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Abstract

Urbanization alters hydrological responses by increasing impervious surfaces, leading to elevated
runoff, altered streamflow regimes, and heightened flood risks (Paul & Meyer, 2001; Walsh et al.,
2012). The impact of land-use changes is a crucial consideration for urban watershed management
(Bochis-Micu & Pitt, 2005; Walsh et al., 2012). SPINpy 2 is a screening tool that utilizes digital
elevation model (DEM)-based methods of stream power mapping from Vocal Ferencevic and

Ashmore (2012) to integrate land-use data into its modelling framework.

This study presents the development of two of SPINpy 2's Land Use (LU) based analyses: i) the No
Stormwater Management (NSM) Scenario and ii) the Engineered Stormwater Management Pond
(ESM) Scenario. Incorporating Nature-based Solutions (NbS), such as stormwater management
ponds, into SPINpy 2 can model methods to alleviate the adverse effects of urbanization by
promoting infiltration and stabilizing stream banks. This feature is particularly valuable for urban
watersheds at high erosion risk, where NbS can help reduce the effects of impervious surfaces, lower
flood risks, and stabilize channels. SPINpy 2 facilitates the modelling of NbS, assessing their effects
on stream power, discharge, and erosion sensitivity and providing a decision-support tool for urban
watershed managers. It helps evaluate the long-term benefits of NbS in reducing runoff and
enhancing ecosystem resilience. By modelling the effects of reducing peak flows on erosion risk,
SPINpy 2 simulates how stormwater management measures can mitigate erosion and offers insights

into effective strategies for enhancing channel stability.

The model was applied to urbanized watersheds such as Cooksville Creek to assess its utility in
high-risk environments. The simulation results provide insights into the potential of NbS to reduce
flood risks and improve channel stability. The application of SPINpy 2 demonstrated that
incorporating NbS significantly mitigates the impacts of urbanization. Comparisons between
scenarios with and without NbS interventions highlighted the importance of infiltration-based
solutions in stabilizing stream channels and reducing sediment transport. SPINpy 2 also provided
spatially explicit maps showing locations of high erosion risk and areas where NbS would be most

effective.

The findings underscore the potential of SPINpy 2 as a decision-support tool for urban watershed
managers. By simulating the impacts of land-use changes and NbS interventions, SPINpy 2 offers a

proactive approach to addressing hydrological and geomorphological challenges posed by
iii



urbanization. The ability to model diverse NbS scenarios enhances the tool's applicability in high-risk
watersheds, such as Cooksville Creek, where impervious surfaces dominate and flood risks are
heightened. The results demonstrate that NbS can substantially reduce runoff and stabilize channels,

promoting ecosystem resilience and sustainable development.

Overall, SPINpy 2 serves as a screening tool for decision-makers, enabling them to simulate and
evaluate the impacts of land-use changes and NbS interventions, promoting sustainable development
and environmental stewardship in urban environments. Its comprehensive approach allows watershed
managers to tackle the unique challenges posed by urbanization and supports the development of
cost-effective and environmentally sound infrastructure and policies. This proactive, integrative

approach positions SPINpy 2 as a key resource for managing urban watersheds.
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Chapter 1

Introduction

1.1 Motivation

As urban areas expand to accommodate growing populations, anthropogenic activity leads to
significant land use changes that contribute to adverse climate change effects. While urban
development is important, the challenge lies in ensuring sustainable development, meaning there is a
balance between urbanization's social and economic benefits and its adverse environmental impact. A
consequence of rapid urban expansion is the degradation of river systems, which intensifies erosion
processes. Rivers are complex geomorphic systems that create a network within a catchment
controlled by hydrology and sediment regimes (Vocal Ferencevic & Ashmore, 2012). For this reason,
practitioners and watershed managers rely on watershed-scale erosion assessment tools to make

planning decisions.

Channel assessment tools often use stream power as a metric for predicting channel morphological
changes and sediment transport capacity. Stream power measures the energy expended per unit area
of the riverbed and is directly related to the erosive capacity of water flow (Bagnold, 1968, 1980;
Bledsoe, 2002; Charlton, 2007; Ghunowa et al., 2021; Marcinkowski et al., 2022; Parker et al., 2015;
Rhoads, 1987). Stream power metrics are necessary for watershed managers to prioritize management
efforts and allocate existing fiscal budgets effectively, enabling them to identify areas of high erosion
risk. Since field measurements of erosion across all stream segments within a watershed is often
impractical, there is a growing need for triaging tools to help focus on the most significant erosion-
prone areas. This creates a demand for reliable, validated tools capable of conducting stream power
analysis at a broad scale to evaluate the erosion sensitivity of urbanized watersheds. For example, a
channel assessment tool allows watershed managers to leverage such validated models to conduct
channel assessments efficiently. As such, the tool enables watershed managers and practitioners to
analyze large spatial datasets, forecast erosion risks, and make data-driven decisions without

requiring extensive field surveys.

Notable channel assessment tools used for erosion assessments include the Topographic Analysis
Kit (TAK) for TopoToolbox (Forte & Whipple, 2019; Schwanghart & Kuhn, 2010), Fluvial Corridor
(Roux et al., 2015) and Sediment Transport: Reach Equilibrium Assessment Method (ST: REAM)
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(Parker et al., 2015). TAK for TopoToolbox aids in topographic and hydrologic analysis, while
Fluvial Corridor and ST: REAM are suitable for sediment transport and river morphology
evaluations. Although these tools exist, they do not allow users to conduct rapid analyses with easily
accessible land use data. The Stream Power Index for Networks (SPINarc), built as an ArcGIS
Toolbox, was introduced to address the limitation of rapid assessments using minimal and readily
available user inputs, offering a more comprehensive assessment of urban-induced changes in stream
power metrics (Ghunowa et al., 2021). SPINarc was created to support informed watershed
management and planning decisions. Its abilities include stream power analyses using two data input
methods. The first data input method is modelled data from a detailed hydrologic model output. The
second input type is land use data, which allows stream power analyses to be conducted in data-scarce

environments or as a preliminary desktop analysis before further detailed modelling.

Despite the availability of various channel assessment tools, current models have limitations in
reliably representing the complexities of urban environments, particularly in capturing how
urbanization alters channel width and discharge patterns. Many tools also fail to account for the
benefits of Nature-Based Solutions (NbS), such as green infrastructure and vegetative buffers which
are essential for providing infiltration opportunities for surface runoff. This limitation in existing tools
is significant because NbS can offer a sustainable erosion management approach that alleviates

further erosion and detriment to existing streams.

Current algorithms like those in SPINarc face limitations in modelling NbS interventions, as they
cannot quantify the impacts of NbS on stream power dynamics without relying on detailed hydrologic
inputs. These limitations highlight the need for validated rapid assessment tools to address these
challenges and provide accurate predictions of erosion risks. To address the gap in rapid channel
assessment tools, developing models that integrate NbS into channel erosion risk assessments is
essential. The development of such tools would improve prediction accuracy and allow watershed
managers to evaluate the effectiveness of NbS in mitigating erosion risks in urban watersheds at a

watershed level.

1.2 Objectives and Scope of the Thesis

The goal of this thesis is to advance the understanding and management of erosion in urban systems
with an updated SPINarc tool, called SPINpy 2. SPINpy 2 is intended to serve as a high-level
watershed scale erosion screening tool for watershed managers to identify locations experiencing

2



adverse conditions occurring over a long period of time. This approach enables practitioners to focus
investments and detailed field studies on the identified areas, promoting efficient resource allocation.
This new tool updates a beta Python version of SPINarc called SPINpy (Table 1-1). Specific
objectives of this thesis are to i) consolidate different versions of SPIN that have been created to
address specific management questions, ii) improve the speed, accuracy, and flexibility of the stream
power analysis, and iii) calibrate and validate empirical equations within SPIN that allow the
estimation of stream power metrics from land use data (called the "Land-Use (LU)" Analysis in Table
1-1). The "Modelled" Analysis in Table 1-1 refers to the existing SPINpy capability of using flow and

channel data from modelled hydrology scenarios.

Table 1-1: SPIN versions, features and input requirements

Features SPINarc SPINpy SPINpy 2
Rural Stream Power Scenario X X X
« DEM

*  Empirical Equation
Urban Stream Power Scenario

Urban Modelled Analysis: X X X

*  Modelled Discharge
*  Modelled Width
Urban Land Use Analysis: X - X

+ DEM
* Land Use Layer
* Impervious %
*  Empirical Equations
Financial Assessment Integration (RROIT) - X X

Erosion Management Scenario (RROIT, Green Infrastructure)

1
1
>

SPINpy 2 will consolidate the existing version of SPINarc while addressing algorithm limitations
in SPINarc. The limitations of SPINarc’s Land Use Analysis include an empirical urban discharge
equation that has not been validated for the study region. Additionally, the urban width equation was
identical to the rural scenario, resulting in unrealistic urban width predictions as it failed to consider
channel morphology due to urbanization. SPINpy 2 improves the accuracy of the stream power
predictions for the land use data-driven scenario by revising the channel width and urban discharge

equations. Finally, SPINarc lacks the ability to assess erosion risk within a user-specified boundary.



This added functionality will be added to SPINpy 2, allowing watershed managers to run their

analyses across boundaries such as political, municipal, or neighbourhood boundaries

SPINpy 2’s flexibility will be enhanced by adding methods to account for urban development
scenarios and NbS strategies. Specifically, these improvements will expand the tool’s capabilities by
incorporating the ability to conduct rapid erosion risk assessments that consider stormwater
management ponds. SPINpy 2’s improvements will assess the impacts of NbS on erosion risk within
urban watersheds, including the influence of stormwater management (SWM) systems. SPINpy 2 will
be applied to watersheds within the Credit Valley Conservation (CVC) jurisdiction in Ontario,
Canada, explicitly focusing on the City of Mississauga. The model’s accuracy will be validated using
key metrics such as channel width, discharge, and erosion rates, ensuring that SPINpy 2 effectively

captures the influence of urbanization and green infrastructure on erosion sensitivity in this area.

1.3 Structure of the Thesis

This thesis is structured as follows:

e Chapter 2: A literature review on watershed-scale erosion and stream power assessment tools.
e Chapter 3: Description of study areas used to test SPINpy 2.

e Chapter 4: Description of development, enhancement, and validation methods.

e Chapter 5: Application and results.

e Chapter 6: Summary of key findings and conclusions.

1.4 Project Background & Partnerships

This research takes place within the Credit River Watershed (CRW), part of the Credit Valley
Conservation Authority (CVC) jurisdiction. The CRW consists of the 90 km long Credit River
flowing into Lake Ontario and consists of 23 subwatersheds. Passing through nine municipalities, the
Credit River is a vital natural asset that provides a vibrant and biodiverse natural area for citizens to
enjoy. The CRW is primarily comprised of natural and agricultural land use types (36.3% and 36.0%
respectively). To sustain the watershed's social and ecological benefits, watershed managers must
safeguard, restore, and effectively manage the watershed. Researchers are developing tools such as
SPINpy 2, which can assess the erosion risk of a river using a stream power approach to measure and

maintain watershed sustainability.



This research was supported through an ongoing collaboration with the CVC and the National
Research Council Oceans, Coastal, and River Engineering (NRC-OCRE) Research Centre. The tool
previously developed as part of a prior research agreement is SPINarc - a GIS-based toolbox
developed in collaboration with the Toronto and Region Conservation Authority (TRCA) and CVC.
SPINarc has been integrated into CVC’s Risk and Return on Investment Tool (RROIT) to estimate
erosion damage costs and inform updates to Official Watershed Plans for two watersheds in the

TRCA jurisdiction.

The current research agreement continues the previous work completed with the NRC and CVC by
addressing the limitations of SPINarc. Partial funding for this research was provided by NRC’s
Climate Resilient Built Environment Initiative in support of delivering the Government of Canada’s
Adaptation Action Plan and towards achieving commitments under the National Adaptation Strategy.
These initiatives, including the SPINpy 2 Tool, aim to support climate-informed decision-making for

designing, retrofitting, and upgrading buildings and infrastructure to improve climate resilience.



Chapter 2

Literature Review

As the global population increases, the demand for essential resources such as housing, education,
and transportation also increases. Satisfying these demands requires the construction of housing,
transportation systems, and recreational and educational facilities to accommodate the growing
population. These activities, collectively referred to as ‘urbanization,” often disrupt the natural
balance by modifying landscapes and erecting infrastructure to cater to expanding urban populations
(Alberti, 2005; Bernhardt & Palmer, 2007; Decker et al., 2002; Poff et al., 1997; Wohl et al., 2005).
Modifying the landscape by converting vegetated land cover to impermeable surfaces disturbs the
hydrological cycle, resulting in heightened surface runoff and diminished infiltration. These changes
can lead to erosion and instability of channels (Booth et al., 2002; Paul & Meyer, 2001; E. Tillinghast
et al., 2012; E. D. Tillinghast et al., 2011; Walsh et al., 2012; Winston et al., 2016; Woods Ballard &

Construction Industry Research and Information Association., 2015).

Urbanization adversely affects the environment and humans, resulting in the loss of natural
habitats, declining biodiversity, air and water contamination, and increased susceptibility to natural
disasters such as flooding and erosion. Characteristics associated with stream deterioration due to
urbanization are described as Urban Stream Syndrome (USS). USS is identified by a range of
symptoms (Table 2-1), including changes in flow regimes, elevated nutrient concentrations, and

alterations in channel morphology.



Table 2-1: Examples of Causes and Effects of USS (Booth et al., 2016; Meyer et al., 2005; Paul
& Meyer, 2001; Vietz et al., 2016; Walsh et al., 2005, 2012)

Field Effects Causes
Hydrology Flashy hydrograph (increased erosive Land Use Changes (Imperviousness)
flows, reduced baseflows) Transport of runoff using piped systems
. Elevated nutrient concentrations and Poor management of catchment nutrient
Water Chemistry ) .
contaminants retention

Altered channel morphology (increased
Channel Morphology depth, width) Small, frequent high-flow events
Reduced channel complexity

Increased biomass from small frequent

Biology Reduced biotic richness storm events that are rich in phosphorous
(P)
Macroinvertebrates Reduced abundance of native species Catchment urbanization

and dominance of tolerant species

In response to USS, NbS are employed to mitigate the USS, reducing erosion and flooding while
delivering social and environmental advantages. NbS plays a crucial role in ameliorating adverse
effects, enhancing urban areas, and fostering the harmonious coexistence of urban development and

nature (Cohen-Shacham et al., 2019; Fletcher et al., 2013; Lafortezza et al., 2018).

The rapid expansion of urban areas and its adverse environmental consequences, such as erosion,
have created a need to prioritize watershed preservation and safeguard the well-being of residents.
Setting up monitoring or field visits for every river reach is not always feasible, and desktop analyses
that can be used to predict erosion-prone sections of the river network can be useful for watershed
managers. Watershed managers rely on tools to regulate the safety and sustainability of rivers.
However, existing tools often fall short of accurately evaluating erosion risks due to limitations in

their equations, algorithms, and adaptability to specific watershed boundaries.

Additionally, the effective implementation of NbS depends on accurately predicting NbS
performance within the urban landscape. Due to computationally intensive algorithms, existing
erosion risk assessment tools, such as SPINarc, do not model the presence of NbS. These modelling
limitations highlight the necessity for improved tools to effectively assist watershed managers in

mitigating the impacts of urbanization.



The identified limitations represent a significant gap in stream power desktop analysis tools.
Particularly inefficient erosion risk modelling for detailed DEMs, integrating sustainable stormwater
management practices, such as NbS, and the effectiveness and accuracy of existing modelling tools to
operate within diverse watershed contexts. The main objective of this literature review is to provide a
review of the intersection between urbanization, hydrology, and erosion while providing practical
solutions for watershed managers (Figure 2-1). Additionally, this literature review will assess the

existing tools employed for watershed management, focusing on the SPINarc tool.

Pre-Urbanization
Conditions

Restoring Population growth results in
urbanization/urban sprawl
Restoration efforts using NbS
Causing
Mitigated with

Increases in

impervious surfaces

Increasing stream

power, resulting in
erosion
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Changes in hydrology

*i.e. surface runoff
increases

Figure 2-1: Connectivity of themes discussed in this literature review. These central themes
were considered throughout the project, and the figure illustrates the conceptual flow of
theories while developing SPINpy 2.



2.1 Urbanization Effects on Urban Hydrology

2.1.1 Hydrology

The hydrologic cycle is a fundamental concept that describes the continuous movement of water
through the Earth's atmosphere, surface, and subsurface. Key processes in this cycle include
precipitation, runoff, infiltration, and evapotranspiration. However, the expansion of urban areas due
to human activities has resulted in impervious surfaces, such as roads and buildings, that disrupt these
natural processes. As a result, the hydrological cycle is altered, with a significant increase in surface
runoff and a decrease in infiltration and evapotranspiration (Cahill et al., 2004). This alteration has
various consequences, including higher discharge volumes, increased flooding risks, and enhanced
downstream erosion. It is worth noting that the 2-year discharge event is significant in shaping the
channel's morphology, as it often represents the flow responsible for significant channel-shaping

activities (Charlton, 2007).

Discharge is a fundamental parameter that measures the volume of water that flows through a
cross-section of a stream or river over time. The 2-year bankfull discharge is notable as it represents
the event that performs the most geomorphic work. It impacts sediment transport rates and erosion
capacity (Bizzi & Lerner, 2015; Rhoads, 1987). Urbanization, with its associated increase in
impervious surfaces, amplifies discharge levels. This increase in discharge raises stream power,
exacerbates erosion risks, and affects sediment transport dynamics. Higher discharge can result in
more frequent and severe flooding events, further altering natural flow patterns and contributing to

the degradation of urban streams.

Accurately modelling discharge is a significant challenge in urban hydrology. In urban watersheds,
increased peak discharges are strongly associated with the growing imperviousness of urban
developments (Anderson, 1970; Bledsoe & Watson, 2001; Huang et al., 2008; Leopold, 1968).
Impervious surfaces reduce the frictional resistance of overland flow, resulting in increased surface
runoff volume and rate (Charlton, 2007). Empirical relationships have been developed to predict
discharge in ungauged sites based on the impervious area, drainage area, and flood magnitude and
frequency (Bledsoe & Watson, 2001; Harman et al., 2001). Traditional discharge equations are
inadequate for urban contexts, leading to the development of alternative models and calibration
techniques (Bledsoe & Watson, 2001; Cahill et al., 2004). Understanding discharge dynamics
requires a comprehensive framework that considers changes in land cover and runoff. As

9



imperviousness increases, so does the runoff, necessitating revised approaches to effectively model
hydrological impacts and erosion (Johnson & Hunt, 2020). Empirical discharge equations for
predicting the 2-year discharge in rural and urban watersheds that are prominent in the literature are

listed in Table 2-2.

Table 2-2: Empirical Discharge Equations in Literature

Equation Study Dependent On Study Context
Q=0.248(DA)**! (Phillips & Desloges, DA(sq.km) Rural watersheds in
2014) Southern Ontario
Q=182(DA)" 7% (Bledsoe & Watson, DA(sq.mi) Rural watersheds in
2001) Alabama
Q=150(DA)""(1A)03¢ (Bledsoe & Watson, DA(sq.mi), IA(%) Urban watersheds in
2001) Alabama
Q=0.64(DA)*73* (Gringas et al., 1994) DA(sq.km) Ontario and Quebec
Q=0.239(DA)"%46 (Gringas et al., 1994) DA(sq.km) Lake Ontario, Erie, and
St. Clair
Q=2.11(DA)*7(1A)%30 (Ward and Trimble, DA(sq.mi), TA(%) Urban watersheds in
2004) Georgia
Q=0.248(DA)*1(1A)%3° (Ghunowa et al., 2021)  DA(sq.km), TA(%) Urban Watersheds
Qrotal= QpciatQuia+ra (Deng et al., 2020) DCIA, UIA, PA Urban Watersheds

Note: DA is the drainage area, and IA is the impervious percent

The discharge equations in Table 2-2 consider local conditions, such as the relationship between
imperviousness, perviousness, and drainage area. Phillips & Desloges (2014) and Bledsoe and
Watson (2001) depict a predictive equation for rural watersheds, while Bledsoe and Watson (2001)
and Ghunowa et al. (2021) propose urban discharge equations. Urban watersheds consider the
changes in impervious areas (IA) and drainage areas (DA). Another method often considered is that
runoff from numerous surface types in a catchment is additive and forms the storm hydrograph
(Figure 2-2). Deng et al. (2020) display this discharge relationship by considering that the total
discharge is the discharge from the directly connected impervious area (DCIA), the impervious area
routed to the pervious area (UIA), and the discharge that occurs from the pervious area (PA). This
process is used by the Colorado Urban Hydrograph Procedure (CUHP) developers for a given
catchment (Figure 2-2). Where UIA is the impervious area connected to a pervious area, RPA is the
receiving pervious area, which receives flows from the impervious area. DCIA is impervious areas
directly connected to an underground stormwater sewer system, and SPA is pervious areas not

receiving runoff from impervious areas. The hydrograph's additive nature can translate into the
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discharge equation such that the discharge from the pervious and impervious surfaces is calculated

individually with unique coefficients.

UIA DCIA .
v
RPA SPA —+*+
Htroorage
v 5
Storm ¥
Hdrooragh

Figure 2-2: Depiction of the additive nature of a unit hydrograph. Retrieved from CUHP User
Manual, 2014 (Urban Drainage and Flood Control District, 2014).

2.1.2 Erosion and Sediment Transport

Erosion is a natural process in which water carries soil particles from riverbeds and banks, shaping
river channels over time (Julien, 1995). Various mechanisms contribute to erosion, including mass
failure when banks are exceeded and fluvial entrainment, which is influenced by factors like soil
properties, vegetation density, and channel geometry (Bizzi & Lerner, 2015; Charlton, 2007; Clark et
al., 2008; Papangelakis et al., 2022; Phillips & Desloges, 2014). Effective erosion and sediment
transport management involves land management techniques and restoration efforts to promote
vegetation growth, restore hydrological regimes, and mitigate erosive forces (Parker et al., 2015).
Understanding the interaction between discharge, stream power, and erosion is crucial for assessing

and managing river systems, especially in urban areas.

Sediment transport is closely connected to erosion, transport, and deposition within a channel
reach. These processes are influenced by sediment supply from upstream sources and local sediment
erosion from the riverbed and banks. The size distribution of sediment is as essential as its volume, as
the behaviour of sediment transport varies between coarse and fine materials. Fine particles, like clay,
silt, and sand, are carried as suspended loads and can be transported over long distances, while

coarser materials are transported closer to the riverbed as bedload (Charlton, 2007). Sediment supply
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and transport fluctuate with changes in sediment supply from the drainage basin and channel network

processes.

Human activities such as land use changes, construction, and deforestation intensify erosion and
sediment transport processes, leading to significant environmental and engineering challenges.
Urbanization, with its increase in impermeable surfaces, amplifies runoff and enhances the energy of
flowing water, thereby accelerating erosion (Bledsoe, 2002). Deforestation further increases soil
vulnerability to erosive forces, increasing sediment delivery to river channels and heightened flood

peaks due to reduced infiltration rates (Charlton, 2007).

Total stream power (Equation 2-1), a crucial metric for understanding erosion and sediment
transport, measures the energy expended per unit length of the riverbed and is directly related to the
erosive capacity of water flow (Bagnold, 1968, 1980; Charlton, 2007; Ghunowa et al., 2021;
Marcinkowski et al., 2022; Rhoads, 1987). Total stream power, which is crucial for predicting

morphological changes and sediment transport capacity, is written as:
Q = pgQS (Equation 2-1)

where Q is total stream power (W/m), p is the density of water (1000kg/m?), g is the acceleration of
gravity (m/s2), Q is discharge (m?¥/s), and S is the channel slope (m/m) (Bledsoe, 2002; Parker et al.,
2015). When total stream power exceeds the energy required to exceed flow resistance, the excess
energy may lead to sediment transportation and bank erosion. If the sediment transport rate exceeds

the amount of sediment supplied to the channel from upstream, channel degradation may occur.

Specific stream power (Equation 2-2) is the energy expended per unit area and is effective for
estimating thresholds of sediment movement during rainfall events and assessing the sensitivity of
river networks to erosion and deposition (Bizzi & Lerner, 2015; Bledsoe & Watson, 2001; Rhoads,

1987). Specific stream power can be written as:
Q .
W= (Equation 2-2)

where w is the specific stream power (W/m?), and w is the width (m). Modelling variations in
specific stream power provides valuable insights into sediment transport processes, allowing for the
identification of potential discontinuities in sediment transport and serving as a robust assessment tool
for understanding the cumulative impacts of hydrological regimes on river networks (Bledsoe, 2002;

Bledsoe & Watson, 2001; Ferguson, 2005; Vocal Ferencevic & Ashmore, 2012). These concepts are
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closely related to channel morphology, as stream power and discharge play integral roles in erosion

modelling frameworks.

2.1.3 Channel Morphology

Channel morphology refers to the river channel form and relevant physical processes operating at
different spatial and temporal scales (Charlton, 2007). The stability of channels depends on multiple
variables, including discharge, sediment supply, channel size, and valley gradient. Changes in these
variables, often driven by climate, topographic changes, or human activities, can destabilize a river,
resulting in permanent changes to its shape and dynamics (Ashmore et al., 2023; Charlton, 2007).
Urbanization significantly impacts channel morphology by modifying streamflow patterns, often
leading to the enlargement of stream channels (Hammer, 1972). This enlargement occurs as channels
adjust their geometries to restore equilibrium in response to changes in flow and sediment patterns

(Charlton, 2007).

Geomorphologists recognize that urbanization transforms natural rivers by introducing artificial
structures to stabilize networks and mitigate erosion, flooding, and infrastructure damage (Nelson et
al., 2006). However, these structures' stability is often temporary; major disturbances, like extreme
flooding or significant land-use changes, can overwhelm interventions, forcing rivers to either return
to a prior state or adapt to a new equilibrium condition (Charlton, 2007). Channel size, primarily
influenced by upstream discharge, typically increases downstream with the drainage area. While
natural channel size typically increases downstream as the drainage area increases, urban
development can disrupt this progression, influencing erosion rates and sediment transport patterns

and impacting channel morphology and stability (Ashmore et al., 2023; Charlton, 2007).

The flow regime of a river plays a critical role in determining channel form and stability. It refers
to the variations in flow over time and can be considered the "climate" of a river. It is characterized
by seasonal variations, flood frequency, magnitude, and the frequency and duration of low flows
(Charlton, 2007). The characteristics of the flow regime significantly shape channel morphology due
to the influence of discharge on stream power, velocity, and bed shear stress. Of particular interest is
the bankfull discharge, which represents the flow at which the channel is filled with water. It serves as
a morphological threshold between within-bank and out-of-bank flows. In many alluvial channels,

particularly in humid temperate regions, the bankfull discharge tends to occur with a frequency of one
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to two years (Charlton, 2007). It is closely associated with the flow that transports the most

significant amount of sediment (performs the most geomorphic work) (Charlton, 2007).

Traditional methods for modelling stream power involve measuring morphological variables such
as slope, width, and discharge along cross-sections and extrapolating values between these sections
(Winterbottom & Gilvear, 1997). However, these methods are often limited in spatial scope, time-
consuming, and costly (Jordan & Fonstad, 2005). High-resolution digital elevation models (DEMs)
have emerged as a valuable tool for overcoming these limitations, allowing for more efficient and
cost-effective calculation of stream power over larger areas. The DEM approach combines spatial
analysis of DEMs with hydraulic geometry equations to calculate discharge and width, and it has

become a recognized assessment tool (Vocal Ferencevic & Ashmore, 2012).

To understand these processes, regime theory suggests that stream channels maintain a quasi-
equilibrium with their flow regime, and urbanization often leads to channel enlargement to restore
this balance (Leopold & Maddock, 1953). Accurately estimating channel width is crucial for
modelling the effects of urbanization on stream morphology. Leopold and Maddock first proposed the
empirical equation (Equation 2-4) using downstream hydraulic geometry (Charlton, 2007; Leopold &
Maddock, 1953):

W = aQ,”(Equation 2-3)

where Q; is the 2-year discharge, b is a constant 0.5, and a varies for each river. Discharge varies over
space and time, increasing downstream in response to precipitation. Hydraulic geometry describes
how flow velocity, width, and depth change in response to these discharge variations (Charlton,
2007). The equation models a proportional relationship between discharge and channel width; when
the discharge increases, the channel width will also increase (Charlton, 2007; Leopold & Maddock,
1953).

The width equations used in recent studies (Table 2-3) are often based on rural watersheds and do
not model channel width changes under varying flow conditions, which is unsuitable for urban
watersheds. However, Ashmore et al. (2023) have developed a relationship that considers stream
power and urban-specific variables, which is sensitive to the effects of urbanization on channel widths

(Ashmore et al., 2023; Bizzi & Lerner, 2015; Marcinkowski et al., 2022).
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Table 2-3: Width Equations in Literature

Equation Study Dependent On Study Locations
W=4.631(Q,)" 13 (Ashmore et al., 2023) Qz(m’/s) Rural Watershed
W=1.16(DA)*%® (Phillips & Desloges, DA(sq.km) Rural Watershed

2014)

W = Q%70 Reinfields et al. 2004 Qa(m?/s) Rural Watershed

W=2.69(DA)36 Vocal Ferencevic and DA(sq.km) Rural Watershed

Ashmore, (2012);

Annable, (1996)
W=0.234(Q,)"*% (Ashmore et al., 2023) Qa(m?/s) Urban Watershed
W=0.87(Q2)3Dsg044 (Ashmore,2001) Q2(m/s), Dso Urban Watershed

Reinfields et al. (2004) also explored the relationship between flow magnitude and channel width
by focusing on the flow associated with a 2-year return period. While this equation offers insight into
channel-forming flows in rural environments, it may not adequately capture the variability in flow
regimes that urban channels experience.

Unlike the rural equations proposed by Phillip & Desloges (2014), Reinfields et al. (2004), and
Vocal-Ferencevic & Ashmore (2012), which do not account for the sensitivity of channel width to
urbanization, Ashmore et al. (2023) proposed an equation based on stream power that explicitly
captures the effects of urbanization on channel width. As impervious surfaces increase due to
anthropogenic changes, the stream power at the channel segment also increases, leading to wider
channels. This sensitivity is crucial for modelling urban watersheds, where the hydrologic response to
precipitation is more intense, leading to flashier flows and higher erosive potential.

Additionally, Ashmore et al. (2023) proposed a more detailed method for calculating channel width
by incorporating particle size (D50). This approach recognizes that the relationship between flow and
sediment transport is highly complex in urban environments, and particle size distribution is an
essential factor influencing channel dimensions. The D50-based method reflects the sensitivity of

channel morphology to sediment transport dynamics.

The examination of width equations demonstrates a progression from simplistic rural empirical
models tomulti-variate approaches that consider the complexities introduced by urbanization.
Continually refining these equations is essential for effectively modelling channel morphology and
managing erosion and sediment transport in urbanized watersheds. Accurate predictions of channel
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width are critical for designing erosion control measures and NbS, particularly in regions

experiencing rapid urbanization and increased hydrologic stress.

2.1.4 Urbanization

Urbanization is defined as the concentration of the population and the transformation of society's
economic, social, and cultural aspects (Hussain & Imitiyaz, 2018), exacerbates runoff and sediment
yields, although these effects are often localized. This process involves the movement of people and
activities to urban areas, leading to increased urban populations and the expansion of urban spaces
(Hussain & Imitiyaz, 2018; Tisdale, 1941). Urban sprawl, a byproduct of urbanization, is
characterized by low-density, car-dependent development on the outskirts of city centers and older
suburbs, frequently encroaching on sensitive greenfields and agricultural land (Banai & DePriest,
2014; Bourne, 2001). Sensitivity to land use change varies across regions and depends on soil
erodibility, climate, topography, and slope-channel coupling within the drainage basin. Deforestation
to make way for urban environments initially increases sediment yields, which stabilizes over time
(Wolman & Schick, 1967). However, Charlton (2007) and Wolman and Schick (1967) observe that
urbanization of agricultural areas leads to a rapid increase in sediment yields during the construction
phase, followed by a decline as construction ends and soil conservation measures are implemented

(Figure 2-3).
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Figure 2-3: Timeline of land use changes and channel conditions. Retrieved from Charlton
(2007). The pattern shown above is typical of expanding urban areas, where sediment yields
surge during construction but later decrease, causing the flow regime to undergo permanent
alteration. Impermeable surfaces, such as roads and parking lots, increase runoff, reduce
infiltration and increase the magnitude of flood peaks, particularly for minor storm events. The
alteration in flow dynamics can lead to channel enlargement and other significant
geomorphological changes.

Ashmore et al. (2023) and Bevan et al. (2018) documented channel transformations due to
urbanization in Toronto watersheds (Highland and Wilket Creek). Highland Creek exhibited
progressive changes in flow regime and sediment dynamics over several decades, driven by
impervious surfaces and stormwater infrastructure (Ashmore et al., 2023; Bevan et al., 2018). This
increased both the magnitude and frequency of peak flows, elevating stream power by nearly ten
times, which in turn catalyzed substantial channel widening and incision. These changes created a
highly energetic system where frequent, high-intensity flows altered the geomorphology,
transforming meandering channels into wider, straighter reaches. Similarly, Bevan et al. (2018)
identified a comparable pattern in Wilket Creek, where urban development and impervious surfaces
initially led to increased sediment loads. However, as the watershed matured, reduced sediment
delivery and elevated discharge led to a steady channel enlargement and a shift from sediment
deposition to erosion. The Wilket Creek study area exemplifies how urbanization-induced flow

increases can amplify erosion, transforming channel width and depth, often necessitating intervention

to stabilize banks and protect nearby infrastructure.
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2.1.5 Nature-Based Solutions (NbS) for Watershed Management and Erosion Reduction

NbDS integrates the goals of environmental conservation and sustainable development to address the
degradation of natural resources and its impacts on biodiversity and human well-being (Alberti, 2005;
Burns et al., 2012; Cohen-Shacham et al., 2019; Paul & Meyer, 2001; E. D. Tillinghast et al., 2011).
NbS encompasses a range of ecosystem-based approaches, including engineered and green
infrastructure interventions (such as the creation of ponds, wetlands, parks, and forests) designed to
emulate natural processes within urban environments. These ecosystem-based approaches offer
numerous benefits, such as restoring hydrologic balance, improving water quality, flood management,
erosion reduction, enhanced biodiversity, social benefits, and urban watershed resilience (Charlton,

2007; Lafortezza et al., 2018; Paul & Meyer, 2001).

To ensure that NbS interventions meet required mitigation measures, modelling is crucial before
their physical construction. By simulating the hydrologic, geomorphic, and ecological effects of NbS,
models can help assess the capacity of NbS interventions to mitigate adverse urban impacts like
increased runoff and erosion. NbS interventions, such as detention-based and infiltration-based
stormwater control measures (SCMs), wetlands, forests, and parklands, mitigate erosion by
employing natural processes to manage runoff and stabilize soils. While detention-based SCMs focus
on reducing peak flow and confining flows within channels, infiltration-based SCMs like Low Impact
Development (LID) and Sustainable Urban Drainage Systems (SUDS) address surface runoff at its
source, enhancing infiltration and promoting groundwater recharge (Bhatt et al., 2019; Fletcher et al.,

2015).

Vegetation along the banks is also critical in this dynamic, providing additional erosion resistance
and contributing to channel stabilization (Charlton, 2007). Wetlands, forests, and parklands contribute
by absorbing excess water, stabilizing soils, and intercepting rainfall, offering various ecosystem
services, including flood control and water quality improvement (Fletcher et al., 2013; Kumar et al.,
2021). By enhancing riparian vegetation, restoring natural channel forms, and incorporating green
infrastructure, NbS can improve the resilience of urban streams against the pressures of increased

runoff and sediment transport.

A central theme in NbS is the concept of water balance, which plays a crucial role in
comprehending the impact of NbS interventions on hydrological processes. Water balance modelling

is fundamental in urban settings because it assesses the interactions between precipitation, infiltration,
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and runoff. Water balance models can be crucial for evaluating the effectiveness of NbS in restoring
the water balance and managing runoff and erosion after urbanization (Mitchell et al., 2001; Xu et al.,
2023). By simulating changes in hydrological processes and runoff dynamics, water balance models
inform sustainable land management practices and policy decisions to mitigate the adverse effects of

urbanization (Walsh et al., 2012; Xu et al., 2023).

Effective watershed management decisions to mitigate the adverse effects of urbanization use tools
like SPINarc to incorporate hydrologic and geomorphic processes to predict erosion risk but overlook
the effect of NbS in reducing peak flows in the watershed. Incorporating NbS components into such
models could significantly improve their predictive capacity, especially in urbanized watersheds
where vegetation cover, permeable surfaces, and restored floodplains can play a significant role in
mitigating erosion (Bizzi & Lerner, 2015; Julien, 1995). The effectiveness of NbS in reducing erosion
is well supported in case studies that demonstrate the ecological mechanisms that stabilize soils,
manage stormwater runoff, and promote vegetation cover (Table 2-4). NbS interventions like
reforestation, wetland restoration, and riparian buffer zones enhance ecosystem services and provide
physical structures that reduce sediment transport and erosion (Cohen-Shacham et al., 2016, 2019).
Deep-rooted vegetation stabilizes soil, particularly during high-flow events, by anchoring soil and
reducing surface runoff (Charlton, 2007). Modelling these processes allows for a detailed evaluation
of NbS interventions in various scenarios, enabling practitioners to predict their performance under

different storm intensities and urban development pressures.

Through erosion and sediment transport models, NbS can be evaluated to ensure their effectiveness
before physical implementation. These models integrate landscape resilience factors, such as
biodiversity, soil structure, and hydrological cycles, to assess the full range of benefits provided by
NbS. For example, reforestation models can simulate the long-term effects of root structure on soil
stability, while wetland restoration models can track changes in water infiltration and sediment
retention (Cheng et al., 2023). Such predictive modelling ensures that NbS interventions meet the
required mitigation goals for reducing erosion and enhancing landscape resilience before being

physically established.
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Table 2-4: NbS approaches and its erosion reduction mechanisms and environmental benefits

NbS Approach

Erosion Reduction

Additional Benefits

References

Detention-Based
SCMs

Trap sediments and attenuate flow
through ponds and other detention
measures. Reduce peak flow rates
and confine flows within channels

Flood control, water
quality improvement,
peak flow reduction

~ etal., 2011
to decrease erosional events.
Reduce surface runoff at the
. source by enhancing infiltration Groundwater recharge, Bhatt et al., 2019;
Infiltration-Based . . . )
SCMs (LID, SUDS) through bioretention systems, reduced flood risks, Fletcher et al., 2015;
i permeable pavements, and rain improved water quality Lee et al., 2023
gardens.
Wetlands . ’ flood control, water Kumar et al., 2021;
natural retention ponds to absorb .. ;
quality improvement Suits et al., 2023
excess water.
Intercepts rainfall, reduces surface . .
runoff and stabilizes soils through Floogif)l;izer(siilictlon, Lietal., 2020;
Forests deep-rooted vegetation. Urban conservatiofl Meyer et al., 2005;
forests mitigate stormwater runoff ecosvstem servi’ces Olding et al., 2004
and enhance ecosystem stability. Y
Utilize Green Infrastructure (GI) Egosystem services, Brawley-Chesworth.
elements such as permeable improved urban
: : 2023; Jefferson et
Parklands pavements and rain gardens to environments, -
al., 2017; Tong et
reduce runoff and promote stormwater
. ) al., 2022
infiltration. management

While the mitigation effects of the NbS approaches described in Table 2-4 are beneficial at a larger

watershed scale, sediment transport is complex, so challenges remain at site-specific limitations.

These challenges can hinder the long-term effectiveness of NbS, mainly when applied in isolation.

Integrating NbS into broader watershed-scale strategies, such as combining LID with detention-based

SCMs, has shown promise in addressing these challenges (Burns et al., 2012). As cities expand,

leveraging these solutions with advanced modelling tools like SPINarc is crucial for enhancing

resilience and fostering a sustainable coexistence between built and natural environments (Cohen-

Shacham et al., 2019; Kumar et al., 2021). Therefore, NbS provide a sustainable and practical

approach to managing erosion and urban hydrology.
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2.2 Urban Watershed Management

Urban watershed management is a field focused on addressing the impacts of urbanization on water
resources and ecosystem health. Currently, urban watershed management practices include a range of
strategies designed to mitigate the adverse effects of increased impervious surfaces and altered
hydrological regimes. These strategies encompass the implementation of green infrastructure (GI)
practices such as permeable pavements, green roofs, and bioretention systems, which are intended to
manage stormwater at its source, reduce runoff, and improve water quality (Guswa et al., 2020; Qin et
al., 2013). The importance of urban watershed management lies in its ability to enhance resilience to
flooding, control erosion, and improve overall water quality in increasingly developed areas.
Effective management relies on predictive modelling to maintain the watershed's ecological balance,

preventing infrastructure damage and safeguarding public health in urban environments.

The detrimental consequences of erosion and flooding on urban populations, including
infrastructure loss, property damage, and reduced water quality, have led watershed managers to
adopt NbS. These solutions restore natural processes and enhance ecosystem resilience, offering
additional benefits such as improved water quality, stormwater management, and recreational spaces
for urban residents (Cohen-Shacham et al., 2019; Kumar et al., 2021). Integrating NbS into urban
planning requires a comprehensive approach that combines various techniques to tackle the diverse
challenges of urbanization. Adverse effects can be mitigated by restoring pre-urban water balance
conditions, stabilizing soil, and improving hydrological processes (Cohen-Shacham et al., 2019;
Fletcher et al., 2013). The successful implementation of NbS requires careful consideration of local
conditions and ongoing monitoring to ensure long-term efficacy (Cohen-Shacham et al., 2019;

Fletcher et al., 2013).

Applications of NbS practices are widespread, including the integration of site-scale LID
techniques in new developments, retrofitting existing infrastructure with SCMs, and restoring natural
hydrological processes through riparian buffer zones and wetlands (Bhatt et al., 2019; Fletcher et al.,
2013). Watershed managers play a crucial role in mitigation efforts, utilizing tools such as
hydrological models, GIS, and monitoring systems to assess and address watershed conditions. They
are responsible for identifying areas needing intervention, developing and implementing strategies
that balance urban development with environmental protection, and ensuring land use planning

incorporates sustainable water management practices (Olding et al., 2004). The tools available to
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watershed managers include simulation models for predicting hydrological impacts, decision support
systems for evaluating management options, and field-based monitoring equipment for assessing the

effectiveness of implemented measures (Giese et al., 2019).

Urban watershed management is vital for mitigating urbanization's effects on water systems. With
the support of various tools and technologies, watershed managers can effectively identify areas
adversely affected by urban development. These efforts are crucial for promoting sustainable urban

environments and ensuring the long-term health of aquatic ecosystems.

2.3 Review of Existing Tools

Sections 2.1 and 2.2 discussed the sediment and flow regime theory that drives changes seen in urban
environments and how watershed managers rely on tools to model regime changes for predictions of
extreme environmental conditions such as erosion and flooding. Section 2.3 will discuss the
algorithms and decision support tools that are currently available. It will be split into two sections:
first, 2.3.1 will discuss tools that can quantify and model morphologic changes, and next, 2.3.2 will
discuss tools that model NbS. This will facilitate a discussion of the existing tool, SPINarc, its

limitations, and how they can be addressed.

2.3.1 Stream Assessments to Quantify Morphologic and Hydrologic Changes

Quantifying morphological and hydrological changes in stream systems is crucial for understanding
how catchments evolve in response to natural processes and human interventions, such as
urbanization. One of the most notable advancements in recent decades is the application of GIS-based
approaches to assess stream power and associated morphological parameters. Like Rosgen's (1996)
qualitative classification method, traditional stream assessments often lacked the precision and
repeatability needed for broader scientific applications, particularly in urbanizing landscapes. The
Vocal-Ferencevic and Ashmore (2012) method emerged in response to these limitations, offering a
GIS-based, catchment-scale total stream power analysis. This method was designed to be more
accessible, requiring fewer manual inputs and less technical expertise while producing robust,
scientifically valid outputs. The key innovation was to use a Digital Elevation Models (DEM) based
process to extract relevant morphological parameters such as slope, drainage area, flow direction, and
flow accumulation. Then calculate stream power using empirical discharge and total stream power

equations.
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The Vocal-Ferencevic and Ashmore method integrates Digital Elevation Models (DEMs), which
provide detailed representations of terrain morphology, to extract relevant parameters and
automatically calculate stream power. Stream power is a key indicator of erosive potential and
sediment transport capacity. Vocal-Ferencevic and Ashmore’s method employs GIS to calculate unit
stream power at various locations along the stream network. This method identifies areas prone to
morphological changes, helping researchers and practitioners understand how urbanization or other
land-use changes affect channel stability and sediment dynamics. DEMs are processed to fill voids
and generate flow accumulation patterns using algorithms like D8 flow direction models (Tarboton et
al., 1991). These hydrological algorithms allow for extracting critical metrics such as watershed
boundaries, channel slopes, and flow pathways. Early applications of DEM analysis were limited by
the resolution of the available data and the simplicity of the processing tools. However, as DEM
resolution improved and processing algorithms became more sophisticated, Vocal-Ferencevic and

Ashmore could apply these tools to calculate stream power at multiple spatial scales accurately.

The method combines raster processing techniques to extract hydrological metrics with minimal
user intervention, making it practical and reliable for larger datasets. The reliance on GIS software
allowed for streamlined analysis and offered a more nuanced understanding of channel conditions.
While the Vocal-Ferencevic and Ashmore method requires dso field measurements which can be a
limiting factor for users without access to field data, the Vocal-Ferencevic and Ashmore method can
be adapted to use general land use information. The adaptation of the Vocal-Ferencevic and Ashmore
method provides a robust framework for initial stream power assessments where dso field data is not
readily available. Their 2012 approach was later adapted into automated tools like SPINarc
(Ghunowa et al., 2021; Papangelakis et al., 2022), which builds upon the step-by-step manual
calculations initially proposed by Vocal-Ferencevic and Ashmore. This development further
increased the efficiency and accessibility of stream power analysis, making it possible to generate

comprehensive assessments at the catchment scale with minimal user input.

SPINarc simplified the process, offering an efficient way to calculate stream power along the
channel network for catchment scale applications with minimal user input. The tool integrates all
outputs into a single shapefile, removing much of the complexity of manual data handling. The
development of geospatial analysis software has significantly enhanced the ability to quantify stream
power throughout river catchment networks, providing comprehensive assessments of stream

dynamics and sediment transport processes. Tools like SPINarc are vital in understanding and
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managing river systems, especially in urban environments. These tools utilize DEMs to characterize
terrain morphology, extract watershed boundaries, and quantify channel morphology metrics,

discharge, and stream power in urban channels.

Numerous spatial analysis tools, such as the Soil and Water Assessment Tool (SWAT) (Arnold et
al., 1998; Arnold & Williams, 1987), EPIC (Williams & Arnold, 1997), Topographic Analysis Kit
(TAK) for TopoToolbox (Forte & Whipple, 2019; Schwanghart & Kuhn, 2010), Fluvial Corridor
(Roux et al., 2015), Sediment Transport: Reach Equilibrium Assessment Method (ST: REAM)
(Parker et al., 2015), and the Stream Power Index for Networks (SPINarc) (Ghunowa et al., 2021).
SPINarc is the focus of this project and was specifically developed using Python for ArcGIS to allow
a rapid assessment of the impact of urbanization on stream power metrics. These tools utilize Digital
Elevation Models (DEMs) to characterize terrain morphology, extract watershed boundaries and
channel morphology metrics, and calculate discharge and stream power in urban channels. These
tools and others are suitable for flood modelling and offer comprehensive solutions for riverine
landscape characterization and morphological analysis at various scales. This analysis is important at
a watershed scale, as it allows for identifying areas prone to morphological changes and channel
instability (Ghunowa et al., 2021). Moreover, advancements in spatial analysis tools and high-
resolution DEMs have enhanced the accuracy and efficiency of stream power calculations, making it

an indispensable tool for studying river morphology and behaviour (Forte & Whipple, 2019).

These advancements underscore the evolution of stream assessment tools and the ongoing need for
increasingly automated, user-friendly methods that balance accessibility and practical application. As
stream power assessments evolve, tools like SPINarc offer a promising direction for improving
morphological and hydrological assessments' efficiency, accuracy, and scalability in complex and

urbanized environments.

2.3.2 Existing Tools that Model and Quantify the Effects of NbS

Several tools and models are available to quantify and model the effects of NbS, particularly in terms
of hydrological processes, erosion control, and sustainable stormwater management. Many tools and
models are available for modelling channel morphology and erosion in different environments,
ranging from empirical equations to complex hydrological models. These tools vary in scope,

complexity, and applicability depending on the type of NbS, the scale of intervention, and the
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environmental setting. This section reviews existing tools and outlines their benefits and limitations in

modelling NbS.

Models such as KINEROS2, BasinMaker and Lake-TopoCat exist to quantify the hydrological and
morphological impacts of NbS (Han et al., 2023; Korgaonkar et al., 2020; Sikder et al., 2023) (Table
2-5). For instance, KINEROS?2 effectively models runoff and erosion in small, urbanized watersheds
with green infrastructure (GI) components such as rain gardens and permeable pavements. However,
its complexity and data demands make it challenging for large-scale applications. Other models like
BasinMaker, a GIS-based tool, are ideal for hydrological routing in large, lake-dominated watersheds,
although they require significant customization and data for detailed NbS modelling. Similar to
BasinMaker, Lake TopoCat provides detailed lake and river hydrology products but is less suited for

urban settings without large water bodies.
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Table 2-5: Overview of Existing Tools that Model and Quantify the Effects of NbS

Tool Type NbS Types Benefits Limitations
Modelled
Numeric Modelling Tools
- Urban flood modelling,
NbS stormwater management, and - High computational
2D (bioretention  evaluating the impact of NbS. requirements for large
MIKE-+ 2D hydrodynamic systems, - Integration of stormwater datasets.
model +urban  permeable management infrastructure and - Detailed input data (high-
(DHI, 2024)
’ drainage pavements, natural processes. resolution DEMs, land cover,
modeling detention - Can be used in conjunction and sewer network
ponds) with SWMM for rainfall-runoff configurations).
modelling
- Models small watersheds with
KINEROS? detailed urban features. - Complex data inputs.
(Korgaonkar Hydrological ~ Urban-scale - Can represent pervious areas - Limited ability to simulate
ot alg 2020) model NbS and stormwater practices like large-scale NbS or regional
? rain gardens and permeable hydrological effects.
pavements.
RECHARGE Infiltration- - Limited to small-scale
(Richards . based SCMs - Models soil water movement . .
. Soil . . interventions.
Equation) . . (rain under unsaturated conditions. . . .
infiltration . . - Detailed soil and hydraulic
(Aravena & gardens, - Simulates rain garden water .
. model . . data is necessary for
Dussaillant, infiltration balance. . .
simulations.
n.d.) trenches)
- Widely used and thorough
SWMM NbS (green documentation - Limited scalability for
(Rossman Hvdrological roof, - Models urban stormwater watershed scale applications
Lewis A 8’( mgdelling and bioretention runoff, and hydrology and - High computational power
Simon. s tormwi ter systems, integrates representation of for large and complex areas
Michelle ’A management permeable various NbS - Detailed input data
2022) ? & pavement, - Can simulate quantity and (catchment parameters and
etc.) quality of stormwater NbS configurations)
- Open-source, can be modified
GIS Based Routing Modelling Tools
- Generates hydrological routing L
Lake TopoCat GIS-based Lake- products for lakes and rivers. - Primarily focused on lake-
. . dominated . influenced hydrology, less
(Sikder et al., hydrological - Allows for detailed lake .
subwatershe . suitable for non-lake urban
2023) tool effects on hydrological .
ds . : . settings.
processes in various resolutions.
Large-scale
detention- - GIS integration for basin .
? . - Complex data requirements.
. based SCMs delineation. .
BasinMaker (ponds - Flexible hvdrolosical models Originally focused on lake-
(Han et al., GIS toolkit p ’ y & dominated watersheds.
wetlands) - Open-source and .
2023) : . - Need to be customized for
and NbS in customizable. detailed NbS modellin
lake - Flow routing through lakes &
watersheds
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The models and tools outlined in Table 2-5 illustrate the various approaches taken to simulate NbS.
KINEROS?2, for example, is well-suited to small-scale urban green infrastructure (GI) interventions
such as rain gardens and permeable pavements, which address urban runoff in compact areas
(Korgaonkar et al., 2020). For infiltration-based systems, RECHARGE is particularly valuable as it
applies the Richards equation to estimate soil water balance. This model enables detailed simulation
of rain gardens by incorporating soil infiltration data; however, it is constrained by the need for
accurate, high-resolution soil data and is thus generally limited to minor interventions (Dussaillant et

al., 2004).

In contrast, models like BasinMaker address large-scale NbS, such as detention ponds and wetland
systems, which require extensive hydrological routing capabilities. BasinMaker excels in lake-
dominated watersheds where basin delineation and flow routing are critical. However, it demands
significant GIS and high-resolution data support, which can restrict accessibility (Han et al., 2023).
The Lake TopoCat tool provides unique insights into lake-dominated hydrological systems, an
essential aspect for NbS in regions with significant lake influence. Although primarily focused on
hydrological processes in lake systems, its lake-specific functionality restricts its broader applicability
in urban NbS projects that lack prominent water bodies (Sikder et al., 2023). MIKE+ 2D integrates
2D hydrodynamic modelling with urban drainage networks, offering robust solutions for simulating
flood-prone environments and surface runoff in urban areas. While its capabilities include assessing
NbS impacts like detention ponds and permeable pavements, its reliance on detailed input data and
high computational demands can pose challenges. Additionally, MIKE+ 2D specifically focuses on

hydrodynamics, which may limit direct erosion or sediment transport modelling.

Each tool presents trade-offs between precision, environmental scope, and computational intensity,
indicating that current models, while varied in capabilities, lack the flexibility to integrate multiple
NbDS types or environmental settings within a single framework. Models such as KINEROS2,
RECHARGE, and SWM effectively address small-scale urban GI but are unsuitable for watershed-
scale applications, while BasinMaker addresses large-scale NbS at the expense of usability in smaller
or more urbanized areas. The limited capacity for combined erosion and hydrological modelling,
essential in urban NbS, underscores the need for tools that can scale across diverse interventions and
geographies. The limitations presented by existing tools underscore the importance of advancing
models that support the simultaneous assessment of diverse NbS interventions, particularly as erosion

models are often isolated from other hydrological dynamics. Expanding on existing methodologies
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and developing a more flexible, multi-scale model would aid sustainable land management efforts.
This approach could guide better-informed decisions around NbS and enhance resilience against

urban watershed erosion.

2.3.3 Review of Existing SPIN Versions

With urbanization, increased flows with more energy are observed; therefore, higher stream power is
observed. SPINarc calculates the specific stream power for rural and urban scenarios. Using nine
tools, SPINarc can assess an urban river’s stability at the watershed scale using a stream power
approach (Figure 2-4). These nine tools include the ability to analyze a DEM to extract river
networks, find the channel segments, calculate the average slope, calculate the stream power for rural
scenarios, and calculate the urban scenarios using modelled data and land use data (Ghunowa et al.,

2021).
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Figure 2-4: SPINarc Tools

SPINarc has two possible analyses, rural and urban and all SPINarc analyses require a DEM input.
Equations 2-2 and 2-3 highlight the importance of Q and W for stream power analyses in rural and
urban contexts. The rural analysis in SPINarc requires rural empirical equations (Equations 2-4 and 2-

5) to calculate the specific stream power. A rural scenario is calculated based on an analysis of a
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digital elevation model (DEM) and empirical relation to determine the stream network and values for

S, W, and Q. In SPINarc, channel width (W) is calculated from the drainage area (DA, km?):
Wpp = a(DA)? (Equation 2-4)

where a and b are derived from statistical regression, and the subscript PD refers to a rural watershed
regional study (Phillips & Desloges, 2014) from which the values for a and b were obtained. The
implicit assumption of the Equation is that width can be modelled as a power function of DA
(Equation 2-7). However, SPINarc does not account for channel enlargement. Channel deformation
may occur due to numerous reasons including erosion, deposition, increase of impermeable surfaces
resulting in increased flows from urbanization (Charlton, 2007; Gregory et al., 1992). Therefore,
using the rural equation (Equation 2-4) in an urban context will reflect incorrect channel morphologic

conditions. In rural areas, Q,- can similarly be expressed as a power law.
Q, = c(DA)? (Equation 2-5)

where ¢ and d are regional coefficients, and the subscript r refers to the rural scenario. The urban
analysis has two scenarios that can be calculated a) Modelled Analysis, which requires hydraulic
model outputs, and b) LU Analysis, which requires GIS land use data. Following Bledsoe and Watson
(2001), the LU Analysis calculates an urban estimate of @, that is sensitive to the percent

imperviousness (IA), which can be estimated from the land use information as:
Qy = c(DA)4(1A)¢ (Equation 2-6)

where e is an empirical coefficient, and the subscript u refers to the urban scenario. The LU Analysis
is beneficial when hydraulic models, built with detailed knowledge of watershed hydrology and

channel geometry, are unavailable. In SPINarc, the specific stream power ratio (SSPR), calculated as
the ratio of rural to urban specific stream power, can be used to assess the impact of urbanization and

interpret erosion patterns (Ghunowa et al., 2021; Papangelakis et al., 2022).

Urban Specific St P R
rban Specific Stream Power w. 7% .
SSPR = pecy = G- = —go-5 (Equation 2-7)
Rural Specific Stream Power W_T PQW_T
T r

Once the urban stream power is calculated, the specific stream power ratio or the erosion risk can

be calculated by dividing the urban by the rural. This indicates the magnitude of change from an
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undeveloped rural condition. Watershed managers can use the erosion risk value to identify areas

needing restoration efforts or any other interventions.

While SPINarc’s empirical equations were effective, SPINarc faced performance limitations,
particularly in processing speed and memory constraints. These issues stemmed from the polygon
method used for extracting impervious surfaces, which affected computational efficiency when
handling large DEM datasets (Ghunowa et al., 2021). The polygon approach extracts the
imperviousness contributing to each channel segment. The polygon method includes squaring and
multiplying the cell size of the DEM by the drainage area upstream of each segment (Ghunowa et al.,
2021). The drainage area polygons intersect with land use polygons to calculate the area covered by
each land use type. The total impervious area is determined and summed for each polygon by
multiplying each land use area by its associated imperviousness. The ratio of the total impervious area
to the total drainage area is then calculated as a percentage and assigned to each discharge point

feature of the reaches (Ghunowa et al., 2021).

To address these challenges, the SPINpy tool was developed by Ghunowa et al. (2021) using
Python, leveraging libraries such as GDAL, rasterio, NumPy, and Whitebox Geospatial Tools
(Lindsay, 2016) to improve processing speed and handle detailed DEMs more efficiently. SPINpy
further reduces the need for manual intervention, offering faster processing and improved support for
high-resolution datasets. Table 1-1 outlines the capabilities of each iteration of the tool. SPINarc's
capabilities have already been incorporated into the CVC’s Risk and Return on Investment Tool
(RROIT) as SPINpy. SPINpy was the next version created to address the accessibility barriers posed
by the ESRI license in SPINarc and to allow for an open-source script. SPINpy was developed in
Python for CVC to run the Modelled Analysis with imported toolboxes from Whitebox. SPINpy only
allows for the Urban-Modelled Analysis but not the Urban-Land Use Analysis.

In addition to SPINarc and SPINpy, several other versions with various refinements have been
developed. Other notable sub-branches are SPINarc_width and SPINpy speedy. SPINarc_width is a
sub-branch that Victoria Barlow and Dr. Peter Ashmore updated at the University of Western Ontario
to account for width changes in response to urbanization and an increase in discharge.
SPINpy_speedy is the second version of SPINpy that was optimized for speed in partnership with

partners from the Computer Systems Group at the University of Waterloo.
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Despite the advancements in the SPIN series, there are significant limitations, particularly in the
context of assessing the effectiveness of stormwater management solutions, both engineered and
nature-based. This gap underscores the need for more comprehensive analytical frameworks capable
of capturing the benefits of NbS at a high level. As urban areas increasingly adopt NbS to manage
stormwater, it is essential to explore dedicated tools that effectively evaluate their impacts at a

watershed scale for screening purposes.

2.4 Research Gaps and Objectives

Although SPINarc has proven useful for stream power analysis, its application to watersheds
provided by the CVC has highlighted several limitations in its algorithms and overall performance
(see Table 2-6). These limitations reveal the need for enhancements to improve accuracy, flexibility,

and usability, particularly for urbanized watersheds.

The overall objective of SPINpy 2 is to build upon the existing SPINpy tool to add a Land Use
Analysis and further develop an open-source platform that facilitates wider use of its algorithms. The
project aims to improve the performance and prediction accuracy of the SPINarc tool by creating an
open-source tool called SPINpy 2 so the algorithms can be more widely used. Additionally, SPINpy 2
will model engineered stormwater management and NbS infrastructure in SPINpy 2 to depict the
effects of stormwater management solutions (specifically stormwater management ponds) on stream
power reduction and, thus, erosion risk. Table 2-6 outlines the specific research gaps identified in

SPINarc’s current capabilities and the corresponding objectives to overcome these challenges.
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Table 2-6: Research Gaps And Objectives

lel::ltmn Research Gap Research Objective
Memory limitations within ArcMap. SPINarc is an ArcToolbox B a1 .
package, large watersheds and detailed DEMs require the data to be ;yPass memory and ficensing
1 . . . o limitations by creating an open-
split and recompiled outside the tool. Additionally, the cost of an
. . . source Python tool.
ESRI license is a barrier for users.
The LU Analysis uses a computationally intensive polygon method to
) determine TA. While beneficial, the polygon method often exceeds Revision of the algorithm used to
ArcMap's memory capacity. Causing significant processing delays extract the TA values.
based on the size and detail of the input watershed DEM.
Stormwater management will modify the peak discharge in urban
3 areas, but the current empirical methods do not capture any benefits Develop a justifiable method to
from the implemented stormwater management solutions (engineered = model the effects of ponds.
or nature-based)
Modelled Analysis periodically creates discontinuities between the Introduce l?oolean checks within the
4 modelled width values and the rural empirical width equation and is Python Script fo ensure the urban
not sensitive to the additional flows due to urbanization. channel W.lc.lth dogs not go below the
rural empirical width.
Another analysis option should be
added based on a boundary that
SPINarc is a single-watershed tool, but decision-making and identifies the upstream watersheds
5 prioritization are often done across multiple watersheds following based on the pourpoints exiting the
political boundaries. boundary. Then, it executes,
compiles, and clips the SPINpy 2
results to the provided boundary.
The LU Analysis discharge equation (Equation 2-6) is not widely
tested, so there is only a limited understanding of the variability of the
exponent e.. Ensuring the discharge equation can accurately predict Calibrate a new empirical discharge
6 the 2-year discharge in the LU Analysis is crucial, as the LU Analysis  equation using existing hydrologic
relies on available land use and DEM data. The equation and its modelling outputs of the 2-year
coefficients must accurately reflect urbanization conditions to discharge.
represent the 2-year discharge conditions without detailed hydrologic
data.
The LU Analysis computes a single-width estimate. Equation 2-4 for ~ Calibrate a new width equation that
7 both rural and urban scenarios overlook channel enlargement due to accurately represents expected

increased flows from urbanization and will overestimate SSPR.

channel widening with urbanization.

The review of existing tools and methodologies reveals significant gaps in erosion risk prediction,

particularly for urbanized watersheds. These challenges have motivated the development of SPINpy

2, which specifically addresses watershed managers' needs by compiling existing SPIN versions,

improving discharge predictions, and incorporating NbS. The enhancements developed in SPINpy 2

aim to increase accessibility, prediction accuracy, and modelling flexibility. By integrating new

empirical discharge and width equations along with modelling NbS, the completion of SPINpy 2 will

provide a comprehensive tool for erosion risk assessment.
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Chapter 3
SPINpy 2 Scenarios & Study Areas

The Credit River Watershed (CRW) was used to calibrate and test the SPINpy 2 tool developed for
the current research. A comprehensive understanding of the Credit River Watershed (CRW) is

essential to effectively apply and demonstrate the capabilities of SPINpy 2.

The Credit Valley Conservation Authority (CVC) oversees the CRW, which includes the 90 km
long Credit River and several smaller watercourses flowing into Lake Ontario. The CRW is primarily
natural (36.3%), agricultural and open space (36.0%) in the northern part of the watershed. The land
classified as urban areas (27.7%) is primarily concentrated in the southern portion of the watershed

near Lake Ontario (Figure 3-1).

Land Use Classification

W Urban 27.7%
Agriculture & Open Space 36.0%

M Natural 36.3%

Figure 3-1: Credit River Watershed (CRW) Land Use Classification.
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Detailed hydrologic data for eight (8) subwatersheds located within the CRW was used to build and
test SPINpy 2. This chapter provides a summary of the subwatersheds used for calibration and
validation. While all of the data provided by the CVC was used for calibration, validation, and
analyses, only a select few subwatersheds were chosen to be presented in this thesis to demonstrate

the abilities of SPINpy 2.

The latter half of this chapter describes the topographic and land use conditions of the
subwatersheds used to demonstrate the SPINpy 2 algorithms in this thesis. This information provides
geographic context and establishes the boundaries for this thesis's calibration and validation analysis,
offering a foundation for the scenarios discussed in Chapters 4 — 6. A detailed explanation of SPINpy
2’s scenario algorithms will be discussed in Chapter 4. This chapter will also introduce the scenarios
available in SPINpy 2, the No Stormwater Management (NSM) Scenario and the Engineered

Stormwater Management (ESM) Scenario.

NSM Scenario: The NSM Scenario allows users to run a Modelled and LU Analysis, assuming
that the area of interest lacks stormwater management measures (Figure 3-2). The users can run the
NSM for either a Single Watershed (SW) or Multiple Watersheds (MW) within a user-specitied
boundary.

ESM Scenario: The ESM Scenario allows users to run a Modelled and LU Analysis with a user-
provided pond layer. Similar to the NSM Scenario, users can run the ESM for a Single Watershed
(SW) or Multiple Watersheds (MW).

3.1 Data Used for SPINpy 2 Scenario Calibration

3.1.1 Discharge Equation
The CVC has provided 2-year bankfull discharge and width outputs from detailed hydrologic models

and measured width data to calibrate and validate the revised equations. The hydrologic model is
created using instantaneous 15-minute data from the CVC flow gauges. The data provided in Table
3-1 was used to calibrate the NSM and ESM LU Scenario urban discharge equations. The new
algorithms and equations are calibrated and validated using 1m x 1m digital elevation models (DEM),
land use shapefile, pond shapefile, detailed hydrologic model outputs, and gauge data provided by the
CVC.
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Table 3-1: Subwatersheds Used in the Calibration of the NSM and ESM Discharge Equations

Subwatershed NSM. Scen.arlo ESM Scenario Calibration
Calibration
Average Number of .
Name I(Z;?) Impervious | Total Data Points To}t)aolirll)gta Ponds Cg:;esg ?\Z:Z;g
(%) Recorded &
Turtle 1.51 24.85 77
Serson 2.03 25.22 24
Birchwood 3.24 20.91 141
Applewood 3.47 29.46 87
. Loyalist Creek at
Loyalist 6.13 32.52 159 159 5 St [ine
Levi 2258 1439 207 207 12 Levi Creck at
Financial Drive
Cooksville 25.74 34.62 319
Fletchers 3852  24.00 260 260 47 Fletcgfdr s Creek at
Line

Detailed hydrologic models outputs for eight subwatersheds were used to calibrate, validate, and
analyze the discharge empirical equation in the NSM Scenario (Figure 3-2). The models represent a
diverse range of conditions within the watershed and can convey characteristics of having no

stormwater management controls in the NSM urban discharge equation.

The CVC had the most records available for stormwater management ponds, thus, ponds were the
first NbS approach introduced to SPINpy 2. The CVC has also provided discharge and width outputs
for three (3) subwatersheds from their hydrologic models and gauges data to be used as calibration
and validation data for the ESM Scenario urban discharge equation (Figure 3-2). Few gauging
stations exist for the relatively small urban basins being investigated. However, validating the ESM
Scenario discharge equation using the few gauges available will allow a more accurate representation
of urban hydrology and uncertainty in the simple equation. Three gauges are installed within the ESM
subwatersheds of interest (Table 3-1 & Figure 3-2), and the gauges recorded 15-minute data from
2015 to 2022. The data provided included the winter months; however, for our analyses, the data for

the winter months of January, February, March, and December were omitted from the dataset.
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Figure 3-2: Depiction of the subwatersheds used to calibrate the NSM and ESM discharge
equation and the gauge stations used to validate the ESM discharge equation.
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3.2 SPINpy 2 Application to Several Case Studies within the CRW

To illustrate the capabilities of SPINpy 2, specific subwatersheds within the CRW were selected for
analysis. While data from the CVC was utilized for calibration and validation, this thesis presents a
select few of these subwatersheds to demonstrate the application of SPINpy 2 in different scenarios.
SPINpy 2 was tested on both single-watershed and multiple-watershed NSM Scenarios and the ESM

Scenario to verify its flexibility and performance in urbanized environments.

The subwatersheds chosen for these scenarios include Cooksville Creek, Serson Creek, Levi Creek,
and Applewood Creek, as detailed in Table 3-2. These subwatersheds were selected due to their
varying degrees of urbanization, stormwater management infrastructure, and topographic features,

offering a comprehensive view of SPINpy 2’s ability to handle different hydrological conditions.

Table 3-2: Application of SPINpy 2 to Study Areas

NSM ESM
SW MW SW
Cooksville Creek Serson Levi Creek
Levi Creek Applewood -

The following section will briefly describe the topographic conditions of the selected

subwatersheds discussed in this thesis and provide the inputs required to run each scenario.

3.2.1 NSM Single Watershed (SW)

An NSM Single Watershed (SW) analysis allows users to conduct a LU or Modelled data-based
stream power analysis for one watershed of interest. The NSM Scenario does not consider the effects
of stormwater management ponds within the analysis. Two study subwatersheds, Cooksville Creek
and Levi Creek, were selected to demonstrate the scenario because the sites offer a contrast between

urban and rural sites due to their similar size but contrasting levels of urbanization (Figure 3-3).
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Figure 3-3: Subwatersheds Used for the Single No Stormwater Management Analysis

Several key inputs are necessary to execute the SW analysis, depending on whether the Land Use

(LU) or Modelled Analysis is being applied. For the LU Analysis, users must provide:

e Digital elevation model (DEM). The input resolution of the DEM determines the outputs

resolution.
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e Ecological Land Use Type (or other type) of shapefile that has a column that includes unique

land use types;

e An Excel spreadsheet that assigns an imperviousness for each unique land use type (Table

3-3) and;

e An Excel spreadsheet with approximate headwater coordinates of watercourses of interest

which are used to extract the stream network.

Table 3-3: Impervious percent assigned to each land use type necessary for the LU Analysis
inputs. Impervious percent values are obtained from various sources (Guthrie, Rick &
Deniseger, John, 2001; Tilley, Janet & Slonecker, E. Terrence, 2006)

Type Imperviousness Type Imperviousness Type Imperviousness|
Active aggregate 1 Inactive aggregate 1 Private open space 1
Airport 90 Institutional open space 1 Railroad 90
Collector 90 Intensive agriculture 1 Recreational open space 1
Commercial / industrial 70 Landfill 80 Regional road 90
Commercial/industrial open space 1 Low density residential 25 Residential estate 6
Coniferous forest 1 Major trail 1 Rural development 8
Coniferous plantation 1 Manicured open space 1 Shrub beach / bar 1
Coniferous swamp 0 Marsh 0 Shrub bluff 1
Construction 90 Medium density residential 35 Shrub bog 0
Cultural hedgerow 1 Mixed forest 1 Shrub clay barren 1
Cultural meadow 1 Mixed plantation 1 Shrub fen 0
Cultural savannah 1 Mixed residential 42,5 Shrub sand barren 1
Cultural thicket 1 Mixed shallow aquatic 0 Shrub talus 1
Cultural woodland 1 Mixed swamp 0 Submerged shallow aquatic 0
Deciduous forest 1 Non-intensive agriculture 1 Thicket swamp 0
Deciduous plantation 1 Open aquatic 0 Treed beach / bar 1
Deciduous swamp 0 Open beach / bar 1 Treed bluff 1
Educational/ institutional 80 Open bluff 1 Treed bog 0
Floating-leaved shallow aquatic 0 Open clay barren 1 Treed cliff 1
General urban 80 Open fen 0 Treed fen 0
High density residential 35 Open rock barren 1 Treed sand barren 1
High rise residential 67.5 Open sand barren 1 Treed talus 1
Highway 90 Other open space 1 Wet meadow 0

For a Modelled Analysis, users must provide:

e DEM;

e Shapefile containing the stations from a detailed hydrologic model;

e An Excel file containing the hydrologic model outputs of a 2-year storm event.

This subsection will provide a brief description of the geographic location, topography, land use,

elevation, predominant soil types, and SPINpy 2 inputs specific to Cooksville and Levi Creeks.
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3.2.1.1 Cooksville Creek

3.2.1.1.1 Topographic and Land Use Conditions

Cooksville Creek is a highly urbanized 26 km? subwatershed in the City of Mississauga that outlets to
Lake Ontario. The diverse land use and significant urbanization within the Cooksville Creek
subwatershed provide a comprehensive basis for analyzing the impact of land use on watershed
erosion and flood risk explored in subsequent sections. The subwatershed’s physical features and land

use patterns are listed below to better understand the watershed's characteristics.

e The subwatershed's headwaters lie approximately 200 masl and slope down to 73 masl at

the outlet to Lake Ontario.

e A review of the Ontario Soil Survey (OMAFRA) indicates that the land is a built-up area
with no identified soil type. The predominant soils in this area have poor drainage due to

the high built-up areas, contributing to limited infiltration and increased surface runoff.

e Sharpe et al. (1997) describes the geology in the upper watershed near Heartland Town
Center as Halton Till. The lower watershed near Square One is described to have Glacial
Lake Deposits and bedrock (limy mudrock and clastic sedimentary rock) (Sharpe, DR et
al., 1997).

e Cooksville Creek subwatershed exhibits a high degree of urbanization with pockets of
natural, agricultural, and open spaces (Figure 3-4). Based on the Ecological Land
Classification of Ontario, Cooksville Creek is 81.1% urban, 8.8% natural, and 10.2%

agricultural land.
e The natural land cover includes woodland, forests, and meadows.

e The agricultural and open spaces include farmland, parklands, and institutional,

recreational, and commercial open spaces.

e The urban areas consist of low- to high-density residential, commercial, and industrial
developments with significant impervious surfaces that reduce infiltration capacity. These
highly impervious areas have limited infiltration, increasing runoff and higher peak flows.

Cooksville Creek, a highly flood-prone subwatershed, has historically experienced
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flooding, with notable flood events recorded in recent decades (Credit Valley Conservation

Authority et al., 2021).

The land use composition and physical characteristics of the Cooksville Creek subwatershed have

substantial implications for erosion and flood risk within the subwatershed.
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Figure 3-4: Cooksville Creek Land Use Classification
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3.2.1.1.2 Modelled and LU Analysis Inputs

Elevation (m)
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Figure 3-5: Land Use Analysis Inputs A) 1 m Cooksville Creek digital elevation model B) LU
Analysis watercourse coordinates C) Cooksville Creek land use by type
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Figure 3-6: Modelled Analysis Inputs A) Cooksville Creek digital elevation model B) Detailed
hydrologic model stations
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3.2.1.2 Levi Creek

3.2.1.2.1 Topographic and Land Use Conditions

Levi Creek is a 23 km? subwatershed beginning in the City of Brampton, travelling southeast to the
City of Mississauga and outletting to the Credit River. The subwatershed’s physical features and land

use patterns are listed below to provide a clear understanding of the watershed's characteristics.

e The subwatershed's headwaters lie at an elevation of approximately 252 masl, descending

to 161 masl at the outlet to the Credit River.

e A review of the Ontario Soil Survey (OMAFRA) indicates that the subwatershed contains
several soil types, including bottomland, Chinguacousy clay loam, Fox sandy loam, Jeddo
clay loam, and Oneida clay loam (Figure 3-7B). These soils vary in drainage capacities,

with some areas being well-draining and others poorly draining (Figure 3-7D).
e Levi Creek is 31.7% urban, 8.7% natural, and 49.5% agricultural (Figure 3-7A).

While Cooksville and Levi Creeks are similar in size, their urbanization levels are different. With
Cooksville being highly urbanized and Levi Creek having a more balanced land use distribution. This
difference allows for a comparative analysis using SPINpy 2’s NSM Scenario, highlighting the
variations in erosion risk and runoff characteristics between highly urbanized and balanced

watersheds.
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3.2.1.2.2 Modelled and LU Analysis Inputs
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Figure 3-8: Land Use Analysis Inputs A) Levi Creek digital elevation model B) LU Analysis
watercourse coordinates C) Levi Creek land use by type
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Figure 3-9: Modelled Analysis Inputs A) 1 m Levi Creek digital elevation model B) Detailed
hydrologic model stations

3.2.2 ESM Single Watershed (SW)

3.2.2.1 Levi Creek Ponds Information

The ESM analysis models the reduction of surface runoff due to the presence of the ponds. The ESM
analysis uses the CVC's spatial pond data for Levi Creek. Levi Creek has 12 stormwater management
ponds strategically located throughout the subwatershed to manage and mitigate the impact of urban
runoff (Figure 3-10). The effectiveness of these ponds in reducing peak flows is a crucial focus of the
analysis. By capturing and slowly releasing stormwater, the ponds help to decrease the volume and
speed of runoff entering the creek, which reduces erosion and sediment transport. A comparison of

the ESM and NSM analyses evaluates how ponds contribute to overall watershed health and stability,
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providing valuable insights for future stormwater management planning. The analysis results can
inform strategies for optimizing stormwater management pond placement and design, ultimately

enhancing the resilience of subwatersheds like Levi Creek against urbanization impacts.

Watercourses

[ Proposed SWM Ponds
[ Levi Watershed Basin

Figure 3-10: Levi Creek Subwatershed Basin and Stormwater Management Ponds
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3.2.2.2 Modelled and LU Analysis Inputs

This section will discuss the Levi Creek study subwatershed and its ponds to demonstrate Modelled

and LU Analysis using a SW in the ESM Scenario in SPINpy 2.

The LU Analysis inputs required are the same as shown in Figure 3-8. However, the ESM Scenario
requires a shapefile with the pond footprint (Figure 3-10). The inputs for the SW Scenario Modelled
Analysis in the ESM Scenario are the same as the NSM Scenario (Figure 3-9). However, the detailed

hydrologic model outputs must be from a model that contains pond data (Figure 3-10).
3.2.3 NSM Multiple Watersheds within a Boundary (MW)

3.2.3.1 Serson and Applewood Topographic and Land Use Conditions

The Multiple Watershed (MW) is particularly beneficial for users managing multiple watersheds
within a defined political or administrative boundary, allowing for comprehensive and coordinated
watershed management strategies. In the Modelled Analysis, users must provide specific hydrology
model outputs for the selected subwatersheds, including parameters such as precipitation,
evapotranspiration, and runoff coefficients. For the LU Analysis, users can indicate headwaters by
selecting sample points representing critical inflow areas within the boundary. SPINpy 2
automatically processes the provided data to calculate metrics, including discharge, stream power,
channel width, and specific stream power. By consolidating metrics across multiple subwatersheds
within a political boundary, the analysis provides an overall view of watershed dynamics, facilitating

informed decision-making for resource allocation and environmental protection.

In this thesis, the City of Mississauga’s Ward 1 political boundary is used to demonstrate the ability
to run the MW analysis in the NSM Scenario. While there are other subwatersheds within this ward,
the NSM Modelled and LU Analysis will be executed for Serson and Applewood Creeks because
detailed hydrologic model outputs are available to execute the Modelled Analysis (Figure 3-11A).
Serson Creek (2.03 km?) and Applewood Creek (3.47 km?) are subwatersheds in the City of
Mississauga that outlet to Lake Ontario. A review of the Ontario Soil Survey (OMAFRA) indicates
that the predominant soils in both Serson and Applewood Creek are poorly draining due to the high
built-up areas, contributing to limited infiltration and increased surface runoff. Serson Creek is 80.0%
urban, 12.0% natural, and 8.0% agricultural. Applewood Creek is 77.4% urban, 6.8% natural, and

15.9% agricultural (Figure 3-11B). The headwaters of the subwatersheds lie at an elevation of

50



approximately 95m, descending to 77m at the outlet to Lake Ontario. The benefit of running both
subwatersheds simultaneously, particularly the LU Analysis, is capturing the effects of the system of
subwatersheds together, not just an individual subwatershed. Chapter 5 will display the inputs and

outputs of the analysis.

Applewood Land Use Classification

W Natural 6.75%

Legend
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) ward 1 Boundary
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Figure 3-11: Multiple Boundary Analysis A) Serson and Applewood Creeks in the Multiple
Boundary Analysis Study Area B) Serson and Applewood Creeks Land Use Classification
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3.2.3.2 Modelled and LU Analysis Inputs

The MW Analysis for a SW takes the same inputs as the NSM SW Analysis. However, the user must
provide a boundary representing the study area. It is important to note that the DEM provided as input
should cover the entirety of the boundary; otherwise, the analysis will only be run for the extent of the

DEM.
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Figure 3-12: Multiple Subwatershed Land Use Analysis with Political Boundary A) Applewood
and Serson Creeks DEM, B) LU Points for watercourses of interest, C) LU Shapefile
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Figure 3-13: Multiple Subwatershed Modelled Analysis with Pitical oundary A) DEM, B)
Hydrologic Model Stations.
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3.2.4 Cooksville Creek Future Scenario ESM Single Watershed Analysis

While SPINpy 2 does not include a specific future scenario analysis, users can leverage existing
scenarios within the platform to conduct future analyses using different data inputs. This approach
facilitates the prediction of the watershed's response to potential changes. The future scenario analysis
is an asset to planners and watershed managers because it enables them to model proposed
developments and the optimal configuration of new stormwater management ponds to reduce
downstream erosion before construction. Suppose a proposed development, such as an industrial
building, is to be considered. In that case, the user must include the new development in the Land Use
Shapefiles and categorize it according to the appropriate land use type before conducting the LU
analysis to simulate new developments. This process ensures that new developments are accurately

classified based on land use types, which is essential for conducting precise LU analyses.

This thesis will demonstrate future scenario analyses by examining two stormwater ponds—
Matheson (0.057 km?) and Eastgate (0.016 km?)—currently under construction in the Cooksville
Creek subwatershed (Figure 3-14). The scenario, which integrates proposed ponds into the ESM LU
Analysis, highlights the utility of SPINpy 2 in pre-construction planning. Furthermore, the impacts of
these new stormwater management ponds can be simulated in SPINpy 2 using spatial pond data to
assess effectiveness in mitigating erosion and managing stormwater runoff. Such analyses are vital
for making informed decisions about urban development and environmental management strategies.
Incorporating stormwater management ponds into SPINpy 2's Land Use analysis enhances predictive
capabilities and supports sustainable watershed management practices, ensuring effective erosion

control.
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