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Confronted with an array of water management-related challenges, Canadian municipal
water managers are beginning to appreciate the myriad of benefits to integrating
approaches to municipal water management. The ‘Water Utility Risk Integration Matrix’
was developed to communicate the common risks that affect multiple water systems and
to lead users to applicable guidance information. To further explore catchment level
integrated water management, two hydrologic/hydraulic models were developed for small
catchments in southern Ontario. Event-based design storms were applied to the first
model to evaluate the flood risk implications of development within the catchment. This
analysis considers both traditional and emerging approaches to stormwater management
under a changing climate. The latter model was developed to demonstrate the impact of
urban growth on the annual hydrologic cycle through use of continuous precipitation
modelling. Traditional versus emerging approaches to stormwater management were
again contrasted in this model.
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1. INTRODUCTION
Confronted with a wide range of water management-related challenges, Canadian
municipalities are beginning to appreciate the benefits to collaborating risk management
efforts for water systems. An integrated approach, considering municipal drinking water,
wastewater and stormwater systems in urban environments is beneficial in a myriad of
dimensions including the maintenance of water sources, reducing damage from flooding,
and promoting environmental health into the future. This thesis presents results of
research aimed at identifying the advantages and challenges of integrated risk
management in municipal water systems, and ultimately, the adoption of these strategies
in Canadian communities.
The key to developing risk management frameworks for this integrated approach
to water management is developing an understanding of the full scope of risks such that
they may be managed appropriately. As will be discussed in more detail in a later section,
a survey of water resources practitioners from across Canada identified aging
infrastructure, climate change and increased urbanization as the top priorities to be
considered when developing new risk management protocols. These three drivers of risk
became the primary foci of the ensuing risk management activity.
Methods of analysis employed for this risk investigation included an extensive
review of technical literature and design manuals, consultation with industry practitioners
through surveys conducted both online and at scientific meetings, and various
hydrologic/hydraulic modelling analyses.
Throughout this study, a series of ‘drivers’ of risk to municipal water systems are
identified and evaluated. For the purposes of this investigation, a ‘driver’ of risk is
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defined as an external factor that increases the likelihood of failure for a system to
perform its intended function. An example of this is the increased volume of
precipitation, resulting from climate change, that must be treated by existing stormwater
management systems. A changing climate places added stress on systems designed to
handle smaller runoff volumes, increasing the likelihood of localized flooding.

1.1 Risk Management Methodology
Risk management is a hazards control strategy used to minimize, to acceptable
levels, the occurrence of unfavorable events by means of identifying and alleviating
possible threats (ISO 2009). When evaluating risk, the probability of an event occurring
is considered by evaluating the chance of an event occurring in the future. Considering
this, an assessment of risk requires an understanding of the implications of both the good
and/or bad outcomes, and the likelihood of these events occurring in the future.
Following understanding the risks, when managing risks in a higher- level system, priority
must be given to minimizing the probability of events that will result in the most drastic
outcomes in order to safeguard the overall system performance.
The risk of unfavorable events occurring can never be made to equal zero, and
therefore the objective of risk management is to reduce risk to acceptable levels by means
of evaluating the consequences of all possible outcomes. In order to do so, a balance must
be achieved between the degree to which risk is minimized and the cost/effort needed to
achieve an acceptable level of risk. The result is a risk management framework that can
be applied in design and monitoring for the continuous improvement of risk management
methods.

2

In general, the common approach to risk management can be described by the
process outlined in Figure 1 as defined by McBean (2015). This process involves the
identification of hazards, followed by evaluation and mitigation of these hazards, and
continual review to ensure emerging risks are managed effectively.

Establish
contenxt of
risk

Identify the
risks

Analyze risks

Evaluate risks

Treat risks

Monitor and
review

Periodically
communicate
and consult

Figure 1: Flow diagram of the risk management methodology as described by McBean
(2015)
In the context of water infrastructure, the risk assessment strategy is employed to
ensure the reliable levels of service are continually achieved to protect the public,
property and the environment.

1.2 Study Objectives
There are two primary outputs from this project: (i) to provide direct guidance to
municipalities on how integrated water management practices can be adapted in their
communities (chapter 2); and (ii) to demonstrate the benefits of these practices through
the use of watershed hydraulic and hydrological modeling (chapters 3 and 4). Through
the application of the risk management approach, the goal of this project is to identify and
analyze the various drivers of risk associated with integrated municipal water
management.
A consistent goal of this research has been to facilitate the transfer of information
to municipalities and their consultants. This is achieved through providing municipalities
with ready access to guidance through an interactive guidance tool and through the use of
readily available modelling tools. By using commonly employed tools, municipalities and
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their consultants can carry out similar investigations to support integrated water
management in their communities.

1.3 Thesis Outline
1.3.1 Chapter 2: The Water Utility Risk Integration Matrix: Demonstrating the
Potential for an Integrated Approach to Municipal Water Management
This chapter contains a detailed discussion of the development and contents of the ‘Water
Utility Risk Integration Matrix.’ This interactive PDF document was developed to
communicate the benefits and risks to integrated water management practices, with a
focus on water utilities including drinking water, wastewater, combined sewer and
stormwater systems. There are three chapters that make up this document, each
highlighting a specific driver of risk that was identified through practitioner surveys:
aging infrastructure, climate change and urbanization priorities.
This document is intended both to demonstrate the benefits to integrating risk
management initiatives for water infrastructure and to act as a guidance tool for
waterwork practitioners. Each chapter of the document begins with an overview page
summarizing the possible ‘implications’ each specific driver of risk may cause. By
clicking on an ‘implication’ the reader will automatically be directed to a details page
later in the document where they can learn more about the specific risk or access relevant
guidance tools and case studies. The document also provides direct access to additional
material on external webpages which contain statistics and examples for any implications
of interest to the user. A discussion of the information organization within document is
also included as well as a review of the various iterations prior to the final document.
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1.3.2 Chapter 3: Modelling Investigation to Support Integrated Water Management
in Southern Ontario
As the first of two modelling components of this thesis, chapter 3 investigates the impact
of urban development on watershed flood risk using idealized event-based stormwater
management modelling.
A rainfall/runoff model was developed to simulate the hydrologic impacts of
upstream development, and the occurrence of climate change-adjusted storms on these
developments, to downstream communities. The model was developed in EPA SWMM
5, including detailed land-surface conditions, a buried runoff drainage network and an
end-of-pipe stormwater management pond. Site outflow hydrographs were developed for
(i) pre-development, (ii) post-development (status-quo), and (iii) development with the
incorporation of green infrastructure. The runoff from these three scenarios is also
evaluated using climate-adjusted design storms of duration 2, 6 and 24 hours at various
return frequencies. The effects of these events on flood risk in downstream communities
was evaluated using a HEC-RAS simulation of a 2 kilometer river reach. Also contained
within this chapter is a review of the applied climate change models and the underlying
mechanics of the various hydrological/hydraulic models used in this investigation.
1.3.3 Chapter 4: Evaluating the Effectiveness of Green Infrastructure in Reducing
Impact of Urban Development on the Local Hydrologic Cycle: A Conceptual Model
The second water modelling exercise applied continuous modelling to evaluate the
influence of green infrastructure on the annual water balance for a developed area.
Although event modelling is effective for evaluating flood control strategies, the majority
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of annual precipitation falls in smaller, more frequent events that must be understood
when evaluating the benefits of green infrastructure to the complete hydrologic cycle.
In this investigation, a conceptual rainfall/runoff model was developed in EPA
SWMM 5 for a 48.9-hectare subdivision. The development consisted primarily of
residential surface cover, with a small commercial area and a section of green space.
Continuous, field-recorded precipitation data were used to assess the impacts of
development on the annual hydrologic cycle for two development strategies of the same
site: (i) status-quo development and (ii) development with the incorporation of green
infrastructure. The modelling results indicated that the inclusion of simple on-site
infiltration technologies and green roofs substantially reduced the total volume of annual
runoff from the site, and promoted infiltration to recharge groundwater. For 3-month high
precipitation periods in 2013, 2014 and 2015, the total volume of runoff was reduced by
24, 17 and 26% respectively through the inclusion of these features in developments.
This reduction in runoff is attributed to increased infiltration from the urban areas, both
recharging groundwater levels and reducing the risk of local flooding.
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2. THE WATER UTILITY RISK INTEGRATION MATRIX:
DEMONSTRATING THE POTENTIAL FOR AN INTEGRATED
APPROACH TO MUNICIPAL WATER MANAGEMENT
Published in Journal of Water Management Modelling (DOI: 10.14796/JWMM.C396)
Key words: Water utilities, risk management, infrastructure, climate change, aging
infrastructure, urbanization, integration

2.1 Introduction
A recent research project carried out at the University of Guelph is aimed at addressing
challenges faced by Canadian municipalities as related to risk management in municipal
water infrastructure. Research goals of this project include the identification and analysis
of potential ‘drivers’ of risk associated with continued growth and development, climate
change, aging infrastructure and the decreased capacity for sormwater infiltration in
urban environments. A driver of risk, as used in the context of this paper, is defined as an
external element that increases the probability of failure of a system to perform its
intended function. In municipal water infrastructure, these drivers of risk must be
managed effectively to ensure reliable water services are provided to residents. With
these issues in mind, municipalities across Canada are realizing the benefits of an
integrated approach to the management of water utilities in order to ensure the resilience
of these systems in light of future uncertainties. (CWN 2014)
The merits of an integrated approach to water management can be highlighted
through a case study of strategies adapted in the island city-state of Singapore located in
Southeast Asia. This densely populated island with few water resources found within its
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borders relies on imported, recycled, stormflows and desalinated water to supply its
population potable water. Through the use of alternative water sources, this approach
also decreases the management requirements for wastewater and stormwater flows
(Irvine et al. 2014). A very strictly regulated water budgeting system including demand
management and regular auditing results in 100% of the population receiving water
services (Ong 2010). This approach demonstrates the successful allocation of limited
water resources, to serve a large population, through the integrated management of the
various aspects of municipal water.
Before a similar integrated approach to municipal management can be adapted in
Canada, an understanding of the full range of risks faced by municipal water systems
must be understood to allow for effective risk management. An interactive PDF
document, The Water Utility Risk Integration Matrix (WURIM), was developed to
identify and discuss the full scope of risks to water management across municipal water
infrastructure, including their interrelations to demonstrate the potential for an efficient
integrated approach to risk management. In addition to demonstrating integrative
capacity, a series of case studies were developed, presenting positive outcomes of an
integrated approach as well as the negative effects of traditional “business as usual” risk
management strategies under future uncertainties.
The WURIM is available for free download at the integrated risk management
framework for municipal water website (http://www.waterriskybusiness.com/ 2015).
Instructions for accessing information both within the document and on external websites
can be found on page three of the WURIM, and will be discussed in detail in the
following sections.
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This objective of this manuscript is to introduce to readers to the WURIM, its
applications and the methods used in the development of this document. Through a
discussion of risks and their implications to the various categories of infrastructure, a risk
management framework can be developed to support integrated water management in
Canadian municipalities.

2.2 Background
Effective risk management in regard to municipal water infrastructure is essential to
protect people, property and the environment in the most cost effective manner. While
there are a multiple definitions of risk, the general idea revolves around evaluating the
likelihood of outcomes and the magnitude of resulting effects. Risks can never be driven
to zero, however risk management is used to decrease the probability of occurrence to
acceptable levels.
The risk management methodology as applied to municipa l water infrastructure
involves first identifying all potential pathways for risk to enter a system. Following this,
resources can be devoted to sufficiently reduce the likelihood of unfavorable events
occurring to acceptable levels (McBean and Rovers 1998). The WURIM is aimed at
completing the first stage of this risk management process: identifying all sources of risk.
Through an analysis of these risks, and highlighting common factors that affect risk
across the various categories of municipal water infrastructure, an integrated approach to
the management of risks can be developed.
Drinking water systems have the most detailed risk management framework
currently in place to ensure consumers are provided a continuous supply of water, free of
microbiological and chemical contamination while also considering aesthetics aspects
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such as taste, colour and odour. Effective risk management in drinking water systems is
achieved through the implementation of detailed water safety plans. Through these plans,
a ‘hazard analysis and critical control points’ (HACCP) methodology is employed to
identify and mitigate potential hazards from water source all the way to the consumer.
(Pollanrd et al. 2004)
The greatest contributors to increased risk in Canadian water infrastructure were
identified as the aging of existing infrastructure, climate change and increase occurrence
of extreme weather events, and continued urban growth. The majority of municipal
infrastructure currently in service in North America was installed during the period of
rapid economic growth following the Second World War. As these assets approach the
end of their design life, significant investment will be required to maintain existing levels
of service – a recent estimate states $87 billion dollars will be required, an average of
$6,488 per household (FCM 2012). Climate change is another significant contributor to
increased risk, potentially having significant effects related to variation in precipitation,
evaporation and runoff trends. This results in considerable uncertainty about future water
supply, drinking water quality, flood management, and ecosystem health (CWN 2014). In
regards to flood management, recent projections state that in light of climate change,
“500-year floods” could occur as frequently as every 25 to 240 years (MIT 2012). A final
driver of risk to existing infrastructure is urbanization and increased population growth.
Eighty percent of North Americans live in urban centers, and between 1970 and 2000
urban surface cover grew at a rate of 3.31% (Seto et al. 2011). These changes in land use
alter the natural water balance (Kinrad 2014), while increased population increases water
and wastewater treatment requirements (Environment Canada 2013).
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2.3 Methods
2.3.1 Information Gathering Through Contact with Industry Professionals
In order to identify the top drivers of increased risk in municipal water infrastructure, or
at least those that are perceived to be of greatest concern, the University of Guelph
conducted a series of surveys in which experts in municipal water management were
asked to identify the top three drivers of risk to municipal systems. Respondents were
asked to identify the top drivers in descending order when presented with a list of nine
drivers. The original list of drivers was developed by researchers at the University of
Guelph based on areas that had been identified as concerning in previous research and
individual experience of risk assessment. The list of nine drivers included:


Climate change and increased extreme weather levels



Increased urbanization (population growth and development)



Sprawl (increased area of urban land)



Increased demands on aging infrastructure



Evolving financial mechanisms



Legislation



Combined sewer overflows



Health and safety issues



Protect people and property

Participants at the Canadian Water Resources Association (CWRA) conference held in
July of 2014 were asked to identify the top drivers of risk to municipal stormwater,
wastewater and drinking water systems. Polls were conducted using “Data on the Spot”
(DOTS) technology in order to survey a large group in a single session. In total 38,
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participants with extensive knowledge of various types of municipal water systems
responded to the questionnaire.
A similar survey was conducted by polling the stakeholder committee for the
“Development of Integrated Risk Management Framework for Municipal Water
Systems” research project. Survey respondents were again asked to identify the top
drivers of risk to municipal water systems in descending order through an online survey.
The stakeholder committee consisted of a total of 23 participants from across Canada;
48% of individuals worked for a municipality, while 26% worked in academia. The
remainder of individuals on the committee either worked in the private sector or other
non-governmental organizations.
2.3.2 Assembly of Applicable Literature
Following the identification of the top drivers of risk to municipal systems, applicable
literature relative to the areas of concern was collected. This was achieved through an
extensive review of technical documents, published scientific research, news articles and
guidance tools. These documents were located through extensive keyword searches using
search engines, while sorting through content by age and relevance to risk management in
Canada. Additional guidance was provided through communication with experts in
various municipalities across the United States and Canada, whom assisted in locating
applicable literature.
2.3.3 Information Organization
The WURIM was developed to efficiently communicate the wide range of risks to
municipal water systems while focusing primarily on the areas of concern identified
through the surveys discussed above. This PDF document was created using the
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Microsoft Visio platform. This software allowed for hyperlinks to be incorporated into
the document to allow internal links within the document, and external links to literature
on the Internet. Internal links are employed to lead the user from general information to
details at other points in the document, while external links are used to show further
details including scientific publications, consulting reports, news articles and other
literature. Through use of links to online data sources, the extent of information contained
within the document could be minimalized, while still allowing the user to link to the
internet if more information is desired on a specific driver of risk.
2.3.4 Feedback and Adjustments
Feedback was received at multiple stages over the development of the WURIM, followed
by appropriate adjustments to the document. The initial content and document set-up was
first presented through a webinar hosted by the University of Guelph. Participants at this
session included project stakeholders and other members of the Canada-wide research
team. Feedback on the document was received during an open discussion period
following the webinar, and was continued through follow-up email communication
leading to additional guidance and recommendations to contact other individuals. Several
participants commented on the document’s set-up, leading to a change in format to better
demonstrate an integrated approach, the focus of this document. Additional material for
case studies and guidance tools was identified in the discussion period and included in the
document.
A second round of feedback was received at the “Water, A Risky Business”
workshop held at the London Convention Center in London, Ontario on February 13,
2015. By the date of this presentation the document was reaching the final stages of its
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development. Through a series of four afternoon ‘breakout’ sessions, 75 industry
professionals working in municipal water management were provided small group access
to hands-on-time with the document. This provided very useful feedback through an open
discussion between the practitioners and the document developers. This feedback
included suggesting other possible implications to water systems as well as suggesting
applicable guidance tools and case studies. This feedback was incorporated into the
document.

2.4 Results from Survey of Industry Professionals
2.4.1 Survey Results and Analysis
Survey results from polls conducted at the CWRA conference in July of 2014 are

summarized in
Figure 2. In total 38 experts attending the conference responded to the survey.
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Figure 2: Survey results from CWRA conference – July 2014 (38 respondents)
In regard to municipal stormwater systems, respondents identified increased
urbanization as the highest driver of risk, receiving 27% of all votes. Aged infrastructure
and climate change were identified as the second and third drivers of concern receiving,
24 and 21% of all votes respectively. The top driver of risk to municipal wastewater
systems was identified as aging infrastructure, receiving 28% of all votes, while increased
urbanization and CSOs were identified as second and third most concerning (24 and 19%
of total votes, respectively). Finally, for drinking water systems, the top driver of risk was
identified as health and safety issues, receiving 23% of votes, increased urbanization and
aging infrastructure both received 20%.
Figure 3 summarizes results from the “Development of Integrated Risk
Management Framework for Municipal Water Systems” project stakeholders committee.
In total 23 took part in this survey.

Figure 3: Survey results from “Development of Integrated Risk Management Framework
for Municipal Water Systems” project stakeholder committee (23 participants)
When questioned about municipal stormwater systems, survey respondents
identified the top driver of risk as climate change receiving 30% of all votes.
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Urbanization and aging infrastructure were identified as the second and third greatest
threat to stormwater systems, both receiving 15% of votes. In regard to wastewater
systems survey, respondents identified aging infrastructure and urbanization as the most
significant drivers of risk, receiving 31 and 22% of votes, respectively. Finally, in regard
to drinking water systems, health and safety issues was identified as the top driver of risk,
receiving 25% of votes, while aging infrastructure received 21% and increased
urbanization received 19%.
Based on the survey results discussed above, the drivers of risk to municipal water
systems of most concern were identified as the aging of existing infrastructure, climate
change and increased extreme weather events, and increased urbanization. These areas of
risk were identified as being of most concern, and ultimately, became the focus of the
WURIM.

2.5 Organizational Approach
2.5.1 General Approach
The organizational approach used in developing the WURIM, was adapted from the
United States Environmental Protection Agency’s publication entitled Climate Ready
Water Utilities Adaptation Strategies Guide for Water Utilities (EPA 2013). Using this
tool, the user is able to track through the document succession a series of clickable links
as well as links to external websites to access guidance on how to design and operate
their infrastructure in light of climate change. This organizational approach is effective as
users can readily sort through large volumes of information to access applicable guidance
for their municipality’s unique challenges. The EPA chose to use this format because
while there is significant guidance material on the Internet, locating information
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applicable to specific issues faced by a municipality can be challenging. Through this
organizational approach, the user can start at high-level general information and follow
links to access more detailed information. The WURIM takes this setup a step further by
including both risks associated with aging infrastructure and urbanization, in addition, to
climate change. A second benefit to the organizational approach adapted in the WURIM
is the ability to demonstrate possibilities for integration in risk management through
depicting how a specific driver of risk can impact multiple categories of water
infrastructure.
Figure 4 below demonstrates the organization of information within the WURIM.
Links between boxes represent a hyperlink, either within the document or to online
references.

Figure 4: Schematic depicting the organizational approach used in the Water Utility Risk
Integration Matrix
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2.5.2 Chapter overview
Each of the three identified drivers has a chapter overview page which, through a
flowchart style organization, demonstrates how the specified driver of risk can lead to a
series of implications relevant to water infrastructure. Figure 5 shows an excerpt from the
climate change chapter overview in the WURIM. From this page, the user first sees a
driver of risk that is a direct result of climate change (increase in rainfall intensity in
Figure 5) can lead to a series of implications. Corresponding systems that are affected by
each implication are identified by an asset symbol found along the right side of the page;
including drinking water treatment and distribution (DW), sewage conveyance and
treatment (WW), combined sewer systems (CS) and stormwater management systems
(SW).

Figure 5: Excerpt from the climate change chapter overview from the Water Utility Risk
Integration Matrix
2.5.3 Details Pages
If a user wishes to view additional information on any of the identified drivers they can
click on an implication from where they will “jump” to a details page later in the
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document. An excerpt from the details page from the climate change portion of the
WURIM can be seen below in Figure 6.

Figure 6: Excerpt from an implications details page from the climate change chapter of
the Water Utility Risk Integration Matrix
On the details pages, the same asset symbols are used to identify specific implications to
each category of water infrastructure. If the user wishes to view further details on a
specific implication, any line of text containing an asset symbol can be clicked to access
an external link. A hyperlink will lead the user to relevant literature on the Internet.
2.6.4 Additional information
Additional information is also found on the details pages within the WURIM in the form
of case studies and a variety of guidance tools. These features are sorted by common
implication. If a user wishes to see more information on a guidance tool he/she can click
a link on the details pages from where the user will be directed to a tool summary located
later in the document. If the user wishes to access this tool, they can link directly from the
tool summary to the guidance tools website. In a similar fashion, case studies can also be
found in the details pages. If a user wishes to view details on a specific case study, they
can link to a full case study in the appendix of the document as well as to online material.
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2.6 Conclusion
Effective risk management in municipal water systems is of great concern in order to
protect people, property and the environment in a cost effective manner. Through
extensive consultation with practitioners, it was determined that many recognized the
benefits of an integrated approach to water management at a municipal scale. The Water
Utility Risk Integration Matrix was developed to identify the wide range of risks faced by
these systems while containing information useful to municipal water managers. Areas
of greatest concern were identified through consultation with industry professionals as:
the aging of existing infrastructure, climate change and urbanization.
The integrated approach to water management at a municipal scale as
demonstrated in the WURIM shows great potential for sustainable and cost effective
water utilities. Upon the identification of these risks, and their interrelations a framework
for an integrated approach to water management can be developed. In addition to
demonstrating potential for integration, the WURIM is a useful tool for municipal water
managers. The document setup allows for ready access to a wide variety of guidance
tools and case studies to assist practitioners across North America.
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3. MODELLING INVESTIGATION TO SUPPORT INTEGRATED
WATER MANAGEMENT IN SOUTHER ONTARIO:
CONSIDERING CLIMATE CHANGE AND URBANIZATION
Under consideration in Journal of Water Management Modelling
Key words: municipal water management, modelling, climate change, urbanization, EPA
SWMM, HEC RAS

3.1 Introduction
Canadian municipalities are being confronted by a broad range of water management
challenges brought forth by population growth, urban sprawl, aging infrastructure,
climate change, resulting in limited abilities to effectively manage runoff from wet
weather events. In an effort to combat these threats, municipalities are beginning to
recognize the benefits of collaborating efforts towards the management of water
resources. Through the adoption of an integrated approach to water management,
municipalities are capable of minimizing the demands and impacts their communities
have on water resources to protect people, property and the environment.
The Global Water Partnership defines integrated water management as the
‘process which promotes the coordinated development and management of water, land
and related resources in order to maximize economic and social welfare in an equitable
manner without compromising the sustainability of vital ecosystems’ (Global Water
Partnership 2010). This cross-sector water management strategy can lead to increased
efficiency of water usage while protecting, but not limiting, growth in the catchment.
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Integrated approaches to water resources management, or the one-water approach,
were developed both to reduce the impacts of municipalities on the natural hydrologic
cycle. Most significantly, when considering climate climate and urbanization, there can
be substantial impacts on a catchment’s water balance. Hassing et al. (2009) highlighted
the benefits of integrated water management, describing this strategy as beneficial in
maximizing economic and social welfare without compromising the sustainability of
ecosystems through complementary development of resources.
Given the above merits to integrated water governance, many municipalities
across Canada recognize the benefits of this approach, but struggle with how to adapt
these strategies in their municipalities (OCSI 2014). In order to provide direction for
developing integrated water management strategies, Canadian practitioners were asked in
a recent survey to identify the greatest priorities to be considered when developing when
new risk management plans. From this survey of 84 municipal water workers, the top
priorities were identified as climate change, aging infrastructure and urbanization (de
Lange et al. 2016).
The objective of this research to evaluate the risks of urban development on
watershed hydrology, and the associated impacts to downstream communities. The risks
investigated are associated with the downstream flooding and loss of groundwater
recharge for a series design storm events. A secondary goal of this research is to
demonstrate the use of modeling tools that are readily available to municipalities and
their consultants in such manner that they man carry out similar assessments specific to
their catchments.
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3.2 Background on Applied Models
The modelled area is a small catchment located in a southern Ontario watershed. Within
this catchment, the land surface slopes toward a central river system, which drains runoff
from wet-weather events occurring within the catchment. The outlet from the area of
interest is via a single river at the southernmost point of the catchment. Gaining insight to
the variations in river flows at the catchment outlet is the primary objective for this
investigation, in an effort to evaluate the implications of climate change and urban
growth on the risk of flooding in downstream communities.
Figure 7 describes the basic logic employed in the model. The primary input to
the model is precipitation as idealized design storms or intensity- frequency-duration
(IDF) curves. Climate change is addressed in the model by means of adjusted
precipitation to account for projected changes in storm intensity. These storm adjustments
were attained using readily available web-based tools, as described below. Precipitation
events are subsequently fed into a rainfall/runoff surface model for the three surface
cover scenarios of interest. Finally, site runoff for all scenarios is fed into a generic river
model to assess the impacts of precipitation events on downstream communities.
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Figure 7: Flow diagram of hydrologic catchment model
The following sections will detailed the various model elements that are described in
Figure 7.

3.3 Runoff Model
The runoff model was developed using EPA storm water management model (SWMM)
for the three scenarios of interest. Using this program, the catchment area was divided
into a series of subcatchments. SWMM treats each subcatchment as a non-linear reservoir
(see conceptual model in Figure 8) assuming that discharge from the reservoir is not
constant over time.

Figure 8: Cross section view of an idealized non-linear reservoir model
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There are three possible sources of inflow to each subcatchment: precipitation, snowmelt
and overland flow from upstream subcatchments. Overland flow is modelled using a
sheet runoff characterization, with pervious and impervious areas assigned a depression
storage (volume below lowest outlet in Figure 8). Runoff occurs from a subcatchment
when depression storage is exceeded by the inflows. Reservoir outflow is characterized
by infiltration, surface runoff and evaporation from surface storage.

3.4 Climate Adjustments to IDF Curves
IDF curves describe idealized precipitation events of known recurrence frequency
(ex: storms occurring every 2, 10, 100 years) and are used in design and evaluation of
municipal drainage networks. In this investigation, IDF curves were used to assess water
balance impacts through precipitation occurring on upstream urban areas.
The mostly widely accepted method for modeling global climate, both for present
and future atmospheric composition, is through the use of general circulation models
(GCMs). GCMs are mathematical models that describe the physical processes of Earth’s
atmosphere, oceans, cryosphere and land surface, with application in climate study,
weather forecasting and are the best available tools for forecasting the impacts of climate
change (IPCC 2013).
An essential input for GCMs is the composition of Earth’s atmosphere for the
period of interest. In this context, the IPCC has defined a series of Representative
Concentration Pathways (RCPs) to describe future emission rates based on a series of
global development ‘storylines.’ These storylines are the most widely accepted indicators
of future GHG composition, describing emissions through to the year 2100 as a function
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of global development based on demographic, socio-economic and technological
development.
The global development scenarios described by the IPCC are categorized into
families A1, A2, B1 and B2. In general, global development is focused on economic
growth in the ‘A’ scenarios, while ‘B’ scenarios describe global development with an
emphasis on environmental health. For the scale of development, ‘1’ scenarios focus on
management of issues at a global scale while scenario ‘2’ emphasizes problem-solving at
a local scale. Table 1 describes the details of each development scenario.
Table 1:Details of emission scenario families as described in IPCC Special Report on
Emission Scenarios (IPCC 2000)

A1

A2

B1

B2

Global population: Peak mid-century followed by decline
Economy: Fastest growth of all scenarios with emphasis on coordinated development at
a global scale.
Technology: Rapid introduction of new/more efficient technologies
Governance: Regional approach
Global population: Continuously increasing
Economy: Emphasis on growth of regional economies with lowest per capita global
growth
Technology: Disjointed development, leading to slow implementation of new
technologies
Governance: Local scale, with preservation of regional identities
Global population: Peak mid-century followed by decline
Economy: Steady growth, smaller than that of scenario A1. Transition towards service
and information economy
Technology: Steady introduction of clean and resource efficient technologies
Governance: Global solutions to economic, social and environmental issues
Global population: Continual population growth below that of A2 scenario
Economy: Intermediate growth
Technology: More rapid development that scenario A2, less rapid and more diverse than
scenarios A1 and B1
Governance: Local and regional approach

Based on these global scenarios, future emissions of carbon dioxide, and other
greenhouse gasses, provide a wide range of overlapping atmospheric concentrations,
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widening over time. These emission rates were extracted from recent literature and the
SRES database (i.e. previous reports IPCC 1994; IPCC 1992; IPCC 1990).
Figure 9 depicts the cumulative carbon dioxide emissions (in gigatonnes per year)
for the four families of emission scenarios described above, categorized as low, medium–
low, medium–high, and high. Bars along the right hand side of this figure show the
projected range for each emissions scenario at 2100 and the range for the IPCC (1992)
report on emission scenarios.

Figure 9: Cumulative carbon dioxide emissions from 1990 to 2100 for the four families of
emission scenarios described in the IPCC’s Special Report on Emission Scenarios.
(IPCC 2000)
The IPCC (2000) report recommends the use of a range of emission scenarios in
modelling, as opposed to central values, to provide a range of climate projection as
opposed to a single value with a high degree of uncertainty.
Following the completion of GCM modelling for future atmospheric conditions,
the IDF curves for climate change were modified to current and projected climate
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conditions as described in Figure 10. This methodology assumes a constant relationship
between modelled climate variables and short duration precipitation events. Using
GCMs, current climate conditions are modelled using existing atmospheric composition
(labeled GCM Baseline in Figure 10). From these results, a relation is established
between current GCM outputs and the historical precipitation record which is
subsequently extrapolated to estimate short duration storm events for future GCM outputs
(GCM Projection in Figure 10).

Figure 10: Methodology for development of IDF curves for future climate based on
historical rainfall records and GCM simulations of both current and future climates
(adapted from Wang 2015)

3.5 Modelling Methodology
3.5.1 Runoff model
A site-specific runoff model was developed for each of the three surface cover scenarios:
(i) pre-development, (ii) post-development (status-quo), and (iii) green infrastructure (GI)
amended development. To generate the pre-development surface model local topographic
and soil maps were used. Topographic maps were created from a digital elevation model
(DEM) of the Grand River (Ontario) watershed at a vertical resolution of 5 m (GRCA
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2016). From this terrain data, land slopes were extracted for the pre-development site. For
both post-development scenarios, a slope of 2% was assigned to each lot to ensure
adequate drainage, as recommended in the Ontario design guidelines (MOE 2003).
Table 2 summarizes the contrast in surface characteristics used in modelling preand post-development prior to the incorporation of GI. The pre-development land slope
follows that of the existing conditions and therefore varies from catchment to catchment.
Table 2: Summary of pre- and post-development characteristics for a sample
subcatchment in the modelled development area
Parameter
Pre-development
Post-development
Average % impervious 5%
56%
Slope
variable
2%
Overflow length
150 m
20 m
A pre-development maximum overland flow length of 150 metres was selected. This
value represents the distance of overland flow for pre-development conditions that will
occur before the assumption of sheet flow is no longer valid (i.e. the formation of
rivulets). For post-development conditions, an overland flow length of 20 m is assumed,
representing the average flow length from the back property line to the road centerline.
Table 3 summarizes the contrasts of pervious to impervious surface covers
applied in the runoff model. As described above in Table 2, impervious cover is
substantially increased through urbanization, mainly attributed to roads, driveways,
rooftops and parking lots. A small portion of impenetrable surface area is also assumed in
pre-development conditions to account for interception of precipitation by vegetation and
rocks.
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Table 3: List of surface parameters for a sample sub-catchment within the developed
area
Parameter
Manning’s N
Storage depth

Pervious
0.24
7.62 mm

Impervious
0.015
1.52 mm

Directly connected impervious
25%
area
Infiltration model
Horton
Max infiltration rate
114.3 mm/hr
Min. infiltration rate
5.08 mm/hr
-1
Decay Constant
4h
Drying Time
7 days
Storage depth, or surface ponding, represents the volume of water that can be stored on
the surface prior to the occurrence of runoff. As seen in Table 3 this value is significantly
larger for pre-development conditions due to the smooth surface of the developed sites.
In the post-development scenario including GI, infiltration trenches were added to
the developed site to intercept a portion of runoff at the lot level prior to conveyance to
the end-of-pipe infrastructure. These trenches are located along the back property line of
each lot, collecting runoff from the two adjacent properties. Table 4 summarizes model
parameters for the infiltration trenches used across the study area. These infiltration
trenches were designed in accordance to EPA guidelines (EPA 1999).
Table 4: List of parameters used in modelling of infiltration trenches
Parameter
Storage depth
Width
Area
Percent impervious
Infiltration model: Horton
Max infiltration rate
Min. infiltration rate

Value
400 mm
1m
40 m2
100%
5 mm/hr
5 mm/hr
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A constant exfiltration rate, recharging groundwater, was assumed at fully saturated
conditions from the trench bottom. This conservative approximation assumes that the
trench bottom never fully dries between precipitation events, reducing the capacity for
infiltration.
The piped drainage network for both post-development scenarios was overdesigned in such case that all runoff from all storm events is conveyed to the end-of-pipe
peak flow management facilities without localized flooding.
An end-of-pipe stormwater management pond (SWMP) was designed to match
peak flow discharges for pre-development conditions for three critical events: the 2-, 10and 100-year recurring storms. Two orifices were designed to match predevelopment
peak flows for the 2 and 10-year storm events while a weir was used to release runoff
from the 100 year or larger event. This means that runoff volumes from storms that
exceed recurrence frequency of 100 years, cannot be effectively mitigated by the SWMP.
3.5.2 Climate Change
When evaluating the impact of climate change on IDF curves, and the ensuing impacts to
drainage infrastructure, the web-based ‘Computerized Tool for the Development of
Intensity-Duration-Frequency Curves under Climate Change (IDF_CC tool)’ was
employed (Simonovic et al. 2015).
The IDF_CC tool uses 22 GCMs listed in the fifth assessment report of the IPCC
developed by various climate research centers around the globe. The most appropriate
model for each scenario being investigated is selected using a quintile regression skill
score (QRSS) based method to rank the models by applicability (Srivastav et al. 2015).
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Historical precipitation records are sourced from field observations at
Environment Canada weather stations or can be defined by the user. The IDF_CC tool
requires a complete data set of minimum 10-year duration to provide estimates of local
precipitation patterns. Based on this data set, IDF curves are developed by fitting the
storm record to a Gumbel Extreme Value distribution (Peck and Simonovic 2009;
Vasiljevic and McBean 2007; MTO 1997).
Three RCPs from the IPCC’s Special Report on Emission Scenarios (IPCC 2000)
were used to characterize future concentrations of GHGs in the atmosphere. RCPs 2.6,
4.5 and 8.5 were selected as this range includes moderate, median and extreme emissions
rates of GHGs, chemically active gasses, aerosols, and land use changes. This large range
is suitable in order to account for the substantial uncertainty in climate modelling based
on long-range atmospheric conditions (Moss et al. 2007).
IDF curves currently used for design of urban drainage networks in Ontario were
used as a baseline to assess the effects of climate change in existing infrastructure. These
trends were obtained from the Ministry of Transportation Ontario (MTO) ‘IDF Curve
Lookup’ (MTO 2013).
3.5.3 Receiving River Model
Outflow from the runoff model is subsequently input to a HEC-RAS receiving river
model. This model was developed using the HEC-GeoRAS tool to accurately
characterize local terrain from DEM files (US Army Corps of Engineers 2015). The use
of this tool allowed for detailed data from the contour maps used in site modelling to be
imported directly to HEC-RAS for a series of cross sections along the river reach of
interest. Figure 11 is a screen shot of the input to the HEC-GeoRAS tool. On this figure,
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the river boundary is shown in red, river centerline in blue, and the river cross sections
used in HEC-RAS model correspond to the green lines perpendicular to river flow.

Figure 11: HEC-GeoRAS model inputs (green: river cross sections, red: river
boundaries, light blue: river centerline)
Initial flow conditions for the river model were determined by adding a steady base flow
such that river boundaries were not exceeded at all cross-section locations.
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3.6 Results and Discussion
3.6.1 Lot level Impacts of Development
Local level implications of development were first examined to indicate the effectiveness
of GI in development at a lot-level, for varying storm intensities. The three critical design
storms of interest were modeled as single events, a water balance for each storm event for
the three development scenarios is shown in Figure 12. The storms presented in this
section have not been adjusted for climate change and are solely intended to evaluate how
the site responds to different precipitation volumes. Two-hour storm events were used as
these higher intensity events place rapid stress on stormwater management systems.
Figure 12 summarizes water balance coefficients for the three surface cover
scenarios for the 2, 10 and 100 year recurring storm events.

Figure 12: Water balance of the 2-, 10- and 100-year recurring 2 hour storm events for
pre-development, post-development and GI-development sites
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In Figure 12, the total volume for precipitation corresponding to each storm event
is indicated below each storm designation. Each bar represents a breakdown of all rainfall
landing in the catchment (100%). There are three possible destinations for precipitation
within the catchment: infiltration, runoff and evaporation (distinguished in each case by
the various shades of blue in Figure 12).
For pre-development conditions, the considerable majority of precipitation is
infiltrated, with over 50% in all cases. The highest infiltration coefficients are seen for the
low intensity storm events, with decreasing rates as the volume of precipitation increases.
Evaporation for each event is determined through the volume of surface ponding for each
surface cover scenario. This assumes that all water ponded on the surface either
evaporates or is utilized by shallow rooted vegetation (ET).
For post-development conditions (status-quo) the infiltration and evaporation
coefficients decrease substantially for all precipitation events, leading to increased runoff.
ET is decreased due to significant transformation from pervious to impervious surface
cover as roads, rooftops and driveways. Likewise, there is limited infiltration capacity
due to the increase in impervious cover. Similar to pre-development conditions, the
proportion of runoff increases with precipitation volume.
Finally, for the developed site with the incorporation of GI, the total volume of
runoff is substantially decreased, resulting in use of on-site storage provided by the
infiltration trenches. For high intensity storm events the volume of infiltration trenches is
exceeded by runoff, leading to overflows to the municipal drainage system. This on-site
storage allows for infiltration to occur at a rate approaching that of pre-development
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conditions. Due to similar surface cover as the post-development (status-quo), there
continues to be a substantial decrease in ET from pre-development conditions.
Continuing to address the lot-level water balance resulting from critical storm
events, Figure 13 depicts surface runoff per hectare for the 2 hour idealized storms of
interest, falling on the three surface cover scenarios.

Figure 13: Runoff per hectare of site for three surface cover scenarios: (i) predevelopment, (ii) post-development and (iii)post-development incorporating GI
From Figure 13 it can be seen that the incorporation of GI to the developed site
can substantially reduce runoff for the indicated range of storm intensities, but is unable
to match pre-development volumes. GI becomes less effective at runoff reduction as
precipitation volumes increase. From ‘post-development’ to ‘post-development with GI’,
the volume of runoff can be halved for the 2-year storm event, reduced by a third for the
10-year and reduced by a quarter for the 100-year storm. The reduction in runoff volume
is effective in working towards replicating pre-development water balances although
peak flows must also be investigated to address flood risk within the catchment. The
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following sections will address peak flow management from the outlet of the entire
developed area, in order to address the flood risk in the receiving end of the catchment.
3.6.2 Impacts of Development following End-of-Pipe Stormwater Management
To expand on the lot level implications of development, outflows from the entire site
were also investigated. For the scenarios presented in this section, site runoff is conveyed
to an end-of-pipe SWMP to control peak flows. The SWMP has been designed to match
pre-development peak flows based on historical precipitation records and is subjected to
climate change adjusted storms in order to assess the future resilience of these systems as
well as the effectiveness of GI.
Figure 14 shows two outflow hydrographs from the site’s SWMP to the
downstream area for extreme storm events (100-year recurring) at durations of 2 and 24
hours, both for an observation period of 30 hours. The ponds were designed to control
peak flows for the developed area for the maximum flow corresponding to the 100-year
storm event. Given the large capacity of the SWMPs, climate-adjusted, higher intensity
storms of lower occurrence (i.e. the climate-adjusted 10-year recurrence storm) were not
investigated here as the SWMP would be capable of matching pre-existing peak flows for
these less intense events.
The two hydrographs in Figure 14 depict flows from the site for pre-development
(based on historical precipitation), post-development (adjusted for climate change) and
post-development with incorporation of GI(adjusted for climate change). Figure 8a and
Figure 8b show the outflow hydrograph from the 100 year recurring 2-hour and 24-hour
storms, respectively.
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Figure 14: Outflow hydrographs from the stormwater management pond treating runoff
from the developed site. Flows are for the 100-year recurring climate change-adjusted
design storms of duration 2 hours(a) and 24 hours(b), both for three surface cover
scenarios: pre-development, post-development and post-development with GI.
Peak flows are the highest outflow from the pond and correspond to the maximum
value on each hydrograph. For the 2 hour storm event (Figure 14a) for the postdevelopment scenario, the capacity of the stormwater management pond is greatly
exceeded by the climate-adjusted storm indicated by a peak flow that is significantly
higher than the pre-development conditions at 3.59 versus 1.24 m3 /s. The addition of
infiltration trenches at the lot level are capable of significantly reducing peak flows to
1.21 m3 /s.
For the storm of 24-hour duration (Figure 14b), pre-development peak flows are
essentially achieved for the developed site without the use of GI. SWMP outflows for the
pre- and post-developed sites are 2.54 and 2.87 m3 /s respectively. This can be attributed
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to two contributing factors: (1) the climate models project higher relative increases in
precipitation for short duration storm events than longer events, and (2) the volume of
precipitation is distributed over a longer period of time. In addition to the climate
adjustments, for the 24-hour event, a gradual accumulation of precipitation in the pond
will occur, allowing for controlled release over the duration of the storm. This is different
from the large volume reaching the pond in a short duration storm that is seen in the 2hour event.
The introduction of GI to the developed site further reduces the volume of runoff,
resulting in a SWMP outflow lower than pre-development conditions. The postdeveloped site with GI has a peak outflow of 0.95 m3 /s.
These results indicate that the introduction of GI at a ‘lot level’ in developments
can substantially reduce the runoff peak flows, most effectively for longer duration, lower
intensity events. For these longer events, the SWMP is far from being filled to capacity,
indicating the potential for reducing the volume needed for these facilitates. These results
also demonstrate that infiltration trenches are a viable retrofit in development to
complement SWMPs in runoff management from future storms.
3.6.3 Implications at the Watershed Level
To complete this investigation, SWMP outflows from the developed site were combined
with the existing river flow to assess the risk of downstream flooding. The SWMP
outflow hydrographs (Figure 14) were input to the HEC-RAS model of the receiving
river for the two kilometer river reach of interest. The 2-hour storm events were selected
for modelling as these short-duration, high-intensity events result in the highest flood risk
as the peak flow management capacity of the SWMP is exceeded. Climate change was
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also considered by means of climate adjusted storms for the future surface cover
scenarios: post-development and post-development with GI.
Figure 15 depicts the 100-year floodplain for a climate change adjusted storm
intensity for the post-development site both with and without the incorporation of GI. The
dry-weather river boundaries can be seen below the two floodplain layers.
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Figure 15: Flood map for the 2 kilometer river reach, resulting from the 100-year
climate adjusted storm event occurring on the post-developed site (blue) and postdevelopment with GI (red).
As is depicted in Figure 15, the introduction of GI to reduce runoff at a lot level
has a noticeable impact on stormflows at a catchment level. In this figure, the 100-year
recurring climate change-adjusted storm was used based on emissions projected to the
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year 2100. Through the inclusion of GI, the resulting floodplain from this storm event
was reduced by 29% for the modelled downstream area. This is a substantial impact and
demonstrates how the inclusion of GI can offset demands on traditional stormwater
management systems to provide the flood protection necessary in a changing climate.

3.7 Conclusion
Through the above modelling exercise, it was determined that the incorporation of GI to
developments has a substantial effect on both promoting the natural water balance and
reducing the risk of flooding in downstream portions of the catchment. These benefits are
seen at a lot level as improved recharge of groundwater, resulting from the introduction
of simple infiltration trenches along the back property lines in residential areas. At the
catchment scale, benefits of these features are seen in flood control. The introduction of
these features offers both stormwater volume reduction and peak flow attenuation,
reducing treatment demands on traditional end-of-pipe stormwater infrastructure.
Furthering this point, infiltration features at the lot level decreased the volume of runoff
that needed to be treated by end-of-pipe facilities for the climate-adjusted storms. This
decrease in runoff volume reduces the risk that SWMP’s capacities will be exceeded
under the anticipated effects of climate change.
Although this investigation has concluded that on-site infiltration features are
effective at promoting groundwater recharge for high-intensity storm events, the true
benefit to groundwater recharge would be more clearly understood through considering
the more frequent, smaller precipitation events that occur over the duration of a year.
Given the purpose of this investigation was to assess the flood risk benefits to integrated
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water management, continuous hydrologic modelling is recommended for more clearly
understand the advantages of these features to groundwater preservation.
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4. EVALUATING THE EFFECTIVNESS OF GREEN
INFRASTRUCTURE IN REDUCING THE IMPACT OF URBAN
DEVELOPMENT ON THE LOCAL HYDROLOGIC CYCLE: A
CONCEPTUAL MODEL
Key words: Urbanization; green infrastructure; hydraulic modelling; EPA SWMM;

4.1 Introduction
Rapid urbanization and population growth in southern Ontario are leading to the
disruption of the natural hydrologic cycle, leading to an array of implications affecting
flood control initiatives and water supply security in general. These impacts are a result
of a growing demand for potable water, increasing demand on water sources, and
changes from natural to low permeable surface covers for developments (roads, houses
and parking lots). The increase in demand for water in Canada is highlighted by a 90%
increase in demand from 1972 to 1996, from 24 to 45 million cubic meters per year
(Environment Canada n.d.). In conjunction with this increased demand, water balance
changes in urbanizing catchments resulting from increased impervious surfaces in the
form of roads, houses, parking lots, and buildings reduce the potential for groundwater
recharge (USGS 2016). These two driving forces, and effective mitigation strategies in
urban areas, must be understood to ensure the future functionality of water resources in
Canada.
This article highlights a range of the benefits to collaborating efforts in water
resources management at a catchment level to reduce the demands and impacts of
growing municipalities on the local hydrologic cycle. Integrated approaches to water
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resources management, referred to henceforth as the ‘one-water’ approach, are intended
to mimic pre-development balances in urban environments using engineered structures.
For example, under the one-water approach, stormwater runoff is treated as a recoverable
resource, potentially useful as an alternative water source to offset demand, or locally
infiltrated to promote groundwater recharge through green infrastructure (GI). The onewater approach is intended to decrease demands on water sources, promote groundwater
recharge and decrease traditional treatment requirements for both municipal wastewater
and stormwater.
Integrated approaches to water resources management were devised to reduce
both water demands and impacts of municipalities on water sources and receiving
waterbodies through unified, catchment level, water management. This strategy involves
defining water resources management regions by natural hydrologic boundaries as
opposed to municipal boundaries. UNESCO (2009) highlighted the benefits of integrated
water management, describing this strategy as beneficial in maximizing economic and
social welfare without compromising the sustainability of ecosystems through
complementary development of resources.
When considering engineered drainage systems for urban catchments, typically,
these structures are designed to control the maximum runoff following single, large
events such as the 2-, 10- and 100-year recurring storms. ‘Peak flow’ management is
achieved using traditional ‘grey’ stormwater management infrastructure, often with the
sole purpose of achieving flood protection requirements and some minor water quality
protection. Grey stormwater management systems collect runoff from large urban areas
from where it is rapidly conveyed to a single surface discharge point. However, although
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effective at controlling these large events, traditional stormwater management
infrastructure is less effective at managing the remainder of smaller, more frequent
precipitation events as they are rarely considered in flood control design. These small
events contribute substantially to the annual water balance, most substantially to
infiltration, and therefore must be considered when addressing watershed hydrology as a
whole.
The purpose of the research described herein is to better recognize the benefits of
incorporating various GI structures into developments promoting the returning to the
natural water balance in urban areas. This objective was achieved through the
development of a rainfall/runoff model in USEPA’s Stormwater Management Model
(SWMM). Two conceptual rainfall/runoff model was constructed for a development site
of approximately 50 hectares: (i) using traditional (status-quo) development practices,
and (ii) for the same development site but with incorporation of GI. To characterize the
benefit of the incorporation of GI into urban developments, continuous field-observed
precipitation data were applied to the model – as opposed single extreme events. The
primary design guides referred to in the development of the rainfall/runoff model were
the Ontario Ministry of Environment’s Stormwater Management Planning and Design
Manual (MOE 2003) and CVC/TRCA’s Low Impact Development Stormwater
Management and Design Guide (CVC & TRCA 2010).

4.2 Background
Incorporation of GI in urban development has proven effective at controlling
runoff at the source in order to offset stormwater management demands on grey
infrastructure (EPA 2016). The various types of GI currently in practice use soil, plant
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material and natural processes such as infiltration, evaporation, and transpiration, to
mimic the predevelopment water balance. The benefits of GI in modern metropolitan
areas include pollution control through removal of pathogens, nutrients, sediment, and
heavy metals; flood risk reduction through peak flow and volume controls; and water
supply management through rainwater harvesting and enhanced groundwater recharge
(EPA 2016). Other non-hydrologic advantages of GI include improved air quality, habitat
restoration and urban cooling effects (FCM 2001).
The principal objective of GI is to treat urban runoff at its source rather than the
conveyance and treatment approach of traditional end-of-pipe stormwater management
facilities. These traditional end-of-pipe treatment facilities often consist of detention
ponds and retention basins capable of managing peak flows and moderate water quality
treatment for common pollutants of urban origin. These structures often have a single
surface discharge point for all runoff collected from a large urban area. First developed in
the 1990’s GI structures, as they exist today, were introduced to construction sites as
traditional facilities failed to meet strict water quality objectives and were becoming less
cost effective (Prince George’s County, Maryland 1999).
4.2.1 Benefits of Green Infrastructure
The array of benefits from incorporating GI structures in new developments and
retrofitting existing areas include: improved water quality within the catchment, reduced
occurrence of costly urban floods, restored aquatic habitats, improved groundwater
recharge and aesthetic benefits. Water quality of stormwater runoff is protected by
reducing pollutants accumulated during overland flow of urban surfaces. Common
pollutants of urban origin include: oil, bacteria, sediments, metals and hydrocarbons – all
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of which can result in adverse effects to receiving waterways (EPA 2012). The
accumulation of these compounds in runoff can be reduced by including GI into large
impenetrable areas, providing filtering and reducing the area for accumulate. Flood
protection by GI is achieved through reduced total volume of runoff, increased
evapotranspiration and use of temporary storage (CVC & TRCA 2010). Aquatic habitat
health is promoted through more efficient management of smaller storm events,
maintaining baseflows and in turn protecting surface water habitats (Roseen 2011).
Finally, there are various aesthetic benefits attributed to the use of green structures in
urban areas, since additional green space and presence of vegetation is favorable.
4.2.2 Concerns Limiting Adoption of Green Infrastructure
Despite the many proven benefits of GI, many communities still hesitate to
introduce these structures in developments due to the perceived poor performance and
risks versus traditional stormwater management infrastructure. More specifically,
perceived inadequate performance issues include low cold weather performance, risk of
groundwater/soil contamination, risk of damage to existing utilities, high costs, and
performance for low infiltration soil types.
Winter performance of GI is commonly perceived as an issue due to the freezing
of infiltration/conveyance structures, water quality resulting from winter road de-icing
and dormant biological activities (Roseen et al. 2009). Cold weather performance of GI
technologies has been researched for over 20 years leading to design recommendations
which include placing infiltration and filter beds below the frost line (as per traditional
buried water infrastructure), oversizing drainage lines to protect against freeze damage
and selecting salt tolerant vegetation (EPA 2009). When incorporating these
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recommendations into GI design, a study at the University of New Hampshire concluded,
through monitoring of several sites in cold weather climates, that water quality and peak
flow reduction objectives were achieved year round for bioretention systems, tree filter,
porous asphalt parking lot, sand filter and gravel wetland (UNH Stormwater Center
2007).
Another concern commonly raised when considering the incorporating of GI into
urban developments are the costs associated with recurring maintenance in addition to the
initial investment. Resulting from the accumulation of debris and sediments transported
in runoff, the infiltration capacity of trenches is reduced over time leading to the
requirement that the porous media is periodically changed. Table 5 summarizes the
quantity of materials needed and the associated costs for an infiltration facility with a
footprint of 400 m2 as prepared by the Canadian Housing and Mortgage Corporation
(CHMC 2016). A trench of this size greatly exceeds the stormwater management
requirements for a single property, and therefor is best suited for a group of houses or a
residential/ commercial property (CMHC 2016).
Table 5: Capital costs associated with the construction of an infiltration trench, sized to
manage runoff from a cluster of houses (CMHC 2016)
Component
Filter Cloth
Pervious Pipes
Sand Filter
Gravel Storage
Excavation
Overflow Pipe
Seed and Topsoil
Observation Wells

Quantity
400 m2
16 x 20 m pipe
80 m3
160 m3
720 m3
20 m
400 m2
2m

Unit Cost
$12/m2
$20/m2
$50/m3
$50/m2
$12/m3
$240/m
$3/m2
$180/m
Total

53

Cost
$4,800
$6,400
$4,000
$8,000
$8,640
$4,800
$1,200
$360
$38,200

For the trench with costs as characterized in Table 5, complete reconstruction is expected
to be required every 15 years in addition to annual maintenance. At a maximum,
sediment and oil removal from the trench is expected to be required annuall y at a cost of
$4,500 per year. A typical indicator of maintenance requirements is a reduced draining
time of the trench. When trench draining time, as measured from observation wells
within the trench, exceeds 72 hours following a precipitation event sediment removal
maintenance is required. (CHMC 2016)
4.2.3 Continuous Modelling to Evaluate Stormwater Infrastructure Performance
To accurately represent the influence of the various types of GI in stormflows
from development, the total annual volume hydraulic flows is determined using
continuous modelling. This approach allows for hydrologic flows over long periods of
time to be simulated rather than single precipitation events. The continuous modelling
approach to stormwater management is beneficial in volume control as the majority of
precipitation occurs in small events, however urban catchments still require infrastructure
to control peak flows for flood management purposes (Graham et al. 2004). Table 6 is a
breakdown of the total volume of annual precipitation to light showers, heavy rain and
extreme storms and recommendations for stormwater management practices and
modelling strategies.
Table 6: Stormwater management approach to runoff control for the range of magnitudes
of precipitation events occurring over the course of a year (adapted from Graham et at.
2004)

Percentage of annual
total

Spectrum of Rainfall Events
Light Showers
Heavy Rain
Extreme Storms
75%
20%
5%
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Management Strategy
Management Objective
Modelling approach

On Site
Keep rain on site
Water Balance

Neighborhood
Attenuate runoff
Conventional
hydrologic

Watershed
Flood Control
Conventional
hydrologic

As highlighted in the above table, the most crucial events to be managed in preserving
predevelopment water balances are small events, contributing to 75% of annual
precipitation.

4.3 Methodology
4.3.1 Model Description
The subdivision for which the rainfall/runoff model was developed is made up of three
basic surface cover types: residential, commercial and green space. Two models were
developed for the subdivision to allow simulation of the effectiveness of the
incorporation of GI in urban developments in offsetting stormwater management
demands versus traditional stormwater infrastructure. The first model incorporates only
traditional stormwater infrastructure, collecting overland runoff through a buried
conveyance network from where it is directed to a single outlet point. In the second
model, infiltration and peak flow attenuation technologies are found on-site, while excess
runoff is still directed to the piped conveyance network. Using an identical drainage
system for the entire site allows for comparison of traditional stormwater management
practices to emerging GI structures at a single outlet point for the entire site.
The following sections describe the conceptual model set-up for the three surface
cover types incorporated in the model with the inclusion of GI: residential, commercial
and green. Flow diagrams for these three land types are presented depicted below in
Figures 1 to 3.
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Residential surface cover represents the greatest portion of surface cover types in
the development, accounting for a total area of 41 hectares (84 percent of the
development) including a total of 430 houses. Figure 16 depicts the flow of water in the
surface model for this residential surface cover. Residential surface cover consists of both
substantial impenetrable (roofs, roads, driveways) and penetrable (green space) surface
covers. As described in Figure 16, precipitation that falls on the ground surfaces is
infiltrated, ponded on the ground surface or directed to infiltration trenches as runoff.
Upon reaching the infiltration trenches, runoff is temporarily stored, allowing infiltration
to occur – following high intensity storm events, when the capacity of infiltration
trenches is exceeded, excess runoff is conveyed to the traditional municipal drainage
system.

Figure 16: Flow routing diagram for residential land cover with the inclusion of GI
features
For the base model, without the inclusion of GI, no infiltration trench is included
and therefore all overland runoff is conveyed directly to the municipal drainage network.
The second land use category characterized in the model is a small commercial
area. This area consists of various small buildings, parking spaces and walkways, leading
to 90% low-permeability cover. The conceptual hydrologic flow model for the
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commercial area with the incorporation of GI is described below in Figure 17. Due to the
high degree of impenetrable surface cover associated with this land use type, green roofs
were introduced in addition to subsurface infiltration structures.

Figure 17: Flow routing diagram for commercial land cover with the inclusion of GI
features
As depicted in Figure 17, precipitation occurring within the commercial
catchment falls on either the green roof or the ground surface. Precipitation is either
removed through evapotranspiration or directed towards the subsurface infiltration
chamber. The majority of precipitation falling on the ground surface is also directed to
the subsurface infiltration chamber, with small volumes being lost to surface ponding and
infiltration. A sub-surface infiltration chamber was selected in order to allow for the
maximum area of land to be available for commercial space. For the commercial surface
model without the incorporation of GI, all runoff from impenetrable and penetrable land
cover is conveyed directly to the municipal sotrmwater management network.
The final land use type described in the model is green space, accounting for a 2hectare area at the center of the development. This area is composed of mostly pervious
land cover, with the exception of some walkways and naturally occurring impenetrable
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cover (rocks, trees, ect). Figure 18 depicts the flow path for precipitation falling on land
characterized by the green space cover type.

Figure 18: Flow of water in the surface model for this park surface cover
No GI features are incorporated into the green space due to the relatively small portion of
low-permeability cover, therefore an identical surface model is used to describe this area
in both the model with and without GI features. All precipitation that falls on the green
space ponds on the surface or infiltrates, and any excess runoff is directed to the
municipal drainage system.
4.3.2 Model Development
The surface rainfall /runoff model for the subdivision described above was developed in
EPA Storm Water Management Model (SWMM). This software uses the surface
characteristics of many small subcatchments, making up a complete catchment, to
compute runoff from precipitation inputs. The area investigated here is a 48.93 hectare
subdivision, which was divided into 18 subcatchments of which details are summarized
in Table 7. Also presented in Table 7 is the green infrastructure class that is used on each
subcatchment to treat runoff on site, IT, IC and GR representing infiltration trenches,
infiltration chambers and green roofs respectively. Details of these structures and their
design will be addressed in following sections.
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Table 7: Surface breakdown for the modeled subdivision
Land Use Type
Residential
Commercial
Green space
Total

Number of
Subcatchments
16
1
1
18

Surface Area
(ha)
41.06
5.87
2.00
48.93

Av. Percent
Impervious
45
95
10
Av. = 50

GI Structure
IT or IC
GR and IC
None

For the residential and commercial areas, a land slope of 2% was employed for each
property in order to allow for adequate drainage away from houses during precipitation
events, as is recommended in the Ontario Stormwater Management Planning and Design
Manual. The green space has a slope of 0.5% following the natural slope from predevelopment conditions.
The surface characteristics (impervious and pervious cover) were determined
from satellite images of a sub-division in Guelph, Ontario. Using the backdrop resize
feature built into the EPA SWMM platform, a Google Earth image was scaled to the
appropriate size, allow for subcatchments to be accurately traced from existing features.
Following calibration of surface object sizes, the auto dimension tool was used to
measure the surface area of each subcatchemnt land surface covered by roads. To
determine surface area covered by residential rooftops, patios, and driveways, the number
of homes in each subcatchment was multiplied by a standard house footprint. Finally, the
natural impenetrable area of the remaining penetrable surface cover was determined by
multiplying the remaining penetrable surface cover by 5%. This value accounts for
interception of precipitation by trees, rocks, ect. Finally, the summation of these three
impenetrable covers (houses, roadways and natural imperviousness) allowed for the total
impenetrable area of each subcatchment to be determined.
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All of the model’s surface cover characteristics are accurate to those of the
existing subdivision with the exception of the commercial site. This commercial site was
introduced to the existing site in place of a section of existing green space in the
development to evaluate the effectiveness of GI for a subcatchment with a high
percentage in impenetrable cover.
4.3.3 Representation of Physical Surface the Rainfall/Runoff Model
Surface features were adjusted in order to accurately represent the two categories of
surface cover (pervious and impervious) as is detailed below. Given that the model is of a
conceptual nature, it is assumed that surface feature characteristics are uniform for each
surface cover type across the entire site.


Pervious surface cover is used to describe all surface area within the
development that is not constructed imperviousness (roads, rooftops,
walkways, etc.). Surface features of this surface cover type include a ponding
depth of 7.6 mm and Mannings roughness coefficient of 0.24. Horton
infiltration is used to describe water losses via infiltration, with maximum and
minimum infiltration rates of 3.0 and 0.5mm/hr, respectively and decay
constant of 4hr-1 . Finally, an overland flow length of 40 meters at a land slope
of 2% is used for the entire developed site to represent the length of flow from
the back of a lot to the road centerline while allowing for adequate drainage.



Impervious surface cover is again described using uniform surface features
across the entire development. Surface features of this cover type include a
ponding depth of 1.5mm and Mannings roughness coefficient of 0.015. It is
assumed that there is no infiltration from impenetrable surface cover.
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4.3.4 Green Infrastructure Design
For the residential subcatchments (Sub1- Sub16), where appropriate, infiltration trenches
were constructed along the back property line of lots to intercept runoff prior to
conveyance to the municipal stormwater management system. These facilities were
designed in accordance with guidance from Credit Valley Conservation Authority and the
Ontario Ministry of Environment (CVCA & TRCA 2010; MOE 2003).
Infiltration trenches are open-air rectangular excavations, lined with geotextile
fabric and backfilled with void forming material. Typically, trenches run the length of the
property with a flat bottom of width 600 to 2400 mm (GVRD 2012). These facilities are
intended to both store and infiltrate collected overland runoff. In order to minimize
sediments suspended in runoff, and prevent clogging of the trench, it is recommended
that a vegetated buffer strip is introduced between the trench and the impervious area
from which runoff is originating. To achieve water quality objectives and protect building
foundations, a recommended setback distance of 4 meters is used from all impenetrable
cover (CVC and TRCA 2010). For this reason infiltration trenches were used on
residential sites, but not on the commercial area with substantially higher impervious
cover.
The following infiltration feature sizing methods were adapted from the CVCA &
TRCA (2010) Low Impact Development Stormater Managment Planning and Design
Guide. Maximum trench depth (dr,max) is computed using Equation 1 as a function of
infiltration rate from trench bottom to native soil (i), void space ratio of trench fill media
(v r) and the planned drainage time (t s).
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Equation 1: Maximum infiltration trench depth
𝑑𝑟 ,𝑚𝑎𝑥 =

𝑖 ∗ 𝑡𝑠
𝑣𝑟

As is typical in infiltration trench design the aggregate fill used is a 50 mm clear stone
with a void space ratio of 0.4, and the targeted trench drainage time is 48 hours. In the
case of the subdivision being investigated, an underdrain in infiltration trenches has been
added to convey runoff that exceeds the trenches storage capacity. In the case, Equation 1
is the maximum height of the underdrain from the depth bottom.
Upon computation of the maximum depth, the water quality volume (WQV) can
be used to determine the required trench footprint (Af) using Equation 2.
Equation 2: Footprint area of infiltration trench/infiltration chamber
𝐴𝑓 =

𝑊𝑄𝑉
𝑑𝑟 ∗ 𝑉𝑟

In practice, it is generally recommended that the the ratio of impervious drainage area to
trench footprint should be between 5:1 and 20:1 to limit the accumulation of sediments in
the trench fill.
For the commercial area, a sub-surface infiltration chamber is used to infiltrate a
portion of runoff as this subcatchment has substantially less surface area available for
open air infiltration features. Due to the high proportion of impenetrable surface cover, a
vegitative filter strip (as is used for infiltration trenches described above) is not feasable
for polutant removal for this land-use type. To overcome this restriction, a pre-treatment
oil/grit seperator is used to remove pollutants and minimize sediment build-up in the
infiltration structure.

62

4.3.5 Precipitation Data
Continuous rainfall data applied to the rainfall/runoff model was obtained from the Grand
River Conservation Authority’s Guelph Lake Dam monitoring site (GRCA 2016). This
weather station provided historical hourly precipitation recorded using a tipping bucket
rain gauge configuration.
The tipping bucket rain gauge is an ideal set-up for monitoring long term
precipitation as there are minimal monitoring requirements. In contrast to a standard rain
gauge, the tipping bucket system does not require regular on-site monitoring and manual
emptying between precipitation events. However, because the tipping bucket rain gauge
records precipitation at intervals (each tip) there can be some minor inaccuracies in
recorded precipitation. For example, if a precipitation event does not completely fill the
tipping bucket, the bucket will not tip and no precipitation will register in the data series.
In turn the following precipitation event will register a greater precipitation volume than
was actually observed as the partially filled bucket will tip after collected a smaller
volume of runoff (Groisman and Legates 1994). This tolerance in accuracy of
precipitation recording can lead to both the over- and under-characterization of
precipitation events.
The Guelph Lake Dam monitoring station does not have a heated tipping bucket
rain gauge and therefore precipitation data cannot be collected for the winter months
(when ambient temperature are below 0C).
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4.4 Results and Discussion
4.4.1 Analysis of Precipitation Data
Continuous precipitation from field observations was applied to the rainfall/runo ff model
of the development of interest for the three-month period of April, May and June for
three consecutive years: 2013, 2014 and 2015. For each of the three-month data sets,
precipitation depths were recorded on hourly intervals. To best characterize the
distribution of precipitation over the complete study period, the precipitation record for
the entire modelled time period is plotted in
Figure 19. Years 2013, 2014 and 2015 are presented in
Figure 19 a, b and c respectively.
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Figure 19: Continuous observed precipitation depths from April 1 to June 30 for years
2013, 2014 and 2015 at the Guelph Lake Dam weather station
Figure 19 is effective in representing peak precipitation rates over the duration of the
study period which are indicated by the maximum points along each curve. The majority
of storm events have a maximum precipitation depth within the range of 10 to 20mm. All
precipitation events occurring over the time periods of the three years investigated are
exceed by a single precipitation event that occurred at the end of the 2014 data set. This
event’s maximum hourly precipitation depth was recorded at 24.0mm – approximately
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equal to the depth of the one-in-four year recurring storm (MTO 2016). A second, larger,
precipitation event was originally present in the 2014 precipitation data set, with a
maximum hourly precipitation depth of 76mm. This volume of precipitation is equal to a
storm less frequent than the one-in-one thousand year recurring storm (MTO 2016).
Comparing this storm event with other precipitation records from the area for the same
period of time, it was determined that the observance of this large event could likely be
attributed to equipment error. For this reason, this event was removed from the data set.
Due to the large time scale for which precipitation was recorded,
Figure 19 is less effective at depicting the duration of precipitation events over
study period. In general, clusters of high precipitation peaks, for example the second
week of April in 2013 (
Figure 19a), indicate periods of substantial rainfall.
More beneficial to the analysis of the complete water balance for this study is the
total precipitation depth for each of the three study periods. The cumulative depth of
observed precipitation for each three month period of each year of interest is described in
Figure 20.
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Figure 20: Total recorded precipitation depth from April 1st to July 30th for years 2013,
2014 and 2015 at Guelph Lake Dam weather station
The highest volume of cumulative annual precipitation was recorded in 2013.
This high volume is a result of a large number of relatively small precipitation events
occurring over the study period. Over the three-month period in 2013, 75 hours of
recorded precipitation were in excess 1mm, whereas in 2014 and 2015 respectively only
43 and 49 hours recorded precipitation exceeded this value. The driest of the three study
periods was observed in 2014 with a cumulative precipitation of 174.8mm. Precipitation
in this year is characterized by a distribution of short-duration precipitation events,
separated by extended periods of drought. In this year only 7 precipitation events exceed
a maximum peak hourly depth of 5mm. July was a very dry month in the 2014 data set
with the exception a single, large precipitation event – the largest of all in the study
period with a maximum hourly depth of 24mm.
When considering both peak flows (Figure 19) and cumulative precipitation
(Figure 20) in the precipitation data sets it is believed that there is substantial variatio n in
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the precipitation data to characterize the performance of stormwater management
infrastructure under a variety of rainfall scenarios.
4.4.2 Overland Site Outflows
Upon running the model for the duration of the three study periods, site outflows
were compared for the two development scenarios: status quo and with incorporation of
GI. As is described above, runoff from each subcatchment is conveyed via a buried pipe
system to a common discharge point at the lowest point of the site. This drainage network
is identical for the both development models. For a constructed subdivision, this outlet
point would connect to an end-of-pipe stormwater management facility, such as a
stormwater management pond, however for the proposes of this investigation total annual
runoff volumes are the primary concern, not peak flow control.
Residential zone makes up the bulk of the development site accounting for 40.9 of
total 48.74 hectares. Figure 8 depicts the cumulative annual site outflows for a sample
residential subcatchment of area 2.46 hectares, which contains 40 residential lots. For
each of the three modelled periods, site outflows using traditional development practices
are contrasted with those of development with incorporation of GI.
Table 8: Cumulative site outflows for a sample 2.47-hectaire residential subcatchment
under the two surface cover scenarios. Study periods of April 1 to June 30 for years
2013, 2014 and 2015.
Year
2013
2014
2015

Post-development
981
540
684

Post Development with GI
783
414
504

Percent Reduction
20
23
26

Summarizing these results, the model indicates that for the developed site, the
incorporation of GI can substantially reduce the runoff from residential areas. For years
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2013, 2014 and 2015, the incorporation of GI to the residential lots decreased stormwater
management requirements by 20, 23 and 26% respectively. As was discussed earlier,
2015 was a relatively dry year, mostly characterized by low-intensity storm events with
long periods of dryness between precipitation events. Due to the fact that residential
runoff from the developed site is managed using infiltration infrastructure, these small
events with substantial recurring drying time, allows for a large portion of runoff to be
infiltrated and the facility to be dried prior the next precipitation event. 2014 saw the
lowest total volume of precipitation, however 15% percent was observed in a single
storm event. It is assumed that during this high intensity event the capacity of the
infiltration trench was exceeded and the excess runoff conveyed to the storm drain. This
is attributed in the 3% decrease on volume reduction for year 2015 versus 2014.
A relatively small portion of the developed site is classified as commercial space,
a total of 5.85 of the 48.9-hectare site. However, at 90% impenetrable cover due to
parking lots, roofs, roads and sidewalks, this land use has a substantial impact on
stormwater outflows from the entire site. For the surface model with the incorporation of
GI, a green roof and a subsurface infiltration chamber were added to the developed site to
offset conveyance requirements on stormwater infrastructure. Figure 9 depicts the
commercial area stormwater outflows for each of the three modelled periods, for the
development with traditional stormwater management infrastructure and with
incorporation of GI.
Table 9: Cumulative outflows for the commercial subcatchment under the two surface
cover scenarios. Study periods of April 1 to June 30 for years 2013, 2014 and 2015.
Year
2013

Post-development
3888

Post Development with GI
2934
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Percent Reduction
25

2014
2015

2349
2799

1620
1953

31
30

When considering site runoff for the two development cases, in all modelled years the
total volume of runoff was substantially reduced by including GI into developments.
Most effective during years with longer period of drought fewer storm events, GI reduced
the total site outflows by 24, 31 and 30% for years 2013, 2014 and 2015 respectively.
This is substantial impact considering the large fraction of impenetrable area in the
commercial space. For example, per hectare of commercial space, runoff is reduced by an
annual average of 143.6 cubic meters over the 3-year period, whereas residential area
runoff was reduced by 66.8 cubic meters annually on average. The increase on runoff
reduction for the commercial can be attributed to both the green roof and subsurface
infiltration chamber. The green roof provides peak flow attenuation controls, allowing for
storage and gradual release of precipitation that falls on the roof. Furthermore, the
infiltration chamber provides a large volume for runoff storage and allows for infiltration
over a longer period of time due to the attenuation provided by the green roof.
Finally, the cumulative outflows from the entire 48.9 hectare development are
illustrated in Figure 10. These flows are recorded at the site outlet (i.e. the lowest point of
the stormwater conveyance network) collecting runoff from the entire site. In total, this
site includes 41 hectares of residential land, 5.9 hectares of commercial space and 2
hectares of green space.
Table 10: Cumulative outflows for the entire subdivision under the two surface cover
scenarios. Study periods of April 1 to June 30 for years 2013, 2014 and 2015.
Year
2013
2014
2015

Post-development
22932
12933
16425

Post Development with GI
17370
9495
12186
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Percent Reduction
24
27
26

For the three modelled time periods, the inclusion of GI in developments reduced the
total site outflow by 24, 27 and 26% for 2013, 2014 and 2015 respectively. This highest
runoff reduction, observed in 2014, can be attributed to this year having the lowest lowest
total volume of precipitation. As is described above, both 2015 is has the lowest rate of
high intensity storm events – under which conditions the residential land use type was
most effective in reducing runoff. 2014 saw the largest precipitation event of the entire
record and is characterized by slightly larger events than the following year. The
commercial area more effective in reducing runoff for these higher flows. Varring
performance of these land use types for different precipitation profiles results in very
similar runoff reduction rates for all years of the study period.

4.5 Conclusion
With the goal of describing the various hydrologic benefits to incorporating green
infrastructure into new builds, and as a retrofit in existing developments, the conceptual
model developed for this investigation proved the merit of these approaches. Unlike
traditional ‘grey’ stormwater management infrastructure, the goal of GI is to reduce the
volume of runoff that occurs rather than manage peak flows. In the developed model, site
outflows from the entire area were reduced by 24, 27 and 26% for study periods from
April 1st to June 30 for years 2013, 2014 and 2015 respectively.
These results highlight the benefits to including these simple structures in rapidly
urbanizing areas. The substantial reduction in cumulative site outflows indicate that these
features lead to an increased portion of precipitation recharging groundwater. Heightened
rates of infiltration in urbanizing areas are crucial to maintaining groundwater sources for
consumption by other municipalities within the greater catchment.
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5. CONCLUSION
The purpose of this study was to assess the feasibility of integrating water resources
management objectives at a catchment level with the goals of ensuring future reliability
of water sources and limiting the impacts of urban development on the local hydrologic
cycle. In order to do so, risk management frameworks must be developed to ensure
customers receive adequate levels of service from infrastructure, while protecting
property and promoting environmental health. This objective was achieved through an
extensive review of technical literature, consultation with municipal waterwork
practitioners and by undertaking various hydrologic/hydraulic modelling exercises.
First focusing on municipal water infrastructure (drinking water, wastewater and
stormwater) to achieve integrated catchment-level water management, a goal of this study
was to identify areas in which collaborating risk management objectives can benefit
multiple water sectors. Through survey feedback obtained from consultation with
industry and municipal practitioners; aging infrastructure, climate change and
urbanization were identified as the top priorities that must be considered when
developing novel risk management frameworks for water utilities. Focusing on these
three sources of increased risk, the ‘Water Utility Risk Integration Matrix’ was developed
to communicate these risks and act as a guidance tool. This tool is available online for
free download from the Credit Valley Conservation Authority website.
Modelling components of this research addressed some of the many water
quantity issues that must be thoroughly understood in order to justify moving toward
catchment level water management. In the first of two modelling activities presented in
this thesis, idealized precipitation events were applied to an urban area containing
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traditional drainage and end-of-pipe peak flow management systems. These systems were
designed to achieve flood protection objectives based on historical precipitation trends.
To assess the impacts of climate change on flood risk resulting from this development,
climate-adjusted design storms were applied to the development, resulting in peak flows
that greatly exceeded capacity of the stormwater management pond and ultimately
flooding in downstream areas of the catchment. In an effort both to control the runoff
volume and to mimic pre-development hydrologic conditions, infiltration features were
added to the lots within the development. Upon running the model for these modified
surface conditions using climate adjusted storms, the treatment demand on the
stormwater management pond was reduced such that site total outflows roughly matched
those of the pre-development, non-climate adjusted storm conditions. The most
significant takeaway from this modelling investigation was the effectiveness of on-site
stormwater management (green infrastructure) in reducing demand on ‘grey’ traditional
infrastructure. This was proven to be a viable retrofit when assessing climate change
impacts in existing developments and should be considered in new builds.
The second modelling exercise again addressed integrated water resources
management, however, this investigation was aimed at the protection of water sources by
analyzing the long-term water balance as opposed to idealized storm events. In this
investigation, common uncertainties associated with the inclusion of green infrastructure
features in developments were addressed through a review of literature and the
development of a conceptual surface rainfall/runoff model. In contrast to the previous
modelling exercise, for this investigation, continuous, field-recorded precipitation data
were applied to the surface model. The modelled site is a 48.9 hectare composed mostly
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of residential area with a small portion of commercial and green space. For the surface
model incorporating green infrastructure, infiltration features were added to treat runoff
from residential areas and both infiltration features and green roofs were added to the
commercial area. For three modeled periods, from April 1st to June 30th of years 2013,
2014 and 2015, the introduction of green infrastructure reduced total site outflows by 24,
27 and 26% respectively. The significant benefit of these features is the promotion of
groundwater recharge as opposed to peak flow attenuation and discharge to surface
waterbodies.
When examining the results of both modelling exercises at a higher level, both
result in favorable arguments for the inclusion of green infrastructure features in
developments. The addition of these simple features assists in achieving both flood
control and source water protection objectives, both of which are the end goals of
integrated water management.
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6. RECOMMENDATIONS
Although this research yielded useful results that are beneficial in moving towards the
adoption of integrated water resources approaches in Canadian communities, there are
various recommendations for future work. Recommendations for the further development
of this project include:


Developing a deeper understanding of water quality issues associated with
catchment- level water management in order to ensure that downstream
communities are not subject inadequate levels of water quality risk. The
modelling components of this investigation highlighted water quantity issues
associated with integrated catchment level water management (flood control and
water source protection). However, it is important to ensure that the water
reaching these downstream communities is of adequate quality that it can be
economically treated and consumed safely.



It is recommended that hydrologic models are run for specific catchments of
interest to evaluate integrated water management strategies for interested
communities. The modelling exercises presented in this thesis were set up for
generic catchments to demonstrate the potential for adapting these strategies. It is
recommended that municipalities use their existing calibrated and validated
hydrologic models to assess the feasibility of these approaches in their
communities.



Maintenance plans for green infrastructure features must be developed in order to
ensure the long-term performance of these structures. Maintenance of these
features, such as infiltration trenches and green roofs, is a particular challenge as
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it is difficult to develop useful levels of service and performance indicators. Clear
maintenance objectives must be outlined so these features continue to function
effectively in the long term.
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