) found the relationship proposed by Church and Hassan 

(1992) was generally a good fit in a study using 1,960 tracers in 3 size classes to develop the 

relationship between particle size and travel distance. 

Similar to mobility rates, a variety of hydrometrics have been found to scale with particle travel 

distance. Studies have correlated particle travel distances with shear stress (Wong et al., 2007; 

Phillips & Jerolmak, 2014), excess stream power (Schneider et al., 2014; Houbrechts et al., 2015), 

cumulative excess stream power (Hassan et al., 1992; Lamarre and Roy, 2008; Schneider et al., 

2014), and dimensionless impulse (Phillips et al., 2013).  
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Pryce and Ashmore (2003) state longer travel distances are likely defined in part by the channel 

morphology and not solely the hydraulic characteristics of the flow and that the relative influence of 

these two factors is based on the magnitude of the flow event. The control of bed morphology on 

particle movement has been seen in studies by Haschenburger (2013) in large floods. 

 

2.2.3 Relating hydrometrics with bedload sediment transport  

2.2.3.1 Peak Excess Shear 

Channel competence is defined as the ability of the stream flow to mobilize a particle of a given size 

quantified by the Shields number (Church, 2006). Researchers argue excess shear is better suited for 

channels having variable substrate size, which is common for natural gravel-bed channels (Doyle et 

al., 2000). Others believe that sediment motion cannot be accurately predicted by exceedance of 

critical stress (Yager & Scott, 2013).   

Erosion rate was related to excess shear stress as described by Foster et al. (1977) with the following 

equation: 

0 = 	12�34 − 36�7    (6) 

where, ε = erosion rate (m/s), kd = erodibility coefficient (m3/N•s), a = exponent, typically 1.5, τo = 

applied shear stress on the soil boundary (Pa) and τc = critical shear stress (Pa). Researchers have used 

this concept of excess shear stress to generate estimates of erosion potential for urban areas before 

and after development (Pomeroy et al., 2008). If erosion rates are a function of excess shear stress, by 

extension it would appear that bedload sediment transport could be governed by the same principle. 

Pomeroy et al. (2008) looked at the impact of SWM controls on erosion potential. Their study used 

hydrologic models to generate measures of the change in erosion potential between pre and post 

development. Their estimations of erosion rates were based on Foster’s equation and they used a 

critical shear stress from empirical data for colloidal alluvial silts. However, their study did not 

include direct field measurements of erosion potential or sediment transport undertaken.  

2.2.3.2 Specific Stream Power 

Stream power is a measure of the energy used to cause geomorphological changes within a channel 

(Bagnold, 1966). The following equation defines specific stream power:  

8 =	 9��:     (7) 



 

 14 

where γ = specific weight of water, Q = dominant discharge, S = channel slope and w = channel 

width. Researchers have used a measure of maximum specific stream power to predict particle travel 

distances (Hassan & Church, 1992; Houbrechts et al., 2015). Similar to peak excess shear, the 

concept of maximum specific steam power does not account for the duration of competent flow 

capable of transporting sediment. 

2.2.3.3 Duration of Competent Flow 

The geomorphic effectiveness of a given channel discharge is related to its duration and its magnitude 

relative to the cumulative discharge conveyed by the channel (Wolman & Miller, 1960). This relates 

to the geomorphically significant flows identified by Leopold et al. (1964), and the understanding that 

frequent small magnitude floods transport most of the sediment in a channel because of the 

cumulative duration of these flows. Konrad et al. (2005) found that flow duration, instead of 

frequency, may be a better index of geomorphically effective flows in gravel bed channels because 

over time, sediment transport exhausts the supply of mobile particles from the channel bed and banks. 

2.2.3.4 Cumulative Effective Work 

The work being done by the flow on the channel bed can be integrated over time using the 

hydrometric of cumulative effective work index (CVC, 2012). The cumulative effective work index, 

Wi, is measured in units of N/m, and is calculated as:  

;< =	∑�3< −	3=�>∆@   (8) 

where τc is the critical shear stress for the D50 size class and V is the mean channel velocity for that 

time step, ∆t. The measure of Wi is similar in nature to measures of cumulative excess stream power; 

however, some regulatory authorities in Ontario such as the Credit Valley Conservation Authority 

(CVC, 2012) state that it is the preferred measure for assessing erosion because the velocity rises with 

increasing storm flows making it more sensitive to extreme floods, which researchers have shown is 

in agreement with predictions of sediment transport (Garcia, 2008). 

2.2.3.5 Impulse  

It has been shown that particle entrainment is related to both the magnitude of the mobilizing forces 

and the duration of competent flow experienced. Another time integrated metric that has been related 

to thresholds of particle entrainment is impulse, defined as the product of shear stress magnitude and 

duration (Diplas et al., 2008). In order to quantify the time-integrated fluid momentum in excess of 

threshold, Phillips et al. (2013) use a similar concept, defining the dimensionless impulse as: 
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B∗ = C �D∗	D∗E�FG���
GHG� 	 , D∗ > D∗E   (9) 

where U* = the shear velocity (m/s) and U*c = the critical shear velocity. The equation is valid under 

the assumption of normal flow conditions. Here ts, represents the start of a flood, and tf represents the 

end of a flood of interest. The integral is only calculated over the record of U* >U*c, where the shear 

velocity is above critical, as sub-threshold flows do not transport sediment (Booth & Jackson, 1997). 

2.2.3.6 Excess flow Energy Expenditure  

Other research has looked at similar time integrated measures such as total excess flow energy 

expenditure (Haschenburger, 2013; Papangelakis & Hassan, 2016). Following the work of 

Haschenburger (2013), total excess flow energy is defined as:  

KL = 	MN�C �� −	�=�	2@@O@�    (10) 

where Q is the channel discharge and Qc  is the critical discharge for particle entrainment. 

Haschenburger (2013) found a power function best described the relation between particle travel 

distances and excess flow energy expenditure in a study on Carnation Creek, in a bar-riffle-pool 

morphology.  

2.2.3.7 Cumulative Excess Shear Stress 

Another time integrated hydrometric, is cumulative excess shear stress (CESS). DeVries (2000) 

defines CESS as: 

EPQQ = 	C ��	�RS	�T.��SVS
GHG� FG   (11) 

where τci is the critical shear stress for particle size Di, comprising 100pi % of the surface grain size 

distribution. Figure 5 shows conceptually the calculation of CESS for a specific storm event.  
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Figure 5. A schematic of the excess shear stress, shown for a period of time, t1 to t2, where the 

threshold shear stress is exceeded for the particular grain size (DeVries, 2000).  

 

DeVries (2000) hypothesized that particle travel distance was a linear function of cumulative excess 

shear stress for particles experiencing full mobility and non-linear for partial mobility. In his field 

studies he proposed the following equation, fit to data from two field sites: 

WXS = �. ���TEPQQS	 + Z[. T\T −	��. ����ZZZEPQQS + T�	�]   (12) 

where Lxi is the travel distance for a specific particle size and CESSi is the corresponding cumulative 

excess shear stress for the specific particle size. Further flume experiments by Devries and others 

developed a linear relationship between the time integrated excess shear stress and the mean particle 

travel distance, shown in Figure 6. 
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Figure 6: Cumulative excess shear stress versus the mean travel distance of tracer particles.    

A) Results from a field study. B) Laboratory flume experiment with results for particles in the 

16 to 84 percentile of the size distribution. Taken from a poster presented by DeVries et al. at 

AGU 2006. 

2.2.4 Measuring Bedload Sediment Transport using Tracers 

There are numerous methods for measuring bedload sediment transport within a river, both direct and 

indirect. Eularian methods, such as Helley-Smith samplers and bedload traps, measure the volumetric 

loading at a given location over time. Lagrangian methods such as tracer particles track particle 

displacements along the extent of a river. This study uses the method of tracers to measure particle 

movement to infer bedload transport. The tracking of individual tracer particles is a non-intrusive 

method that does not alter the flow conditions or the transport of sediment, such as a bedload trap. 

Additionally, while bedload traps can overfill in large events (Sear et al., 2003), tracer particles 

remain a feasible method for tracking any event large enough to initiate particle mobility. The tracer 

method has evolved over time, from painted stones, to magnetic stones to active transmitters and 

finally to passive integrated transponders (PIT) (Nichols, 2004). The use of Radio frequency 

identification (RFID) for tracking stones with PIT tags was outlined in detail in a methods paper by 

Lamarre et al. (2005), outlining the advantages and limitations of the technology.  

2.2.4.1 Radio Frequency Identification Passive Integrated Transponders  

The use of RFID PIT tags to study particle movement in alluvial systems is an attractive method due 

to its many advantages. The PIT tag is a small glass tube containing a coil of wire and remains 

passive until it is activated by an electromagnetic signal. An alternating electric current is passed 

through a second coil of wire, the antenna, creating an alternating magnetic field. Based on the 

A B 
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number of coils and strength of the current, the strength of this magnetic field can be adjusted, thus 

adjusting the distance required to activate the PIT tag (Lamarre et al., 2005). The PIT tag can be 

encrypted with a unique number allowing the tracking antenna to identify each individual particle 

with its unique code, referred to as RFID. The PIT tag is designed to withstand vibrations and shock 

and is insensitive to temperature changes and humidity (Lamarre et al., 2005). The tags are relatively 

inexpensive, and come in a variety of sizes, the most common ranging from 8 to 23 mm. The PIT tag 

is inactive and does not require a battery, having an estimated life span of approximately 50 years 

(Allan et al., 2006).  

2.2.4.2 Limitations of RFID technology 

Limitations of the RFID technology can be seen where tracer particles experience deep burial and in 

channels with very high sediment transport rates. Channels with high scour and a deep active layer 

can make it difficult to recover tagged particles (Lamarre et al., 2005). The transmission signal of the 

antenna has a limited range, often between 0.5 and 1.0 m depending on the set up and equipment 

being used. If a particle is buried deeper than the range of the antenna, the PIT tag will not be 

activated and the RFID reader will not locate the particle. The interference of grains on the detection 

limits of the antennae is of little concern based on the work of Schneider et al. (2010) who found that 

when detecting buried PIT tags, water and sediment have only a minor shielding effect. Other 

limitations include channels with high transportation rates where particles can travel great distances 

during a single minor storm event. In these conditions, the length of travel can be a limitation if the 

particle travels beyond the study limits in a single event (Lamarre et al., 2005). It also limits the time 

scale of the monitoring, as the tracer particles do not remain in the study area for very long. Particle 

locking or imbrication can drastically vary the results from expected outcomes. 

2.2.4.3 Seeding location and Tracer Quantity 

An important variable in a tracer study is the determination of location for injection of the tracer 

particles. Sear (1996) performed a 2-way ANOVA test to determine the effects of injection position 

on travel distance and burial depth. Unsurprisingly, the tests revealed that the injection location of the 

tracer particle had a significant effect on both the travel distance and burial depth. Many studies seed 

stones loosely on the surface (Houbrechts et al., 2015) and others adopt a method of replacing 

existing stones with tagged ones in an effort to have a more natural initial position (Vasquez-Tarrio & 



 

 19 

Menendez-Duarte, 2014). Often the stones are artificially mobile during the first mobilizing event and 

so this event is not used in further analysis (Lamarre & Roy, 2008). 

Another key factor to be considered in a tracer study is deciding what portion of the grain distribution 

will be tracked. Lamarre et al. (2005) tagged stones in the middle of the size distribution, as they were 

limited by the ability to insert a PIT tag into smaller stones and the difficulty in transporting larger 

stones to the laboratory for drilling. The disadvantage of tagging smaller particles is the increased 

probability of travel results in particles travelling beyond the study limits rapidly, limiting the 

temporal scale of the study.  

The number of particles tagged can have an important outcome on a study. Gravel-bed rivers can 

express large variability in bed forms and clast orientation which can effect particle movement, 

drastically changing the mechanics of sediment transport at the grain scale. In order to overcome this, 

a large number of particles should be tagged to provide opportunity to gather sufficient data from 

which meaningful conclusions can be drawn (MacVicar, 2015). 

2.2.5 Estimating Bulk Sediment transport  

There are various methods for calculating bulk sediment transport. Church (2006) refers to the 

process of estimating sediment transport using morphological change as the inverse problem. 

2.2.5.1 Spatial Integration Method 

Included in these inverse methods of sediment transport calculations is the spatial integration method 

(SIM) which utilizes the following equation: (Hassan et al., 1991; Haschenburger & Church, 1998): 

^_ = `_F�a��T − b���   (13) 

where cd is the bulk sediment  transport (kg/s), vf is the virtual velocity of particles (m/s), dh is the 

active layer thickness (m), wh is the active layer width (m), λ is the porosity of sediment and ρh  is the 

density of sediment (kg/m3). The three parameters that need to be measured in the calculation of bulk 

sediment transport are virtual velocity, active layer thickness (DeVries, 2002) and active layer width 

(Ashiq, 1999). Each of these parameters has been studied individually as well as collectively in an 

effort to properly estimate sediment transport.  

Virtual velocity of a particle is the particle path length divided by the time of travel. There are varying 

opinions and methods of measuring the virtual velocity and numerous studies focusing on solely 

particle path length (Pryce & Ashmore, 2003). In some studies, the virtual velocity is determined by 

taking the total distance travelled over many events and dividing by the total time, including the 

periods of rest (Bradley & Tucker, 2012). In other cases, the virtual velocity is calculated over a 
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single event, as the distance travelled from particle entrainment to final deposition, often including 

multiple steps and rests, and dividing by the duration of competent flow (Haschenburger & Church, 

1998; Milan, 2013; Houbrechts et al., 2015).  

Active layer thickness is the depth of the substrate which can become active during an event and is 

also variable in its definition and measure. It can be estimated using the burial of tracer clasts (Hassan 

& Ergenzinger, 2003) or scour pins (Laronne et al., 1994). Techniques for using the PIT tags to 

measure active layer thickness include approximating it with the maximum burial depth (Sear et al., 

2003), or estimating it as twice the D90 (DeVries, 2003). When using PIT tags to estimate bulk 

sediment transport it must be assumed that the active layer is well represented by the tracers in the 

study (Sear et al., 2003). Laronne et al. (1992) argue that the active layer is consistently 

underestimated in particle tracer studies; however, a number of studies have shown that the estimated 

active layer depth is comparable between tracer studies and scour chain measurements (Hassan, 1990; 

DeVries, 2003). Additionally, error can be introduced if the active layer depth is widely variable 

across the study reach (DeVries, 2003). Haschenburger and Church (1998) developed a method to 

estimate the uncertainty in using the SIM method to calculate bulk sediment transport, indicating the 

percentage of error associated with each of the measured parameters. The method of Haschenburger 

and Church (1998) suggests that the largest percentage of error in estimating sediment transport rates 

is derived from estimating the virtual velocity. 

Sear et al. (2003) used aluminum passive tracers to assess the accuracy of the spatial integration 

method in a gravel-bed stream. More recent studies have used PIT tags in place of aluminum tracers; 

however, in this particular paper, they compared the SIM method with experimental results of bulk 

sediment transport using pit traps. The range of estimates for the sediment transport rate varied by up 

to three orders of magnitude depending on the assumptions made in the SIM method (Sear et al., 

2003). 

Vasquez-Tarrio and Menendez-Duarte (2014) use a tracer study to evaluate nine bedload equations in 

a coarse-bed mountain stream. The results found that the bedload equations reported higher estimates 

of transport than those determined by the tracers. Although this study looked at a mountain stream, 

the low sediment supply parallels with many urban creek studies. 

2.2.6 Particle tracking in urban environments 

While the method of particle tracking as a means of measuring bedload sediment transport has been 

widely practiced, both in laboratory and field experiments, few studies focus on urban environments. 
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Field data gathered in urban environments needs to be fitted to these theoretical models to provide 

confidence in applying these models to urban systems. A large enough sample size must be recovered 

to have meaningful results when fitting these models (MacVicar et al., 2015). Challenges in particle 

tracking through urban environments include flashier urban storm response, higher frequency of 

formative flows, and limited sediment supply which can lead to bed armouring.  

Urban streams have been said to have more consistent bedload movement (Annable et al., 2012), but 

this does not necessarily equate to larger bulk transport volumes over time. In applying the spatial 

integration method to an urban setting, the hope is to establish an indicator of stream stability in order 

to measure the effectiveness of stormwater management practices in the study. Further particle 

tracking studies are required in urban channels to identify whether urban channels exhibit similar 

particle transport mechanics as other channels. Additionally, these studies will provide insight into 

whether urban channels have the ability to achieve a state of quasi-equilibrium and the time frame 

necessary to achieve this. Further, by conducting a field study in a catchment heavily influenced by 

stormwater controls, the impact of these controls on bedload sediment transport can be monitored 

against theoretical and laboratory conclusions. 

2.3 Stormwater Management  

The practice of stormwater management has greatly evolved over the past half century. Modern 

practices have shifted from a focus on conveyance and flood control to a more holistic approach of 

mimicking the natural retention properties of pre-development conditions. Stormwater management is 

a constantly evolving set of practices designed to mitigate the negative impacts of urbanization on 

natural channels.  The Wet Weather Flow Management Master Plan (2006) of the City of Toronto, 

states the goal of stormwater management quite clearly: “To reduce, and ultimately eliminate the 

adverse effects of wet weather flow on the built and natural environment in a timely and sustainable 

manner, and to achieve a measurable improvement in ecosystem health of the watersheds.”  

Focusing on Ontario, in March 2003, the Ministry of the Environment implemented the Stormwater 

Management and Planning Design Manual, a guideline for stormwater management in the province 

(MOE, 2003). Building upon these guidelines, many municipalities have constructed regulations and 

approaches defining how developers would implement stormwater management practices within their 

jurisdictions. For example, the City of Toronto implemented the Wet Weather Flow Management 

Guideline (WWFMG) in 2006 to provide detailed design parameters for stormwater management.  
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In general, stormwater management covers three areas of concern, water quantity, water quality and 

water balance. In large part it deals with standards for new developments and how the control of 

storm runoff will be addressed. The goals of a stormwater management plan could include flood 

control, peak flow attenuation, volume control, water quality, and erosion protection of downstream 

watercourses. A best management practice (BMP) refers to any practice or facility implemented 

based on current best technologies and feasible practices. BMPs may change over time as new 

technologies emerge and new practices are developed.  

2.3.1 Stormwater Management controls 

Common to all urban SWM strategies are the use of storm sewers that convey runoff efficiently out of 

the urban centre. In doing so, storm sewers reduce the lag time of the channel response to a storm 

event (Hirsch et al., 1990, Paul & Meyer, 2001). The reduction in lag time due to stormwater 

conveyance is likely the main factor behind the correlation between imperviousness and channel 

degradation (Walsh et al., 2005). In order to combat the increased conveyance efficiency, stormwater 

management moved towards the implementation of BMPs that increase lag time and reduce peak 

flows. 

SWM controls can come in many forms usually broken down into the following categories: lot level, 

conveyance controls, and end-of-pipe facilities (MOE, 2003). Lot level controls are designed to target 

runoff before it leaves the site. Examples of lot level and conveyance controls include rooftop storage, 

reduced lot grading, and grassed swales. The added advantage of these controls over other SWM 

controls is the ability to reduce runoff volumes through water reuse or infiltration. Low Impact 

Development (LID) typically promotes reversing the increased storm runoff volumes which are a 

common impact of urbanization. 

End-of-pipe controls are the last BMP in the treatment train approach and will be much larger in 

capacity and can receive runoff from large areas. These facilities may be built downstream of other 

controls or as a single treatment facility. Examples of end-of-pipe facilities include wet ponds, 

wetlands, and infiltration galleries. 

2.3.1.1 Detention Facilities 

In Ontario, detention facilities, also referred to as SWM ponds, are the most commonly used end-of-

pipe stormwater management facility (MOE, 2003). A SWM detention facility/pond is often designed 

to return post-development peak flows to pre-development flow rates, a technique commonly referred 
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to as peak shaving (Baker et al., 2008). The storage is provided in the form of either an online 

detention facility or an offline facility. An online detention feature creates a backwater effect with a 

controlled release providing storage directly in the channel and adjacent floodplains. The downstream 

impacts of an online facility can be much more prevalent than an offline facility due to the control 

over the entire upstream contribution. The MOE (2003) discourages the use of online facilities due to 

concerns for wildlife movement and fish passage. An offline detention facility provides a storage 

volume for a given contributing drainage area of the channel. The offline facility provides a storage 

volume and outlet control that releases stormwater at a single point into the receiving channel. In 

highly urban areas, these offline facilities often take the place of headwater tributaries that have been 

replaced with sewer conveyance systems.  

2.3.2 Peak shaving 

The concept of reducing the peak flow seen in urban hydrographs is referred to as peak shaving 

(Baker et al., 2008). This practice reduces peak flow in the receiving channel by providing a detention 

feature, such as a wet pond, to store large volumes of runoff before releasing them at a slower rate 

over an extended period of time (Figure 7). There are various strategies in designing detention 

facilities in order to achieve different objectives. A detention facility that controls post-development 

flows to pre-development levels for the two to 100-year return period storms is commonly referred to 

as the zero runoff increase (ZRI) approach. Such facilities are ineffective in controlling erosion, due 

to discharging erosive flows for a longer duration and at an increased frequency, while the outlet fails 

to attenuate smaller, frequent storms (Roesner et. al, 2001). The ZRI facility lacks the ability to 

reduce runoff volume and the frequency at which erosion events occur (McRae, 1992). Studies have 

shown that stormwater management facilities can actually increase the duration of erosive discharges 

in the receiving channel (Baker et al. 2008; Bledsoe, 2002) and more specifically that peak 

attenuation of the two-year return period storm can exacerbate downstream erosion (McCuen, 1979; 

McCuen & Moglen, 1988; MacRae, 1997). In combination with increased runoff volumes due to 

urbanization, even when peak flows match pre-development flows these flows extend over a longer 

duration increasing the total impulse (Figure 8), resulting in increased erosion (McCuen & Moglen, 

1988).  
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Figure 7: Comparison of measured pre-development and post-development hydrographs and 

modelled peak control and erosion control SWM hydrographs. From Bledsoe (2002). 

 

Figure 8: Impulse intensity vs. water depth. Taken from McCuen & Moglen (1988). 

 

2.3.3 Multi Criteria Approach 

In Ontario, policies have included an erosion control measure, based on a hydrologic approach of 

controlling the runoff volume generated from a 25 mm storm event and releasing it over a period of 

24 to 48 hours (Figure 9c). It provides a greater control than the ZRI method, providing storage 
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volume and time of retention up to two times greater (McRae, 1992). This approach does not account 

for the boundary material of the receiving channel (MacRae & Rowney, 1992). McRae (1993) 

proposes a method of distributed runoff control, with the intention of minimizing channel erosion by 

maintaining the erosion potential of the channel boundary materials in the pre-development 

conditions (Figure 9d). Distributed runoff control remains largely theoretical, requiring a field 

assessment in the pre-development condition to assess the hydraulic stress and erosion potential of 

channel boundary materials (Baker et al., 2008). 

 

Figure 9: Visualization of 2 year return storm hydrographs for various forms of stormwater 

management controls. Taken from MacRae & Rowney (1992). 

The impact of stormwater detention on the flow characteristics of the channel is directly related to the 

stability of the channel and can actually increase the potential for bedload sediment transport 

(McCuen & Moglen, 1988). There is a lack of field measured data on the movement of bedload 

particles as a result of the increase in impulse due to SWM features. 
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2.3.3 The Cumulative effects of multiple SWM detention features 

McCuen (1974) was one of the first to recognize the cumulative downstream impacts of multiple 

detention facilities in a watershed. Research has shown that while controlling peak flow at the outlet 

of detention facilities, peak flow may not be controlled at all points within the downstream channel 

due to the cumulative effect of timing and magnitude (McCuen, 1974; Goff & Gentry, 2006). Goff 

and Gentry (2006) also found that the effectiveness of detention decreased with an increasing 

percentage of development within the watershed. Bell et al. (2016) investigated the overall impact of 

stormwater management mitigation on various instream channel response metrics. Their data showed 

that metrics which included information about stormwater control measures did not appear as primary 

predictors of hydrologic response, suggesting that these stormwater controls were insufficient in their 

influence on watershed scale hydrologic response. Recent work has seen the development of 

hydrologic models to measure and simulate the channel response of these complex stormwater 

management networks (Beck et al., 2017). Overall, field and modelling data on the cumulative 

impacts of stormwater detention facilities and their relation to erosion potential in the form of bedload 

sediment transport is scarce.  

2.4 Summary of Research Gaps 

The research presented here highlights the current knowledge and understanding of the dynamics of 

bedload sediment transport in urban rivers and the complex nature of hydromodification due to 

stormwater management systems. There is a general understanding of channel response in urban 

settings, can be complicated by the presence of SWM features (Annable et al., 2012). Based on the 

literature reviewed the following gaps have been identified: 

i) A lack of field data measuring bedload sediment transport in urban channels with 

stormwater management controls, in particular detention facilities 

 

ii) A poor understanding of the cumulative effects of a SWM system on the hydrology 

and sediment transport in the receiving channel 

 

iii) A general inability to predict the marginal impacts of different SWM best 

management practices, in particular end-of-pipe designs such as detention facilities 

and volume reduction structures 
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A recent review by Hawley et al. (2013) summarized the current research need by stating that,  

“…having an improved understanding of the mechanisms by which stormwater management 

influences channel structure is imperative, such that policy may be more informed by fluvial process 

and may have a greater probability of positively affecting stream integrity.” 
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Chapter 3 

Methods 

3.1 Site Description 

3.1.1 Site selection 

Morningside Creek was selected as one of three creeks in part of a broad study on sediment transport 

in urban rivers. The site was selected based on its similarities to the neighbouring sites in regards to 

its longitudinal slope, bed surface particle size distribution, and distance from Lake Ontario. 

Morningside Creek is a tributary of the Rouge River, located in the City of Toronto, Ontario, Canada 

(Figure 10). The development of the Morningside Creek catchment happened gradually, beginning in 

the 1980s. The drainage area of Morningside Creek is 21.1 km2 and is approximately 45% impervious 

cover, with land use being predominantly suburban housing developments and institutions. The 

headwaters begin in Markham, Ontario, just north of Steeles Avenue. 

 

Figure 10: Location map showing the study catchments included in the broader project scope 

(Figure credit: E. Papangelakis) 
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Morningside Creek has been geomorphically altered over the years as land areas adjacent to the creek 

underwent development (MESP, 1999). A restoration project was undertaken on the middle reach of 

Morningside Creek, from the Tapscott Diversion structure to just upstream of the railway crossing 

(Figure 11). The restoration consisted of natural channel design and the lowering of the channel invert 

(MESP, 1999). The main objectives of the restoration project were to increase channel capacity, in 

order to ensure the conveyance of bankfull flows and sediment conveyance rather than deposition, 

and to ensure the dissipation of high flow energy onto the floodplain (Schaeffers, 1999). The study 

reach selected is downstream of this restored reach.  

The ecological health of Morningside Creek has been the focus of recent studies. According to the 

Rouge Fisheries Management Plan (2011), surveys during the years of 2007 to 2009 noted a decline 

in the abundance of Redside Dace. Redside Dace was added to the Species at Risk in Ontario List in 

2009 (MNRF, 2014) and is currently classified as an endangered species with its habitats targeted for 

protection. Redside Dace spawn in streams with gravel bars and riffles, with faster flowing water and 

larger particles (MNR, 2011). Beavers are common in the watershed and tend to build channel-

spanning dams that impact both water and sediment flows. 

3.1.2 Hydrology and Geomorphology 

The drainage area of Morningside Creek is part of the Great Lakes Basin, with typical annual 

precipitation totaling 793mma/ 840 mmb, (a-Stat Can, 2006;b-WWFMG, 2006) mostly as rainfall 

between the months of May and November. The underlying surficial geology is a predominantly 

sandy silt till of the Newmarket Till (Sharpe et al., 1997). The study reach is 200 m in length, 

approximately 2 km upstream of the confluence between Morningside Creek and the Rouge River, 

with a contributing runoff area of approximately 17.1 km2. A forested undeveloped buffer exists on 

both banks of the channel, with the creek running between two steep sloping valley walls at a slope of 

roughly 1H:1V. The reach morphology is best described as riffle-pool dominated with a longitudinal 

gradient of 1.02%. The bankfull width and depth of a typical section were measured as 6.5 m and 0.6 

m respectively. Figure 12 shows the detailed cross-sections that were surveyed. 
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Figure 11: Morningside Catchment with SWM features, gauges and study reach 
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Figure 12: Cross-sections of A. MCRK HY048, B. MCRK 20, and C. MCRK 10 

The bed surface has a well-mixed grain distribution, dominated by larger gravels and cobbles having 

a D50 and D84 of 40 mm and 99 mm, respectively. The grain size distribution is plotted in Figure 13. 

Within the limits of the study reach, the creek has a good connection to a floodplain, extending out on 

both banks. The planform description of the reach is gently meandering with a large range of radii of 

curvature. The longitudinal bed slope in the study reach is 0.0102 m/mas measured over a series of 

riffle crests (Figure 14). 

 

Figure 13: Channel bed surface material grain size distribution of Morningside Creek 

silt/clay sand gravel cobble boulder

0

10

20

30

40

50

60

70

80

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0.01 0.1 1 10 100 1000 10000

n
u
m

b
e
r o

f p
a
rtic

le
s

p
e
rc

e
n
t 

fi
n
e
r 

th
a
n

particle size (mm)

cumulative % # of particles



 

 32 

 

Figure 14: Longitudinal profile of Morningside Creek study reach 

3.1.3 Stormwater Features of Morningside Creek 

A combination of online and offline stormwater management facilities and a flow diversion structure 

are located throughout the Morningside catchment and along the creek (Figure 11Error! Reference 

source not found.). The headwaters are controlled by SWM detention ponds that outlet directly into 

the creek. The Tapscott diversion structure has a strong hydraulic impact on the downstream flows in 

Morningside Creek, diverting a large portion of storm flows to the Rouge River (MESP, 1999). The 

diversion structure is directly upstream of Seasons Avenue and has a contributing drainage area of 

11.5 km2, Table 1 gives the designed flow diversion values for the weir.  
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Table 1: Flow diversion values at Tapscott Diversion in m3/s (Valley Design Report, 2002) 

Total 

Incoming 

Flow 

To Rouge 

River 

To 

Morningside 

Creek 

Percent 

Diverted 

0 0 0 0 

1.4(1) 0.7(1) 0.7(1) 50% 

3.0(1) 2.0(1) 1.0(1) 67% 

5.7 3.1 2.6 54% 

13.2 9.6 3.6 73% 

18.9 14.3 4.6 76% 

25.9 20.1 5.8 78% 

31.9 25.4 6.5 80% 

38 30.5 7.5 80% 

115 95.8 19.2 83% 

(1) Theoretical flows determined through model calibration 

The confluence of the Nielson tributary with Morningside Creek is downstream of the Tapscott 

Diversion. The Morningside Heights development area, (highlighted in Figure 15) is located on the 

east side of Morningside Avenue between the two rail lines and is controlled by four stormwater 

management ponds, referred to as Hydro West, Hydro East, Silvercore, and Morningside. Storm 

runoff from upstream drainage areas is conveyed to each pond through a storm sewer system 

servicing the developments. Each detention pond was designed as an offline facility to capture and 

detain a 2 year, 33 mm storm event for the objective of erosion control. All storm runoff from larger 

events was designed to pass through the ponds, effectively uncontrolled, using the large overflow 

weir structure. The details of each pond are summarized in Table 2. Values for the four ponds in 

Morningside Heights were determined from the review of stormwater management design reports 

prepared by Schaeffers Consulting Engineers (2001).  
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Figure 15: Morningside Catchment with Morningside Heights outlined. Figure from MESP 

(1999) prepared by Schaeffers Consulting Engineers. 
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Table 2: Summary of detention ponds in the Morningside Creek catchment upstream of the 

study reach 

ID Facility Name  
Drainage 

area (ha) 

Permanent 

Pool 

Storage 

(m3) 

Active 

Storage 

(m3) 

Outlet 

Orifice 

Diameter 

(mm) 

Maximum 

Controlled 

Outlet 

Release 

Rate (m3/s) 

Length of 

Overflow 

Weir (m) 

Maximum 

Release 

Rate 

(m3/s) 

1 

Markham North 

Pond & 

Wetland 

702.5 - 221,000 - - - 32.5 

2 
Markham South 

Pond 
344.1 - 61,000 - - - 17 

3 
Tapscott 

Industrial Park 
97 - 29,500 - - - 15 

4 Hydro West 45.6 8,540 15,280 190 0.084 25 7.09 

5 Hydro East 55 9,403 17,775 200 0.086 22 6.25 

6 Silvercore 19.2 3,795 6,615 140 0.036 5 1.44 

7 Morningside 97.7 19,096 29,885 275 0.18 45 19.59 

 

Upstream of the study reach, located immediately upstream of Morningview Trail, is an online 

stormwater pond, referred to as Pond L1. The facility is controlled by a small culvert with a ditch 

inlet grate and drop structure for larger flows. The outlet, a large box culvert, can be seen on the 

downstream side of Morningview Trail, where energy is dissipated through a wide apron with baffle 

blocks.  

3.2 Field instrumentation 

3.2.1 Precipitation 

Precipitation data was obtained from the Toronto Region Conservation Authority (TRCA). The data 

from the Milne Dam weather station was selected due to the proximity of the gauge to the catchment, 

located at an Easting, Northing of 639672, 4858742, approximately 8 km northwest from the study 

site. The 5 min precipitation data received from the TRCA was only available for the period of April 

22, 2015 to December 7, 2015, April 14, 2016 to December 5, 2016, and April 15, 2017 to June 15, 

2017. Supplemental daily precipitation data from Environment Canada’s Buttonville Airport Weather 

Station, located at 43°51'39" N, 79°22'07 " W, was used to fill in the yearly record (Table 3). 
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Table 3: Annual Precipitation Trends and Values 

 Year Recorded Period 
Total Annual 

Rainfall 

Number of 

Days with 

Precipitation 

Number of 

Storm Events 

exceeding 25 

mm 

Ratio of 

storms 

exceeding 25 

mm 

2015 
January 1 to 

December 31 
729.2 146 6 4.1% 

2016 
January 1 to 

December 31 
688.3 144 2 1.4% 

2017 
January 1 to  

June 15 
507.6 79 3 3.8% 

Expected 

Average 

January 1 to 

December 31 
793/840 - - 5% 

 

The average annual precipitation in the City of Toronto is 793mma/ 840 mmb (a-Stat Can, 2006; b-

WWFMG, 2006). The exceptionally low total precipitation in 2016 resulted in very low base flows in 

Morningside Creek. The frequency of occurrence of a 25 mm volume storm event or greater is 

approximately 5% of annual occurrences in the City of Toronto according to the WWFMG (2006). 

During the period of study of 2015 to 2017, the occurrence of larger storm events was less frequent 

than expected. Details of the most significant storm events are given in Table 4. The storm intensity 

was calculated by dividing the total precipitation volume by the total storm duration. The storms were 

plotted versus the theoretical IDF curves for Morningside Creek and the return period of each storm 

was determined through visual comparison to the plotted curves (Figure 16). 

Table 4: Characterization of major storm events 

Date 

Total 

Volume 

(mm) 

Total 

Duration 

(hr) 

Average 

Intensity 

(mm/hr) 

Return 

Period 

(1 in X year) 

6/22/2015 29.2 4.1 7.2 <2 

6/27/2015 36.2 10.8 3.4 <2 

9/19/2015 20.6 1.1 19.0 2 

10/28/2015 47.8 16.8 2.8 2 

3/31/2016 8.8 5.2 1.7 <2 

6/11/2016 13.2 0.8 15.8 <2 

7/25/2016 21.4 2.2 9.9 <2 

8/13/2016 17.4 2.9 6.0 <2 

4/15/2017 7.4 3.2 2.3 <2 

4/20/2017 14.6 4.7 3.1 <2 

4/30/2017 32.6 19.4 1.7 <2 

5/4/2017 50.0 30.2 1.7 2 



 

 37 

 

Figure 16: Measured storm events during the period of study from January, 2015 to June, 2017 

plotted against the intensity duration frequency curves of Morningside Creek produced by the 

Ministry of Transportation Ontario IDF Curve Lookup 

 

The largest significant precipitation event recorded during the period of study was approximately a 2 

year return period event. The distribution of durations was quite large, with a number of short, high 

intensity events like June 11th, 2015, as well as longer, low intensity events like the October 28, 2015 

storm (Table 4). 

3.2.2 Flow Measures 

The site was instrumented with in-stream pressure transducers to measure water level. The gauges 

were HOBO 13-Foot Fresh Water Level Data Loggers (model U20-001-04), with a calibrated 

accuracy of ±3mm and a depth range of 0 – 4m. Two gauges were set up within the study reach: 

MCRK 20 located upstream of the first seeded riffle; and MCRK 10 located 200 m downstream. A 

third water level gauge, MCRK HY048, was placed on the upstream side of Old Finch Ave, located 

1.35 km upstream of the study reach (Error! Reference source not found.). The TRCA also has a 

water level gauge a few metres upstream of the culvert at Old Finch Ave. An additional transducer to 

measure atmospheric pressure was placed at the study site. The gauges were set to collect data at 

varying intervals, either 1 or 2 min intervals from April through November, and 7 min intervals for 

the remaining winter months.   
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A rating curve was developed to translate water level to total channel discharge (Figure 17). The 

discharge curve was created using Manning’s flow resistance equation with a detailed cross-section 

survey and estimation of Manning’s n values based on the bed surface material. Field measurements 

of discharge were done using the SonTek FlowTracker, an in-stream acoustic Doppler velocimeter. 

The technique measures 1D velocity at width intervals within the channel and uses those 

measurements to estimate the total discharge for a given stage. Measurements were taken on three 

different days at varying water levels to better define the stage-discharge relationship.  The theoretical 

discharge rating curve was then adjusted to better fit the field measured data. All flow measurements 

were recorded in low flow conditions, and all high flow values remain theoretical. In the calculation 

of the theoretical rating curve, Manning’s n values of 0.065 and 0.11 were used for the channel and 

floodplains respectively. The selected Manning’s n value within the channel is higher than most 

reported values for gravel-bed rivers, but is reflective of the low flow conditions under which it was 

measured. 

 

 

Figure 17: Rating Curves for MCRK 10, MCRK 20, and MCRK HY048 

3.2.3 Particle Tracking 

The particle distribution of the bed was determined using a Wolman (1954) pebble count, with a 

sampling size of 200 points. Following recommendations of MacVicar et al. (2015) stones were 

collected and sorted into 3 size classes/bins belonging to the half φ bins 5-5.5, 6-6.5, and 7-7.5, which 
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integrated transponder (PIT) tag was inserted with a unique radio frequency identification (RFID) 

number. A total of 300 stones were tagged, 150 in the D50 size class, 32 – 45 mm, 100 in the D75 size 

class, 64 – 90.5 mm and 50 in the D90 size class, 128 – 181 mm. For calculation purposes, the median 

value was taken from each size class range, giving values for the D50, D75 and D90 as 38.5 mm, 77.25 

mm, and 154.5 mm respectively. In August 2015, two consecutive riffles were seeded with 150 stones 

each. The stones were distributed across the riffle in 25 rows, with 6 stones per row about 25 to 50 cm 

apart. Each row was seeded with 3 D50, 2 D75, and 1 D90 size class stones. The particles were seeded 

on the bed surface, replacing a stone of similar or slightly larger size, in an effort to match the 

imbrication and hiding effects of the existing bed condition. 

The tracking period recorded for this study was from August 9, 2015 to May 11, 2017. Efforts were 

made to track the position of the tagged particles after major flow events in order to capture 

mobilization at the event scale. This was not always possible due to storms in close succession, in 

which case the positions were recorded as often as possible. A total of 7 tracking events were 

completed over the course of the study. In each tracking event, the PIT tagged stones were located 

using a combination of a large loop antenna and a smaller stick antenna manufactured by Oregon 

RFID. The recovery range of the large and small antenna was 1.0 m and 0.2 m respectively. The 

position of each stone was recorded using a Sokkia SET650RX total station and known benchmarks 

previously inserted along the study reach. By confirming all positions with the stick antenna, the 

position of the stone was assumed to be accurate to within 0.2 m. The RFID technology allowed for 

identification of the stones without removal and minimal disruption to the bed and hence the stones 

were left in-situ throughout the duration of the study.  

3.3 Field Data Analysis 

3.3.1 Hydrologic Analysis 

In order to understand the hydrologic response in Morningside Creek and its relative impact on 

bedload sediment transport, a number of hydrometrics were calculated. A number of studies have 

shown a relationship between the channel flow and the sediment transported through the channel; 

however, the best measure of flow for modelling sediment transport in unsteady flow is greatly 

debated. A number of measures were therefore calculated to find the best relation in Morningside 

Creek. 
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3.3.1.1 Runoff Ratio 

The runoff ratio was calculated as a way of normalizing the total storm runoff volume by the size of 

the storm event, similar to the procedure used by Bell et al (2016). The equation for runoff ratio is: 

lmnoOO	l7@<o = 	Lo@7p	lmnoOO	>opmqr 67@=sqrn@	tur7⁄
Lo@7p	wxrn@	yur=<z<@7@<on    (14) 

The runoff ratio provides an indication of the overall hydrologic response of the catchment across 

storm events. It also allows for a normalized comparison across other field sites and other findings 

with different size catchments. The limitation of this equation is the inability to account for the spatial 

distribution of rainfall across the catchment area, thus assuming a homogenous distribution of rainfall. 

3.3.1.2 Time of Exceedance 

The calculation of time of exceedance, Te, is also commonly referred to as the duration of competent 

flow. In this study, Te refers to the length of time for which the shear stress is above the critical shear 

stress required to initiate movement of the D50 particle size class. For all hydrometrics using time 

integrals, the time of exceedance follows this definition. 

3.3.1.3 Cumulative Effective Work Index 

Cumulative effective work index, Wi, is given in Equation 8. The Wi is an erosion index that is 

sensitive to large floods due to its inclusion of the velocity term, which increases with rising flood 

stage, making it a strong predictor of sediment transport (Garcia, 2008). The Wi was selected as a 

hydrometric based on its merit and its widespread use by SWM practitioners, outlined in the SWM 

guidelines of both the TRCA and Credit Valley Conservation (CVC). 

3.3.1.4 Dimensionless Impulse  

Another time integrated metric used to determine sediment transport is impulse, the product of shear 

stress magnitude and duration (Diplas et al., 2008). Dimensionless impulse, I
*
, was calculated using 

Equation 9 (Phillips et al., 2013). 

3.3.1.5 Cumulative Excess Shear Stress 

The CESS was calculated using Equation 10 for each of the three tracer size classes and was 

compared to the field data presented by DeVries (2000). Doyle et al. (2000) argue that the best metric 

for gravel-bed rivers with variable substrate size is excess shear stress, which takes into account both 

the eroding and resisting forces. The CESS is a measure of the excess bed shear experienced by the 
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particles in the channel over the period of competent flow. The equation uses an exponent of 3/2, 

which is similar to other sediment transport equations, such as the Meyer-Peter-Muller equation 

(1948). DeVries (2000) suggests that there exists a relation between particle travel distances and 

CESS, Equation 12. Particle tracking data from Morningside Creek is plotted against DeVries 

equation, as well as being used to provide a modified equation. 

3.3.2 Sediment Transport Analysis 

In order to assess bed particle mobility in the study reach of Morningside Creek, the total fraction of 

mobile tracer particles was calculated for each tracking event. The fraction of mobility (Fm) was 

calculated as the ratio between the number of tracers that moved (nm) and the total number of tracers 

recovered or inferred (nf).  

{q =	nqnO    (15) 

A tracer was considered moved if its position was at least 0.4 m downstream from its previous 

recorded position. A threshold of 0.4 m was selected as it is twice the detection limits of the tracking 

antenna and thus provides confidence that the tracer has in fact moved. Tracer positions could be 

inferred for tracers, which though not recovered in the tracking event in question, were recovered in 

subsequent tracking events and whose position had not changed. Thus, the tracer’s position could be 

inferred in the previous tracking period. 

The location of each particle was converted from Cartesian coordinates to a stream-wise normal 

coordinate system, using a method similar to Legleiter and Kyriakidis (2006). Particle travel distance 

was calculated as the downstream distance travelled compared to the channel thalweg. The average 

travel distance, |}, of the three stone classes was calculated. Following the work of Church and Hassan 

(1992) a normalized travel distance was also calculated for each stone size class and was plotted 

against Equation 5. 

Bulk sediment transport can be measured inversely using the spatial integration method (Hassan et 

al., 1991; Haschenburger & Church, 1998) using Equation13. The three parameters that need to be 

measured in the calculation of bulk sediment transport are virtual velocity, active layer thickness and 

active layer width. Bulk sediment transport volumes were not calculated for Morningside Creek, and 

this metric was only used as a means of comparing bulk sediment transport in the modelled scenarios. 

In each scenario, the virtual velocity was measured as the total distance travelled by the D50 particle 

size class for that single storm event. It was assumed that the active layer width and thickness were 

constants among the modeled scenarios. With this assumption, the change in virtual velocity across 
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the modelled scenarios is proportional to the change in bulk sediment transport. As such, the impact 

of varying SWM strategies could be related to bulk sediment transport for Morningside Creek.  

3.4 Hydrologic Model Set-up 

3.4.1 Background 

A hydrologic model was developed for the Morningside catchment area. A Visual Otthymo model 

was received from the TRCA for the Rouge River watershed, last updated and calibrated in 2001. The 

model was received as an Otthymo 89 file and was imported into Visual Otthymo Version 2.4 (VO2). 

Three scenarios of the model were received: an existing model for pre-2001 land use, a committed 

development model, and a complete development model. The chosen scenario was the committed 

development, as it seemed best suited for analysis of the current state of the watershed. The existing 

scenario was outdated, lacking current information regarding land use and SWM facilities that have 

been developed. The complete development scenario was detailed as an ultimate condition where 

potential development may occur and did not reflect the current state of the watershed.  

Due to some unknown computing artifacts, when the model was imported there were some 

unresolved errors. The following updates were made to the model to rectify some of the errors. The 

ROUTE CHANNEL routine requires the Manning’s n value for the main channel segment to be input 

as a negative value; the values were updated with the magnitudes left unchanged. The STANDHYD 

commands were changed to match the TRCA model, which uses the United States Department of 

Agriculture Soil Conservation Service (SCS) method. The model was run to compare the results with 

the given results from the TRCA (Table 5). Small discrepancies in flow were attributed to updated 

flow routing calculations in the newer version of the software.  
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Table 5: Comparison of peak flows and time to peak flow (TP) from TRCA reported summary 

values and the rectified VO2 model. 

Node Description 

5 year storm event 100 year storm event 

TRCA 

Summary 

Rectified VO2 

Model 

TRCA 

Summary 

Rectified VO2 

Model 

Qp 

(m3/s) 

TP 

(hr) 

Qp 

(m3/s) 

TP 

(hr) 

Qp 

(m3/s) 

TP 

(hr) 

Qp 

(m3/s) 

TP 

(hr) 

843 Random U/S 

Test node 
16.663 7.25 16.663 7.25 41.283 7.00 41.283 7.00 

894 Rouge River, 

U/S of 

Morningside 

confluence 

71.778 17.25 71.775 17.25 163.811 15.25 163.807 15.25 

900 Upstream of 

Tapscott 

diversion 

9.552 7.50 9.553 7.50 27.064 7.00 27.064 7.00 

901 Morningside 

Creek, D/S of 

diversion  

13.499 5.00 13.499 5.00 25.745 7.00 25.746 7.00 

999 Rouge River, 

D/S of diversion 
72.460 17.25 72.456 17.25 165.551 15.25 165.547 15.25 

23 Downstream of 

study reach 
16.36 6.50 16.363 6.50 51.36 5.50 51.360 5.50 

903 Confluence of 

Morningside and 

Rouge 

69.541 19.75 69.539 19.75 161.195 17.00 161.191 17.00 

957 Final Node of 

Rouge River 
85.523 22.25 85.521 22.25 201.718 19.75 201.715 19.75 

 

3.4.2 Discretization of Morningside Creek Hydrologic Model 

In order to develop a well calibrated hydrologic model, further detail was added to the hydrology 

model for the Morningside Creek subcatchment. In order to achieve this goal, revisions and additions 

were made, largely based on the Qualhymo model prepared by Schaeffers Consulting Engineers as 

part of the Valley Design Report (2002). One revision was the addition of detail to the SWM features. 

The TRCA model incorporated lumped ponds into a single reservoir and, while able to account for 

storage and discharge, the TRCA model failed to reflect the time shift expected in the flow discharged 

from each individual pond. 

The four stormwater ponds in the Morningside Heights development and their upstream drainage 

areas were discretized to more accurately reflect the time shift of pond outflows (Error! Reference 

source not found.). The Hydro West, Hydro East, Silvercore and Morningside SWM ponds, known 
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respectively as TRCA ponds 311.0, 311.1, 311.2 and 311.3 were inserted downstream of the DIVERT 

HYD command, which represents the Tapscott diversion on the north side of Seasons Drive. The 

parameters of the catchment areas were chosen to mimic the existing catchments of the model (Table 

6). The rating curves of the ponds were developed using the information provided by the SWM 

reports for the design by Schaeffers Consulting Engineers (2001).  

Table 6: Uncalibrated parameters of the added subcatchment nodes. TIMP is the total 

impervious fraction, SLPP/SLPI is the subcathment slope, CN is the curve number value and Ia 

is the initial abstraction for pervious areas. 

 Hydro West Hydro East Silvercore Morningside 

Node Reference 22 21 23 20 

Area 45.6 55 19.2 97.7 

TIMP 0.631 0.416 0.524 0.524 

SLPP/SLPI 0.97 0.42 0.99 0.99 

CN 76.7 76.7 62.3 62.3 

Ia 5.0 5.0 5.0 5.0 

 

Modifications to the existing catchment and routing commands were necessary to reflect the 

discretization. The ROUTE CHANNEL 767, representing the main channel of Morningside Creek, 

was originally a length of 4817 m, which is approximately the length of Morningside Creek from the 

Tapscott diversion to the confluence. During the discretization, the 767 node was divided into smaller 

route channel commands, whose sum equaled the original length of 4817 m.  

3.4.3 Model Calibration 

The model was calibrated to match existing flow measurements for two storm events, October 28, 

2015 and June 11, 2016. In order to determine the accuracy of the model, the Nash-Sutcliffe model 

efficiency coefficient (Nash & Sutcliffe, 1970) was calculated.  

w = T −	∑ \�q@ 		�o@ ]~L@
T
∑ \�o@		�o}}}}]~L@
T

   (16) 

where c�� = modelled discharge, c�}}}}= mean of measured discharges and c��  = measured discharge at 

time t. An efficiency of 1 (E=1) would correspond to a perfect match, where the modeled discharge 

equals measured values. A result of E<0, would indicate that the observed mean discharge is a better 

predictor of instantaneous discharge than the model. Therefore, the closer the efficiency is to a value 

of 1, the stronger the model calibration. 
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The hydrologic model was calibrated using two storm events, October 28, 2015 and June 11, 2016, 

the largest storm during the study period and a typical smaller high intensity event, respectively. The 

June 11, 2016 storm event is significant as it is shown later to be a threshold event for bedload 

sediment transport in the creek. The model was calibrated to match the discharge measured at two 

gauge locations, MCRK 10, the downstream limits of the study reach and TRCA HY048, located on 

the upstream side of Old Finch Avenue. The Nash-Sutcliffe model efficiency coefficient was 

calculated for each event and at both locations to assess the model’s accuracy in predicting discharge. 

The results of the model calibration are presented in Table 7.  

Table 7: Calibration Results for VO2 model of Morningside Creek 

  TRCA HY048 MCRK 10 

  Measured Modelled Measured Modelled 

October 

28, 2015 

Nash-Sutcliffe E  0.914  0.811 

Peak Discharge 

(m3/s) 
1.85 

2.00  

(109%) 
2.97 

2.52  

(85%) 

Total Flow 

Volume (m3) 
251,048 

274,205 

(109%) 
333,624 

364,123  

(109%) 

June 11, 

2016 

Nash-Sutcliffe E  0.762  0.762 

Peak Discharge 

(m3/s) 
0.84 

0.74  

(88%) 
0.91 

0.96 

(106%) 

Total Flow 

Volume (m3) 
92,926 

74,587 

(80%) 
72,602 

86,162 

(119%) 

 

In calibrating the model, it was determined that there was a strong dependency of the hydrograph 

response to the online SWM ponds and the Tapscott Diversion structure. The falling limb of the 

hydrograph was very sensitive to the configuration of the L1 online pond. This is evident in the 

difference in the falling limb seen in the October 28 storm event (Figure 18), where the flow seems to 

remain quite high before quickly tapering down to baseflow.  Additionally, during the calibration, it 

was found to be necessary to account for natural detention features in the section of creek upstream of 

the Tapscott Diversion to match the timing and magnitude of the flood wave at downstream locations. 

Site reconnaissance confirmed the presence of multiple beaver dams and wood jams upstream of the 

diversion, creating small reservoirs along the length of the creek. 

 

The Nash-Sutcliffe coefficients were strong for both the October 28 storm event (E = 0.91 and 0.81 

for TRCA HY048 and MCRK 10, respectively) and the June 11 storm event (E = 0.76 for both 

locations). The slightly lower result for the June 11 event could be attributed to a number of factors. 
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For example, the assumption of catchment wide homogeneous rainfall, especially for the short 

summer rainfall event, can be a poor assumption. The hydrograph at MCRK 10 does plot well for the 

June 11 storm, seen in Figure 18. There is a very minor time shift in the modeled versus measured 

data, which can greatly impact the Nash-Sutcliffe coefficient. However, for the purpose of testing the 

scenarios, the hydrographs for both events are quite robust.  

 

 

Figure 18: Calibration results for (A) October 28, 2015 and (B) June 11, 2016 storm events. 
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3.4.4 Model Validation 

The model was validated using two storm events, July 24, 2016 and May 4, 2017. The July 24 storm 

event was selected because it represents a short duration high intensity event, typical of summer 

storms in the area. The May 4 storm was a large event that exceeded threshold. The validation was 

performed using the measured flow values at MCRK 10 and the results are presented in Table 8 and 

Figure 19. 

Table 8: Model validation results 

  Measured Modelled 

June 24, 

2016 

Nash-Sutcliffe E  -1.676 

Peak Discharge 

(m3/s) 
0.839 1.037 (124%) 

Total Flow 

Volume (m3) 
84,557 135,279 (160%) 

May 4, 

2017 

Nash-Sutcliffe E  0.253 

Peak Discharge 

(m3/s) 
2.197 2.357 (107%) 

Total Flow 

Volume (m3) 
275,505 386,864 (140%) 

 

Model validation resulted in Nash-Sutcliffe efficiency values of -1.676 and 0.253 for the June 24, 

2016 and May 4, 2017 event, respectively. The negative efficiency value would provide very little 

confidence in the model; however, it is important to consider the other variables as well. The model 

overpredicts flow and runoff volume, which suggests that the modeled storm precipitation may have 

been overestimated, especially under the assumption of homogeneous rainfall across the catchment 

area. Additionally, with the smaller flashier storm, the Nash-Sutcliffe value is very sensitive to the 

timing of the spikes in the hydrograph. It should be noted that in the days leading up to May 4, 2016 

storm event, there were a few smaller precipitation events totaling 35 mm of precipitation. The event 

based model was not capable of accounting for the antecedent conditions for the May 4, 2016 event, 

making it difficult for the model to reproduce the measured hydrograph. Similar to the October 28, 

2015 storm event, the model overpredicts flow in the May 4, 2016 storm event during the drawdown 

phase. 
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Figure 19: Model Validation Results. Hydrographs for the storm events A) July 24, 2016 and B) 

May 4, 2017  
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Chapter 4 

Field Results 

4.1 Runoff  

The hydraulic response in Morningside Creek was recorded using the instream water level gauges. 

The shape of the hydrographs for MCRK 10 and 20, the two gauges located within the study reach, 

were relatively similar. The channel response recorded at the upstream gauge, MCRK HY048, is 

distinct in its shape in comparison to the response seen at the two gauges of the study reach. Bankfull 

elevations were estimated based on visual interpretation and markings along the banks and floodplain 

and bankfull discharges were found using the calculated rating curves. Bankfull flows were estimated 

as 1.55 m3/s and 1.12 m3/s at cross-sections MCRK 10 and MCRK 20 respectively. 

The response for each storm is unique in its magnitude, duration and pattern, which are functions of 

the precipitation event, antecedent moisture conditions and the SWM facilities. The following two 

storms were chosen to be analyzed in detail, October 28, 2015, and June 11, 2016, as they represent 

one of the largest storms during the study period in terms of total precipitation and a typical smaller 

high intensity event, respectively. The hydrographs and hyetographs for the two storm events are 

shown in Figure 20. 
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Figure 20: Hydrographs for Morningside Creek. A) October 28, 2015 measured by the TRCA 

at HY048 B) October 28, 2015 measured at MCRK 10 C) June 11, 2016 measured by the TRCA 

at HY048 D) June 11, 2016 measured at MCRK 10. 

 

The hydrographs recorded in high temporal resolution have complex shapes, with multiple peaks and 

inflection points. The impact of the online pond, Pond L1, located on the upstream side of 

Morningview Trail is quite visible in comparing the hydrograph at HY048 to MCRK 10. The duration 

of the initial peak is extended significantly as a result of the online detention facility. The initial peak 

appears not to decrease in magnitude (comparing Figure 20C and D), this can be attributed to 

additional flow entering the channel between the two gauges. Common to the MCRK 10 hydrographs 

for both storm events is the slow falling limb that is typical of a SWM detention pond. In Figure 20B, 

an inflection point is apparent in the falling limb, which is likely attributed to the water level at which 
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discharge through the overflow grate ceases and the online pond returns to an orifice controlled 

system. 

The short-duration high-magnitude pulse at the beginning of the hydrograph of the smaller June 11, 

2016 event shows that there is a significant portion of uncontrolled runoff entering the study reach of 

Morningside Creek (Figure 20C and D). This flow pattern was also seen in other small measured 

events, July 24, 2016 and August 13, 2016. The sharp spike in flow, with a very short duration, seen 

at the HY048 gauge, suggests that there is uncontrolled runoff entering upstream of this gauge. The 

second peak seems to occur approximately 9 hours after the initial peak. The 9 hour gap between 

peaks seems to be consistent regardless of the storm size or magnitude of the peak flow and can be 

seen in the October 28, 2015 event as well. It is hypothesized that the second peak is delayed by the 

channel routing and SWM features upstream of the Tapscott diversion. It appears that there are two 

response waves, the first being uncontrolled runoff and then a second controlled release of lesser peak 

magnitude and longer duration. The second peak also appears to accelerate at a lesser rate, taking 

longer to reach its peak value. This could be indicative of a longer time to concentration of a larger 

subcatchment area upstream or it could be attributed to the SWM controls in the upstream portion of 

the catchment. 

The hydrograph of October 28, 2015 (Figure 20A), does not have as flashy of a response as the peak 

seen in June 11, 2016. This is most likely attributed to the longer duration, lower intensity storm 

event. The hydrograph does have the same double peak, while not as drastic as the June 11 storm. The 

double peak in this case could be attributed to the precipitation pattern, which shows a variation in 

intensity and two identifiable peaks, or the individual response of the upstream SWM detention 

ponds, which were designed for a 33 mm event.  Given that the October event exceeded this design 

event, it likely created an overflow response from one or more ponds, resulting in the plateau of 

higher flow seen at HY048. Additionally, HY048 is located at a culvert, and the plateau may be 

related to backwater effects, creating an artificially consistent high water level. 

 

4.2 Particle Tracking 

The particle racking field work was spread throughout the calendar year, with the primary goal to 

record the positions of the stones after major storm events in order to determine event scale 

displacements. A total of seven tracking periods were recorded (Table 9).  The recovery rate, PR, of 

the tagged stones was relatively high, with total recovery rates ranging from 88 to 97 percent. The 
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recovery rates did drop slightly over time, as would be expected, however with the inclusion of 

inferred positions, the recovery rates remained fairly stable. Recovery rates were generally higher for 

the largest size class. The recovery rates and mobile fraction, Fm, for each of the tracking events are 

shown in Table 9.  The tracer positions are displayed visually in relation to the channel thalweg in 

Figure 21. The first tracking period was excluded from further analysis due to artificially high 

mobility rates. This is typical of tracer studies, as despite best efforts particles tend to have loose 

configurations on the bed that are not representative of true particle to bed interactions (Lamarre & 

Roy, 2008). 

Table 9: Bedload sediment transport measurements for each of the tracking events 

Tracking Date 

All Size Classes Size Class 1  

32 - 45 mm 

(150 Stones) 

Size Class 2  

64 - 90.5 mm 

(100 Stones) 

Size Class 3  

128 - 181 mm 

(50 Stones) PR Fm LD50 

        PR Fm L} PR Fm L} PR Fm L} 

Oct 25, 2015 97% 27% 2.3 99% 35% 2.3 92% 24% 2.3 100% 6% 1.3 

Nov 11, 2015 92% 57% 14.8 93% 64% 13.9 89% 61% 7.7 98% 31% 2.6 

May 03, 2016 94% 17% 2.1 94% 22% 2.2 92% 15% 1.3 98% 4% 0.7 

June 22, 2016 92% 4% 0.9 91% 4% 0.9 90% 2% 1.1 98% 4% 0.5 

Aug 19, 2016 93% 3% 1.0 94% 3% 1.0 90% 3% 0.9 94% 0% 0.0 

Apr 12, 2017 95% 10% 1.2 95% 11% 1.2 94% 6% 0.8 98% 12% 1.5 

May 11, 2017 88% 27% 6.4 89% 33% 10.7 87% 31% 6.7 88% 0% 0.0 
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Figure 21: Visual overview of particle locations and movement over time. The blue line 

indicates the surveyed thalweg of the study reach. 

4.2.1 Mobility and Travel distance with respect to grain size 

Based on the tracking results, correlations could be established between the bedload sediment 

transport and the particle grain sizes (Figure 22). There is a negative correlation between grain size 

and both Fm and L}. This suggests that not only do the smaller particles become entrained more easily 

but they also travel further once transport is initiated. The low mobility rate and short travel distances 

experienced in this tracking period could then allow for the confidence intervals associated with the 

data to explain the variation to the trend. 

Focusing on the two tracking periods with the greatest movement, October – November 2015 and 

April – May 2017, there is a strong trend between grain size and both Fm and L}. Both of these 

tracking periods were after significant rainfall events, exceeding Qc. In both these events we see 

almost equal mobility rates for the D50 and D75 size classes, and partial mobility beyond the D75 size 

class as the D90 is significantly less mobile (Wilcock & McArdell, 1993). Interestingly, there was zero 

mobility of the largest size class in the April – May 2017 tracking period. This could be a result of the 

flow remaining below the threshold for the initiation of motion for these larger particles. 
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Figure 22: The mobile fraction and average travel distance plotted against grain size class for 

all tracking periods excluding the first (Aug to Oct, 2015). The dashed lines represent the 95% 

confidence intervals. 
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The relative travel distances and relative particle sizes were plotted in Figure 23 against the curve 

proposed by Church and Hassan (Equation 5). For the event scale tracking periods of Oct 26 – Nov 

11, 2015 and Apr 12 – May 11, 2017, the data fits very well with the proposed relationship. The other 

tracking periods are below or very near the calculated threshold for particle entrainment. The 

movements in these tracking periods are likely influenced by local bed conditions. 

 

Figure 23: Relative travel distance for each size class as a function of relative grain size and 

their 95th percent confidence intervals. A) All the tracking periods B) Data for the singular 

captured event tracking periods, Oct 26 – Nov 11, 2015 and Apr 12 – May 11, 2017. The dashed 

line is Equation 5 (Church and Hassan, 1992). 
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4.3 Hydrometrics of Bedload Transport 

The calculated hydrometrics are based on stage level recorded at MCRK 10 and the discharge rating 

curve. The results from MCRK 20 were skewed by the presence of a beaver dam for the first few 

months of the study, which created a small reservoir in the gauge location and as such gave 

artificially high water level readings. The upstream gauge HY048 is not representative of the flow 

conditions that the study reach would be subject to and so was not used in this analysis. 

 

4.3.1 Field Established Threshold Values 

The two tracking periods over the summer of 2016, from May 4 to June 22 and June 23 to Aug 19, 

had very minimal bedload sediment transport with particle mobility rates of 4% and 3% and mean 

travel distances of 0.9 m and 1.0 m, respectively. Based on the low rate of mobility and small travel 

distances, it was assumed that the flow was at its threshold or critical value. The peak flow, Qp, 

occurred during the June 11, 2016 storm event. The peak flow depth was measured at both gauges, 

MCRK 20 and 10, at the upstream and downstream limits of the study reach respectively, and used to 

generate a corresponding shear stress. From the average of the two gauges, a critical shear stress 

threshold of 26.5 Pa was calculated for the study reach, below which it was assumed there would be 

no mobilization of the D50 size class or greater. This threshold equates to a dimensionless shear stress 

value τ*c of 0.043, based on a D50 = 38.5 mm, and a critical flow, Qc = 0.99 m3/s at MCRK 10 (Table 

10). The dimensionless shear stress matches closely with typical threshold values for gravel bed rivers 

proposed by Buffington and Montgomery (1997) of τ*c ~ 0.030 to 0.073 and Church (2006) of 0.045. 

Table 10: Threshold values for particle initiation 

Gauge Max Depth Hydraulic 

Radius 

τ (Pa) τ*c 

MCRK 20 134.302 0.2530 25.315 0.0406 

MCRK 10 135.205 0.2764 27.657 0.0444 

AVERAGE - - 26.486 0.0425 

 

Based on the hiding factor developed by Egiazaroff (1965), Equation 4 was used to calculate the 

critical shear stress and Shields parameter for the D75 and D90 size classes (Table 11). 
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Table 11: Results of hiding factor on critical shear stress 

Size Class Representative 

size (mm) 

Unadjusted τc Adjusted τ*c Adjusted τc 

D50 38.5 26.486 0.0425 26.486 

D75 77.25 53.142 0.0278 34.758 

D90 154.5 106.285 0.0196 49.059 

 

The calculated values correspond well with observed mobility rates in the field. Particles in the D50 

and D75 size classes had Fm > 0.1, in the same tracking periods. However, Fm < 0.1 for the 2016 

summer events, thus considered as being at the threshold and can be seen plotting below the critical 

threshold limit in Figure 24.Figure 24: Shields Diagram with the Egiazaroff hiding factor calculated 

based on a T*cg of 0.043. Field-measured values of peak shear were plotted for each tracking event. 

Particles in the D90 size class were mobilized in the October to Nov 2015 tracking period, and no 

movement in the summer of 2016 and May 2017, tracking periods. This corresponds with those 

events plotting below the critical threshold. The winter tracking periods were excluded from the plot, 

due to poor accuracy in measuring shear stress. Water level measurements during the winter months 

were impacted by the effects of ice and snow cover on the creek, resulting in poor estimates of shear 

stress.  
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Figure 24: Shields Diagram with the Egiazaroff hiding factor calculated based on a T*cg of 

0.043. Field-measured values of peak shear were plotted for each tracking event. 

4.3.2 Relationships between hydrometrics and particle movement 

The relationships between bedload sediment transport and the hydrometrics were analyzed. Each 

hydrometric was compared to both Fm and L}. Tracking periods that included the winter months were 

excluded from the plots, as there were multiple flow events and poor estimates of shear stress during 

these periods. The hydrometrics were calculated based on the water levels observed at the MCRK 10 

gauge and are presented in Table 12. 

Table 12: Hydrometrics calculated for each tracking period based on the water level 

measurements at MCRK 10 gauge. The winter tracking periods are highlighted. 

Tracking 

Period 

Total 

Precipitation 

(mm) 

Qp  

(m3/s) 

Te 

 (hr) 

Wi 

 (N/m) 

CESS 

 (Pa1.5-hr/m) 

Aug 09, 2015 – 

Oct 25 2015 
172.6 0.998 2 648 2 

Oct 26, 2015 – 

Nov 11 2015 
71.6 3.162 35 665,533 35,696 

Nov 12, 2015 – 

May 03, 2016 
300.7 1.948 38 417,873 3082 

May 04, 2016 – 

June 22, 2016 
76.4 0.938 0 0 0 

June 23, 2016 – 

Aug 19, 2016 
49.8 0.898 0 0 0 

Aug 19, 2016 – 

Apr 12, 2017 
462.7 4.746 251 32,561,512 103,224 

Apr 12, 2017 – 

May 11, 2017 
134.8 2.609 22 522,849 14,202 

 

4.3.2.1 Cumulative Effective Work Index (Wi) 

The Wi was calculated for each tracking period using Equation 8. There was a positive trend between 

both Fm and L}  and the hydrometrics of peak flow and cumulative effective work for the data that was 

collected (Figure 25); however, only two periods had values greater than 0 for Wi, making it difficult 

to assess the significance of the relationships with either Fm or L�.  
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Figure 25: Wi vs. Mobility Rate and Particle Travel Distance 

 

4.3.2.2 Cumulative Excess Shear Stress (CESS) 

Following the work of DeVries (2000), the CESS was calculated for the two major tracking events, 

from October to November, 2015 and April to May, 2017. The CESS was calculated for each of the 

three tracer size classes, using the adjusted τc value, based on the hiding factor. The data obtained for 

Morningside Creek is plotted in Figure 26. The relationship proposed by DeVries (2000) for his field 

work at the Raging River and Issaquah Creek is displayed on the chart. The results from Morningside 

Creek plot well below DeVries’ relationship, showing shorter travel distances for similar measured 

CESS. The mean travel distances were multiplied by Fm to provide a true mean travel distance 

including the non-mobile fraction. It should be noted that the study sites in DeVries’ work were 

significantly larger, having 2 year flood peak flow rates more than 10 times larger, as well as having 

larger surface D50 particle sizes and steeper bed slopes. The relationship for particle travel length and 

CESS was modified and fit visually to the Morningside Creek data, with the following result: 

WXS = ��. ���TEPQQS	 + [\T −	��. ���T�EPQQS + T�	�]� {q⁄ 	   (17) 
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Figure 26: The relationship between average particle travel length and CESS. Field measured 

data is plotted against the function from the work of DeVries (2000). A new approximate 

relation was fit visually to the Morningside data. 

 

The modified relationship proposed accounts for the non-mobile fraction by including the Fm term 

reducing the mean travel distances of each size class. As proposed by DeVries (2000) the Fm term 

was included in the equation to account for partial mobility. DeVries also suggested that a linear 

relationship would only be evident under fully mobile conditions. The non-linearity of the 

relationship is representative of partial mobility.   
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Chapter 5 

Model Results 

5.1 Modeled Scenarios 

The calibrated hydrologic model of Morningside Creek was used as the base from which to run a 

number of scenarios. A number of scenarios were tested to establish the impacts of SWM features on 

the flow characteristics and bedload sediment transport in the study reach. Additional scenarios were 

run to determine the extent of impact due to urbanization and variable storm size.  

5.1.1 Influence of SWM controls (Tests 1 and 2) 

Tests 1 and 2 were run to establish the impact of the stormwater management facilities on the overall 

hydrology of the system. The scenarios varied the SWM controls present in the system by turning on 

and off the online ponds, offline ponds, natural detention and Tapscott diversion. In Test 1 the 

diversion structure is included as is and the following scenarios were tested: 1) the existing SWM 

strategy with all controls, 2) no online ponds, 3) no offline detention ponds, 4) no SWM ponds 

(offline or online), and 5) no natural detention or SWM ponds. In Test 2 the 5 scenarios were repeated 

while removing the diversion structure from the model. Each scenario was run with field measured 

precipitation from two unique storm events, October 28, 2015 and June 11, 2016. These two storms 

have two very different precipitation patterns, one with a long duration, low intensity storm (October 

28) and the second with a short, high intensity event (June 11). The two storm events were used in the 

calibration of the hydrologic model and thus there is confidence in the model’s output for these 

particular storms. The June 11, 2016 event, was also the threshold setting event, and allows for the 

assessment of the SWM features in near threshold events. 

The results of the modelled scenarios in Test 1 and 2 are presented in Figure 27, with the dischrage 

hydrographs of each SWM scenario. In both storm events, the SWM controls reduce peak flows, as 

the elimination of each control results in an increase in peak flow up to as much as 3 to 5 times in the 

no detention, fully uncontrolled case. The controls do increase the flow duration, and in the October 

event, being the larger precipitation event, the time of exceedance is increased by the addition of the 

SWM ponds. From the results of Test 1, it is inconclusive whether the online or offline ponds provide 

greater peak flow reduction, as the two storms provide opposing results. In the October storm event 

the offline and online ponds reduce the peak flow by 54% and 39% respectively, while in the June 

storm event the reductions are 24% and 62%, respectively. 
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Figure 27: Modelled hydrograph results from the various SWM strategy scenarios in Test 1, 

with the diversion structure and Test 2, without the diversion: A) Test 1: October 28, 2015 B) 

Test 2: October 28, 2015 C) Test 1: June 11, 2016 and D) Test 2: June 11, 2016. 
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The percent reduction for each hydrometric was determined for all the SWM control cases in Tests 1 

and 2 using the following equation: 

%	��������� = 1 −	 ������	��	��������	�������	��	�����	������������	�������� 

where the fully uncontrolled scenario was for Test 2 (without the diversion structure) Scenario 5 (no 

SWM ponds or natural detention). In all scenarios, the results show the presence of the SWM features 

provide a positive reduction in Qp, Wi, I*, and CESS. In general, the presence of the SWM ponds 

have a greater impact on Qp than the diversion. The percent reduction from the diversion is greater for 

the scenarios with the October storm, which has a larger channel flow compared to the June storm 

event. This is a result of the diversion structure diverting a larger percentage of the incoming flow as 

the flows in the channel increase. Figure 28 shows the percent reduction of each SWM scenario from 

Tests 1 and 2. 

 

Figure 28: Results of percent reduction for virtual velocity and Wi from the modelled scenarios 

in Tests 1 and 2 for the October 28, 2015 storm event. 

 

A closer look at four particular scenarios from Tests 1 and 2 provides a detailed breakdown of the 

effectiveness of specific facilities within the larger SWM strategy. Details of the SWM features 

present in each of the four scenarios is present in Table 13. 
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Table 13: Scenarios comparing the impacts of SWM detention features. The check implies the 

presence of the SWM feature in the particular scenario 

Scenario 2-5 2-1 1-5 1-1 

Presence of the 

Diversion 
  � � 

Presence of the 

Detention features 
 �  � 

 

The first comparison of scenarios 2-5 and 2-1, quantifies the reduction from the SWM detention 

controls alone, without the influence of the diversion. The second comparison, 2-5 and 1-5, quantifies 

the reduction associated with the diversion structure alone, without the presence of any SWM 

controls. The third comparison, 2-5 and 1-1, quantifies the reduction from the current SWM strategy 

over a completely uncontrolled scenario. The fourth comparison, 2-1 and 1-1, quantifies the reduction 

associated with the diversion weir in the existing SWM strategy. In a similar manner, the fifth 

comparison, 1-5 and 1-1 quantifies the reduction associated with the SWM ponds in the existing 

SWM strategy. The results of the reductions of the different hydrometrics for the comparative 

analysis are presented in Table 14 and Figure 29.  

Table 14: Comparing the reduction in hydrologic metrics associated with different SWM 

scenarios 

 SWM Ponds 

only 

(2-5 and 2-1) 

Diversion 

only 

(2-5 and 1-5) 

SWM Ponds 

and the 

Diversion 

(existing 

case) 

(2-5 and 1-1) 

Addition of 

Diversion 

when SWM 

controls 

present  

(2-1 and 1-1) 

Addition of 

SWM Ponds 

when 

Diversion 

present  

(1-5 and 1-1) 

October 28, 2015 

Qp 67% 40% 80% 13% 40% 

Wi 30% 42% 73% 43% 31% 

I* -6% 32% 51% 57% 19% 

Runoff Ratio -3% 38% 30% 33% -8% 

CESS 41% 44% 82% 41% 38% 

Virtual Velocity 36% 39% 72% 36% 33% 

June 11, 2016 

Qp 87% 30% 87% 0% 56% 

Wi 100% 46% 100% 0% 54% 

I* 100% 38% 100% 0% 62% 

Runoff Ratio -15% 35% 7% 22% -28% 

CESS 100% 49% 100% 0% 51% 

Virtual Velocity 100% 22% 100% 0% 78% 
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Figure 29: Relative reductions through the implementation of various SWM strategies for A) 

October 28, 2015 and B) June 11, 2016. 

 

The SWM ponds provide a strong reduction in the Qp, which is expected as it is the primary objective 

of the SWM pond feature. The addition of a volume reduction measure such as the diversion structure 

to a SWM strategy (2-1 and 1-1) had a greater impact on reducing the hydrometrics than did the 

addition of the SWM ponds (1-5 and 1-1). When the SWM ponds are present, the addition of the 

diversion still provides an additional reduction, in the event there is significant flow. The 0% 
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short, high intensity storm was sufficiently controlled by the SWM ponds, thus the flow was not 

significantly large enough to warrant the diversion structure. Interestingly, the impulse appears to 

increase slightly with the addition of the SWM ponds alone. This would be evidence in support of the 

findings of McCuen and Moglen (1988), whereby the addition of SWM detention increases the flow 

impulse. However, all the other hydrometrics still find a reduction in the strategy with the SWM 

ponds only.  

5.1.2 Influence of urbanization on SWM effectiveness (Test 3) 

Test 3 was designed to assess the robustness of the existing SWM strategy at Morningside Creek to 

increasing urbanization. The model mimicked an increase in urbanization by increasing the percent 

imperviousness of the currently developed sub-catchments. The NASH-HYD commands were 

uniformly adjusted to levels of imperviousness ranging from 20 – 90% for the varying model runs. 

The impervious percentages were adjusted simultaneously and homogenously, such that every 

subcatchment had the same value in each scenario. All the other features of the existing calibrated 

model, including all SWM features were left unaltered. The results of each hydrometric were 

normalized based on the modelled results from the existing scenario. The impervious factor was also 

a normalization of the scenarios impervious percentage with the existing scenario, which had a total 

imperviousness of 45%.  

The results of the scenarios in Test 3 are shown in Figure 30. Due to the effects of the variable 

imperviousness in the subcatchments of the existing case compared to the homogeneous distribution 

in the Test 3 scenarios, the normalized results don’t pass directly through 1 as would be expected.  
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Figure 30: Results from the October 28 storm event in Test 3, showing the relationships 

between various hydrometrics with respect to increasing percent imperviousness as a factor of 

the existing case 

 

In all cases, there is a positive correlation between percent imperviousness and the hydrometrics: Qp, 

Wi, I*, and CESS. As in the previous scenarios, virtual velocity was based on the excess shear 

equation and was an indicator of overall bulk sediment transport in the channel. The increasing trends 

of the hydrometrics above the 1:1 line, support the notion that SWM becomes less effective at higher 

levels of urban cover (Goff & Gentry, 2006). The only exception is the impulse hydrometric that plots 

below the 1:1 line for increasing levels of imperviousness. It should be noted that the SWM strategy 

developed in the Morningside catchment was for the existing level of urban development and so it 

should be expected that greater urbanization and hence greater runoff would lead to increases in the 

hydrometrics as the SWM features become overwhelmed and under designed. 
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year return storm (Figure 31). The two storms were selected to test different rainfall patterns; the 

October 28 storm is a long duration, low intensity event and the June 11 storm is a typical high 

intensity, low duration event. The model results for each created storm in Test 4 are presented in 

Table 15 and the hydrographs are plotted in Figure 32.  

 

 

Figure 31: Extrapolation of duration and intensity for the October 28, 2015 and June 11, 2015 

storm events to create scaled events of return period 2, 5, 10 and 25 years. 
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Figure 32: Hydrographs for scenarios in Test 4, for the A) October 28 and B) June 11 storms. 

The base model output is given in black, with the results of the extrapolated storms of the 2, 5, 

10, 25 return year events with scaled intensities and durations. 
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Table 15: Model Results for Test 4 

 Oct 28, 2015 June 11, 2016 

 Scaled Intensity Scaled Duration Scaled Intensity Scaled Duration 

 2 year 

Storm Intensity (mm/hr) 3.00 2.84 24.54 15.84 

Storm Duration (hr) 16.83 18.22 0.83 1.56 

Qp (m3/s) 2.72 2.74 1.09 1.17 

Wi (N/m) 1,194,853 86,910 11,979 86,910 

I* 27.98 29.16 0.26 2.11 

CESS (Pa1.5-hr/m) 69,392 73,794 175 1,639 

Virtual Velocity (m/event) 10.94 11.38 1.12 6.22 

5 year 

Storm Intensity (mm/hr) 3.95 2.84 32.26 15.84 

Storm Duration (hr) 16.83 26.96 0.83 2.31 

Qp (m3/s) 5.68 6.02 1.21 1.93 

Wi (N/m) 2,489,955 3,153,620 167,598 542,614 

I* 45.42 55.77 4.45 14.18 

CESS (Pa1.5-hr/m) 177,165 228,814 4,612 23,798 

Virtual Velocity (m/event) 21.72 26.88 8.95 12.09 

10 year 

Storm Intensity (mm/hr) 4.59 2.84 37.49 15.84 

Storm Duration (hr) 16.83 33.42 0.83 2.86 

Qp (m3/s) 7.63 6.42 1.30 3.52 

Wi (N/m) 3,193,494 4,403,884 328,879 1,040,480 

I* 52.82 71.49 8.92 23.51 

CESS (Pa1.5-hr/m) 236,871 331,743 11,531 62,532 

Virtual Velocity (m/event) 27.69 37.17 10.44 17.13 

25 year 

Storm Intensity (mm/hr) 5.38 2.84 43.96 15.84 

Storm Duration (hr) 16.83 41.97 0.83 3.59 

Qp (m3/s) 9.56 8.61 2.21 6.48 

Wi (N/m) 3,934,956 5,983,729 580,658 1,888,652 

I* 59.41 90.32 14.93 34.21 

CESS (Pa1.5-hr/m) 299,720 461,184 26,909 133,658 

Virtual Velocity (m/event) 33.97 50.12 16.76 26.38 

 

The impact of increasing the duration or intensity seems to follow a power relation with CESS, 

(Figure 33). The IDF curve creates a power function for the relationship between intensity and 

duration, and it is important to note that in these graphs while one variable is being scaled for larger 

return periods, the other variable is also scaling as well. What can be derived from these plots is that 

the longer duration storms tend to create more effective work within the channel. The CESS increases 

with increasing storm duration, and consequently decreases with respect to increasing storm intensity.  
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Figure 33: Results of Test 4, relationship of the CESS with storm intensity and storm duration, 

respectively. 

 

Comparing the response of peak shear stress and CESS across the varying storm durations and 

intensities provides an interesting result (Figure 34). The peak flow for the Oct 28 events does not 

differ significantly during the intensity scaling or the duration scaling. The Oct 28 event has a greater 

peak shear stress in the scaled intensity storm of 8% and 4% in the 10 and 25 year storms, 

respectively. However, the opposite is true for CESS, where the scaled duration, is significantly 

greater than the scaled intensity storm, 54% greater in the 25 year event. In the June 11 storms, the 

duration causes significantly greater values in both peak and cumulative measures of shear stress. 

This is further evidence that the duration is more impactful in a SWM controlled system.   

 

Figure 34: Results from Test 4, showing peak shear stress and CESS with respect to storm 

return period for variable intensities and durations.  
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Chapter 6 

Discussion 

6.1 Particle Dispersion 

This study used RFID tracers to track event scale bedload sediment transport for the coarse grain 

fraction in Morningside Creek, an urban channel. Field measurements revealed a critical Shield’s 

parameter of 0.043 derived from two events associated with minimal to no significant particle 

movement. This value fits well with the literature value for mixed sediments of a gravel-bed river of 

Buffington and Montgomery (1997) and Church (2006) of 0.045.  

The Shields parameters for the larger D75 and D90 size classes were adjusted based on Egiazaroff’s 

hiding function, and yielded 0.028 and 0.020, respectively.  Whereas Shields’ plot of critical shear 

stress yields much higher thresholds for particle movement, the hiding function of Egiazaroff matches 

the particle mobility measured in Morningside Creek.  

In terms of particle travel distances, the relative travel distances of each of the three size classes 

plotted well against the Church and Hassan (1992) relationship for relative particle travel distance and 

relative grain size. Due to the low mobility rate, inclusion of the full particle tracer set would cause 

the geometric mean of all the particles to drop significantly. For this reason, the geometric mean 

travel length was determined based on the mobile particles only.   

Studies have shown that the geomorphology of the channel influences particle travel distances (Pryce 

& Ashmore, 2003; Rice et al., 2009; Papangelakis & Hassan, 2016).  From the results found in 

Morningside Creek for the two tracking periods with significant movement, the average geometric 

travel distance of the D50 size class was 14.8 and 6.4 m. The bankfull width of the channel within the 

study reach ranged between 4 m and 7 m and the spacing between pool-riffle sequences was roughly 

30 m. This equates to a pool-riffle spacing of 4.5 to 7.5 times the channel width. Gregory et al. (1994) 

noted spacing between pool-riffle sequences is generally between 5 to 7 times the channel width, 

constant in both forested and urban catchments. Morningside Creek fits within this range, as well as 

having particle travel distances much smaller than the pool-riffle sequencing. It would appear from 

these results that the travel distance was controlled by the flow rather than the geomorphology. This 

suggests that travel distances are better defined by the channel geomorphology at larger flows, such 

that the geomorphology limits very large travel distances. Due to an absence of larger storm events 

during the study period, there is no data available to confirm this hypothesis. The results found here 
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would indicate that the mobility rate is a factor of critical shear stress, which is a function of particle 

size and bed structure, while the particle travel distance is a function of CESS, with riffle-pool 

spacing providing a probabilistic upper threshold on lengths. It should be noted that Morningside 

Creek does not fit within the typical riffle-pool categorization of channels, owing to its unusually 

shallow pools, no deeper than 1 to 1.5 m at bankfull depth. Additionally, areas of exposed bedrock 

were noticed within the channel, likely providing grade control and preventing down cutting or 

deepening of pools. These areas of exposed bedrock would likely impact the sediment routing, 

providing significantly less resistance to bedload movement; however, these bedrock areas were short 

in length (4-8 m) and made up a small fraction of the channel bed in the study reach. 

Long term continual monitoring of the tracer stones is suggested to determine if particle travel 

distance is limited by bar-to-bar spacing, as seen in flume experiments by Pryce and Ashmore (2003). 

Larger flood events, achieving channel-forming flows would provide greater information as to 

whether bar spacing is the dominant path length. Particle tracking will continue as part of the broader 

project study objectives of the research group. 

6.2 Model of Bedload Sediment Transport 

One of the main objectives of the study was to find a link between the channel hydrometrics and 

bedload sediment transport. It has been shown that SWM impacts the hydrologic response of the 

channel and that bedload sediment transport is subject to the flow regime. However, the large variety 

of hydrometrics available in the literature show the lack of a strong indicator for predicting bedload 

sediment transport.  

Many researchers, when developing relationships for travel distance, have looked at peak values such 

as maximum shear stress (Phillips & Jerolmack, 2014) and maximum specific stream power 

(Houbrechts et al., 2015). Using a singular peak value to characterize very complex flow events, such 

as those in Morningside Creek, provides very little understanding of the mechanics of bedload 

transport. Time integrated parameters such as impulse (Phillips et al., 2013) and CESS (DeVries, 

2000) account for the magnitude and duration of competent flow.  

Field measured data from Morningside Creek was used to modify a model of particle travel length 

proposed by DeVries (2000), creating the following relationship: 

L�� = �0.0001CESS�	 + 4�1 −	�0.00015CESS� + 1�	 �¡ !�⁄ 	 
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The particle path length was used in calculating virtual velocity for the median grain size of the 

channel bed. Virtual velocity is one of the key parameters used in the spatial integration method for 

calculating bulk sediment transport. The above equation was used in determining the impact of SWM 

facilities on bedload sediment transport using the generated scenarios in the hydrologic model 

developed for Morningside Creek. 

In comparison to DeVries (2000) work, the modified equation generates smaller travel distances at 

corresponding CESS. It should be noted that DeVries’ work was done in larger channels, with greater 

widths and steeper bed slopes. It is possible that by normalizing the results by channel width, the data 

from these studies would fit into a single relationship.  

The confidence for the developed model may be low due to a very limited amount of field measured 

data. One of the primary concerns was the absence of larger storm events in the data set. A much 

larger sample size should be incorporated to increase confidence in the empirical relationship.  

6.3 Calibration of the Hydrologic Model 

The importance of model calibration is made evident when determining hydrometrics based on time 

integrals such as impulse and CESS. Common practice, whereby models are calibrated to peak 

values, is insufficient and does not provide context for the complex storm response. In Morningside 

Creek, the channel response is particularly complex due to the cumulative impacts of the SWM 

features within the catchment. Calibrating a model based on the Nash-Sutcliffe efficiency coefficient 

also has its limitations. The coefficient is calculated based on the comparison of the modelled and 

measured values at each moment in time. However, the high temporal resolution of flow monitoring 

at Morningside Creek, coupled with the flashy response of the urbanized catchment, the ability to 

perfectly match the timing of response for each unique storm event is nearly impossible, considering 

the number of variables. As seen in the validation of the Morningside Creek hydrology model, the 

Nash-Sutcliffe coefficient will score very poorly if the timing is off even by just one timestep. 

Therefore, in terms of predicting bedload sediment transport from a time integrated metric like CESS, 

it is more useful to model the correct hydrograph shape and magnitude than the absolute timing of 

peak flow. Best practices would be wise in adopting a standard to ensure that models can match a 

hydrometric that correlates well to erosion, such as cumulative effective work or cumulative excess 

shear stress. 
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The Morningside hydrology model was calibrated to two very distinct storm events. The model is 

capable of characterizing the “double peak” unique to Morningside Creek, and simulates the falling 

limb very well for the smaller storm event. However, the model was not capable of accurately 

representing the falling limb in the larger event, predicting flow values higher than measured, before 

dropping off quite suddenly. Much of the difficulty in modelling the storm events was caused by 

using real storm data, which carries with it errors in measurement. Furthermore, applying the 

assumption of homogeneous precipitation across the entire catchment is likely a misrepresentation of 

the system, which in turn yields inaccurate results. 

6.4 Impact of SWM features 

The hydrologic model provided details on the impact of SWM features on the channel response in 

Morningside Creek. Scenarios 1 and 2 were designed to isolate each SWM feature so as to study its 

impact on the various hydrometrics. This section of the discussion will focus on findings from the 

October 28 storm event, which exceeded the threshold for particle entrainment.  

One significant finding for the October 28 storm event was in the calculation of impulse. The results 

showed that the detention ponds in isolation actually increase the impulse as compared to an 

uncontrolled system. This finding is supported by the work of McCuen and Moglen (1988) who 

showed an increase in impulse intensity as a result of adding detention to a development. Based on 

the work of Phillips et al. (2013), increases in impulse should correspond to an increase in particle 

travel distances, thus providing greater estimates of bedload sediment transport. In contrast, when the 

ponds are part of the larger system, the reduction in impulse attributed to the SWM ponds is 19%.  

It is interesting to note the ability of the ponds in isolation to provide a positive reduction for the 

values of the other hydrometrics. This leads to the opposite conclusion one might draw from the 

impulse, in that detention ponds are here seen to reduce the channel’s transport potential, which in 

turn highlights the importance of choosing an appropriate metric when modelling bedload sediment 

transport. 

Similar to findings by Booth and Jackson (1997), the detention ponds proved very effective in 

controlling peak flow, providing a reduction of 67% when considered in isolation. On the other hand, 

the Tapscott diversion proved more effective than the SWM ponds in reducing the metrics of 

cumulative effective work, impulse, and CESS. Based on the existing SWM strategy, the reduction in 

virtual velocity associated with the diversion structure was slightly greater than the SWM ponds. This 
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provides support in favour of volume reduction over detention features; however, this conclusion 

should not be generalized, as it is dependent on the specific SWM strategy of the Morningside Creek 

catchment. The SWM offline detention ponds in the Morningside Heights subcatchment are designed 

for erosion control, meaning that the ponds are capable of capturing and releasing runoff associated 

with a 33 mm storm event over 48 hours. This is equivalent to approximately a 2 year return period. 

Since the Tapscott diversion weir is activated in higher flows, the importance of volume reduction 

becomes apparent in larger storm events. Pomeroy et al. (2008) note that due to the increase in runoff 

volume seen in urbanization, unless volume reduction controls are implemented, the time of 

exceedance will increase regardless of the presence or absence of SWM detention features. Looking 

at the cumulative effects of the existing SWM strategy shows a reduction in virtual velocity by over 

70% compared to the uncontrolled case. Goff and Gentry (2006) found that fully developed 

catchments with detention were not able to maintain pre-development flows at all points within the 

channel. While it may not be possible to define pre-development flows at Morningside Creek, the 

ability of the diversion to reduce the volumetric flow rate with increasing storm runoff makes it 

necessary in achieving lower peak flows. 
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Chapter 7 

Conclusions 

A RFID tracer study was performed to track bedload sediment transport at Morningside Creek, in 

Toronto, Ontario. The results were incorporated into a Visual Otthymo hydrologic model for the 

catchment area, which was calibrated to real storm events in order to replicate the hydrologic 

responses measured in the field. The hydrologic model was used to analyze the impacts of the local 

SWM features on the channel’s storm response and capacity to transport bedload sediment. The 

following observations were made: 

• Partial transport of the coarse tail of the grain size distribution was observed for the two 

major mobility events. The relative travel distances of each of the D50, D75 and D90 half phi 

size classes fit the non-linear relationship proposed by Church and Hassan (1992) indicating 

partial mobility. 

• The field determined Shield’s parameter for the 40 mm D50 stone class was 0.0425 similar to 

accepted literature values. Egiazaroff’s hiding function (1965) provided a very strong fit in 

determining mobility thresholds for the larger size classes. 

• Particle path length was fit to a model based on cumulative excess shear stress based on 

modifying a model developed in the work of DeVries (2000).  

L�� = �0.0001CESS�	 + 4�1 −	�0.00015CESS� + 1�	 �¡ !�⁄ 	 
The model was generated using a limited data set void of any larger storm events providing 

limited confidence in the model. Further validation should be undertaken to increase 

confidence in the model. 

• Detention ponds in the Morningside Creek catchment were shown to produce a 33% 

reduction in bedload sediment transport based on the calculation of virtual velocity. The 

diversion infrastructure improves the reduction capability of the SWM strategy, with 

increasing potential during larger storm events. 

• For Morningside Creek and the existing SWM system, increasing the impervious percentage 

of the contributing subcatchments results in a linear increase in bulk sediment transport based 

on the calculation of virtual velocity. 
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• In the Morningside Creek catchment, for storm events of fixed return period, longer storm 

durations generate greater bulk sediment transport compared to storms of higher intensity. 

 

Future work is recommended in increasing the temporal scale of the study, adding tracking events to 

the dataset to refine the model of particle travel distance develop. The findings should be placed in 

comparison to other systems with varying levels of SWM control and urban land cover to provide 

better understanding of the limitations of SWM infrastructure such as detention ponds. Consideration 

should be made to channel size for application of the particle length model based on cumulative 

excess shear stress. Due to the complex interactions and cumulative impacts associated with 

stormwater management features, further research is needed to fully understand the nature of these 

best management practices on bedload sediment transport. 
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Appendix A 

Visual Otthymo Output 
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Appendix B 

Photos of Morningside Creek 
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Photos of Online Pond L1, Looking north from Morningview Trail. Top: May 11, 2017, low flow.  

Bottom: May 5, 2017, high water level, water flowing through overflow structure. 
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Photos taken of the study reach at MCRK 20, facing downstream. Top: May 20, 2015, low flow. 

Bottom: May 5, 2017, during a period of high discharge. 
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Photo of study reach. Taken May 20, 2015, during low flow. 

 


