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ARTICLE INFO ABSTRACT
Keywords: Study region: Canadian urban regions.
Blue-green infrastructure Study focus: This paper examines nature-based solutions (NBS) for urban flood mitigation,

Flood-resilience
Nature-based solutions
Urban flooding

Urban land use planning

assessing various practices such as bioretention cells, green roofs, permeable pavements, and
rainwater harvesting in the context of Canadian cities.

New hydrological insights for the region: The findings reveal that NBS are increasingly recognized as
effective tools for managing urban stormwater and improving flood resilience. However, there is a
significant gap between research and practice, with many municipalities still in the pilot project
phase. Challenges include lack of region-specific design guidelines, especially for cold climates,
and insufficient long-term performance and monitoring data. The paper highlights the need for
more studies on assessing NBS effectiveness in northern regions, which remain under-researched.
Additionally, the integration of NBS with traditional grey infrastructure is critical to maximizing
flood mitigation benefits. The review also identifies the importance of developing cost-effective
strategies and improved modeling tools to support the broader implementation of NBS. Future
research should focus on evaluating NBS combinations, understanding their adaptive capacity in
a warming climate, and addressing data gaps to bridge the divide between academic findings and
practical applications of NBS.

1. Introduction

Over the past century, rapid urbanization and ongoing expansion of urban areas (Jha et al., 2012; Seto et al., 2010) have led to
significant changes in land use patterns, a notable increase in impervious surfaces and surface runoff, and reduced stormwater
infiltration (Bell et al., 2016; Chen et al., 2017; Czemiel Berndtsson, 2010; Du et al., 2012; Guan et al., 2015; Valtanen et al., 2014;
Yang et al., 2011; Yao et al., 2016). Furthermore, the frequency and intensity of extreme rainfall events are projected to increase under
a warmer climate in the future, notably for short duration storms which are mostly responsible for urban flooding (Bush and Lemmen,
2019; Cannon et al., 2020; IPCC, 2023; Martel et al., 2020, 2021; Oh and Sushama, 2020; Silva et al., 2021). A potential consequence of
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these changes is the increase in the frequency and magnitude of urban flood events. The findings of Canadian studies by Teufel et al.
(2017, 2019) and Martel et al. (2020, 2021) support this assertion.

Climate change and urbanization not only have the potential to alter surface flooding but also impact the planning and design of
drainage systems (Arnone et al., 2018; Semadeni-Davies et al., 2008; Willems, 2013; Zhou et al., 2019). For instance, persistent al-
terations in hydrologic patterns, particularly the routes and features of surface flooding, may necessitate the transformation of urban
drainage systems (Mahmood et al., 2017). The aging drainage systems were not designed to accommodate these changes, posing
substantial risks and hazards to local communities (Binns, 2020). Stormwater systems are traditionally engineered using past rainfall
data, grounded in the stationarity assumption (Hathaway et al., 2024; Karamouz et al., 2022). However, this foundational assumption
has become questionable, creating a knowledge gap concerning reliability of these systems and adequacy of existing design meth-
odologies. Incidents related to intense rainfall, resulting in extensive surface and basement flooding, occurred in Ottawa-Gatineau
region in 2017, 2019 (Olthof and Svacina, 2020) and 2023 (Global News, 2023), Vancouver, British Columbia, in 2018
(Pallathadka, 2023), Burlington, Ontario, in 2014, Thunder Bay, Ontario, in 2012 (Sandink, 2016), Windsor, Ontario, in 2011 (Ganguli
and Coulibaly, 2019), and Toronto, Ontario, in 2013. These events highlight the need for innovative solutions than being solely
dependent on conventional drainage systems.

Nature-based solutions (NBS) have proved to be an ecologically harmonious approach to address urban flooding challenges (Dorst
et al., 2019). These solutions encompass a wide range of decentralized, vegetative and some non-vegetated techniques designed to
mimic natural hydrologic processes such as infiltration and evapotranspiration (Ferreira et al., 2022). Techniques such as temporary
detention and rainwater harvesting and reuse can also be considered as NBS. The NBS term serves as an umbrella term, encompassing
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Fig. 1. Schematic illustration of some of the NBS, namely GR, BRC, RGN, RB, IT, and PP, inspired by various illustrations of the Stormwater
Management Model (US EPA 2022).
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various terminologies such as blue-green infrastructures (BGI), best management practices (BMP), green infrastructures (GI), inte-
grated urban water management (IUWM), low-impact-development (LID), sponge city (SC), sustainable urban drainage systems
(SUDS), and water-sensitive urban design (WSUD), all of which refer to a wide range of urban flood risk management and mitigation
solutions inspired by nature. These practices include bioretention cells (BRCs), blue or green roofs (GRs), infiltration basins or trenches
(ITs), permeable pavements (PPs), rainwater harvesting (RWH), rain gardens (RGNs), rainwater-receiving trees (RRTs), vegetative
swales (VSs), among other solutions (Eckart et al., 2017). Fig. 1 gives a schematic illustration of some of these practices. The
above-mentioned abbreviations are used throughout the paper and are listed in Table 1 for clarity. By adopting NBS, stormwater runoff
can more effectively be reduced from urban areas, alleviating the strain on conventional stormwater systems (Ahiablame et al., 2013;
Dhakal and Chevalier, 2017; Li et al., 2019; Vogel et al., 2015). Furthermore, NBS provide numerous additional co-benefits, including
enhanced urban aesthetics, increased biodiversity, improved air quality, and a reduction in the urban heat island effect (Raymond
et al., 2017).

Numerous studies have provided compelling evidence of the effectiveness of NBS in managing stormwater and improving surface
water quality. These findings were derived from a wide range of sources, including laboratory experiments, in situ assessments, and
modeling studies (Autixier et al., 2014; Czemiel Berndtsson, 2010; Li et al., 2019; Qin et al., 2013; Zhuang et al., 2016). Canada is also
active in both researching and implementing NBS for various purposes, including flood mitigation (Rahman et al., 2022). This review
paper aims to consolidate the current state of research and implementation of NBS in Canada in an effort to bridge the gap between
research and practice, which will be an ingenious contribution to the broader literature on urban flood management and flood
resilience. The outcomes of this paper are expected to advance research on NBS and invigorate discussions on adapting these solutions
at local and regional scales. In addition, the outcomes will also help promote nature-inspired sustainable solutions to applied problems
in urban settings both in Canada and internationally.

Rest of the paper is organized as follows. Approaches to the identification of technical documents, including published papers and
professional reports/manuals, are described in Section 2. A synthesize of the current state of research is provided in Section 3, followed
by a review of implementations of NBS, Canadian federal and provincial government initiatives on flood mitigation, and targeted
modeling studies from select municipalities in Section 4. Recommendations and obstacles concerning translation of research progress
into practical implementations of NBS are discussed in Section 5. Finally, the main conclusions, perspectives on the future of NBS for
urban flood mitigation, and relevance of the findings to other regions of the world are provided in Section 6, which also concludes the
paper. In order to carefully manage the available literature on NBS and to retain the focus on the above-mentioned objectives of this
review, supporting information is organized into three supplementary documents, which are referred to as SM-1, SM-2, and SM-3 in
the remainder of the paper; SM stands for “supplementary material”.

2. Methods, scope, and outline
2.1. Approach to literature identification

A systematic approach, inspired by online search facilities, schematically shown in Fig. 2, was employed to identify and select
relevant literature. The search aimed to encompass a diverse range of sources, including peer-reviewed academic journals, conference
articles, theses, scientific reports, municipal documents, books, book chapters, and grey literature. To ensure a broad coverage of the
topic, various keywords were included into the search terms encompassing different terms associated with NBS listed in Table 1. To
tailor the search for the Canadian context, these search terms were combined with “Canada” and the names of various provinces.
Additionally, notable Canadian cities, such as Calgary, Halifax, Montreal, Ottawa, Toronto, and Vancouver were also included as part
of the search criteria. This focused approach aimed to identify literature specifically pertinent to NBS for flood mitigation in Canadian
urban settings.

The search encompassed three scientific databases: Web of Science, Scopus, and Google Scholar. No restrictions were imposed on
document type, language, or time period to ensure identification of a comprehensive range of documents. Both Canada’s official
languages (French and English) were used to identify all relevant literature. A snowballing procedure (Garousi et al., 2016; Wohlin,
2014; Zhang et al., 2011) was also employed to identify additional studies. In the forward snowballing process, ten gathered articles
(five in English and five in French) were randomly selected and checked for references that may have been overlooked in the data
gathering process. Simultaneously, in the backward snowballing process, the references cited within these five selected articles were
explored to identify additional sources. The documents found through this process were then evaluated based on predefined criteria

Table 1
The list of various abbreviations used in relation to NBS.
NBS alternative terminology NBS practice

BGI Blue-green infrastructures BRC Bioretention cell
BMP Best management practices GR Green roof
GI Green infrastructures T Infiltration trench
IUWM Integrated urban water management PP Permeable pavement
LID Low-impact development RB Rain barrel
SC Sponge city RGN Rain garden
SUDS Sustainable urban drainage systems RRT Rainwater-receiving tree
WSUD Water-sensitive urban design VS Vegetative swale
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Fig. 2. Schematic diagram showing the three-step procedure used to identify various documents related to NBS and urban flood mitigation in
Canada. Description of the inclusion and exclusion criteria is provided in Table 2.

(see Table 2). Following this process, 87 documents with extractable data and information were retained. These documents served as
the foundation for synthesizing an overview of the current state of progress on research and implementation of NBS in Canada. A
complete list of these studies, including 64 English and 23 French studies, and their objectives, climate context, methodologies, and
identified gaps are provided in SM-1. The recommended design specifications and a brief description, the purpose, and key features of
selected NBS considered in these studies are provided in Tables SM-2.1 and SM-2.2 in SM-2.

Table 2

Detailed description of the inclusion and exclusion criteria considered for the identification of various documents for this study.

Criteria

Inclusion

Exclusion

Must include information on a
type of NBS

Study focus

Publication type and language

NBS for stormwater
management and flood
mitigation

Temporal restrictions

Consideration of Canadian and
international data

NBS-grey infrastructure
integration

Combined sewer overflow
(CSO)-related studies

Studies that provide information on a type of NBS, encompassing various
techniques such as BRCs, GRs, PPs, etc. (Fig. 2).

Studies involving real-world field observations and modeling of stormwater
systems.

Various publication types, including journal articles, conference papers,
guides, scientific reports, theses, books, and book chapters. No restriction
was set on the language of the documents.

Studies focusing on NBS implementation or modeling stormwater
management and flood mitigation in Canada.

No studies were found before 2003 and hence a timeframe of 2003 to 2023
was considered.

Studies containing information from Canada as well as other nations or only
encompassing Canadian information.

Studies on standalone NBS applications or NBS-grey combinations.

Studies focusing on broader stormwater management systems that may
indirectly mention CSO.

Studies not providing information on any form
of NBS.

Studies not involving field observations or
modeling of stormwater systems.

Publication types not listed in the inclusion

criteria.

Studies not related to stormwater management
or flood mitigation aspects of NBS in Canada.
No exclusion criteria were defined.

Studies solely focused on non-Canadian
information.

Studies solely exploring grey solutions.

Studies primarily focusing on CSO
management, impacts, or mitigation.
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2.2. Accessing municipal level flood mitigation related documents

In contrast to scientific journals that offer insights into emerging techniques and experimental work, government literature,
particularly planning, modeling, and assessment reports, provides a more comprehensive understanding of how Canadian munici-
palities integrate and implement NBS to address urban flooding. However, despite the recent efforts to improve open access to
municipal data and reporting, it is still challenging to obtain such documents. Therefore, additional documents were obtained for this
paper through personal communications with public sector collaborators from various regions of Canada.

Initial insights from municipalities were collected through collaborative research conducted by Kim and Khaliq (2022). These
insights were subsequently expanded through personal correspondences and information gathering carried out between September
2022 and March 2024. In-depth insights into the state of modeling within the municipalities of Montreal, Ottawa, Thunder Bay, and
Vancouver were acquired through in-person engagements with city engineers and officials. Additionally, an examination of all pro-
vincial flood mitigation initiatives was conducted to assess the adequacy of funding allocation to identify regions that may exhibit
heightened vulnerability to flooding, based on publicly accessible data from provincial websites. Finally, a similar inquiry was un-
dertaken to discern and consolidate information on Canadian federal expenditures and financial allocations related to flood and
disaster mitigation programs, including those supporting NBS and ecological restorations.

3. Current state of research
3.1. Breakdown of the reviewed documents

The systematic search, described in the above section, produced 87 documents. Most of these were journal papers (57 %), with the
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Fig. 3. Spatial (a), typological (b), and temporal (c) analysis of NBS related studies. The information pertaining to BRC includes both bioretention
cells and rain gardens.
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rest distributed among conference papers (11 %), theses (17 %), and technical reports (13 %). Additionally, one technical note (1 %)
was also included in the final pool. The published literature predominantly comprised observational studies (44 %), followed by
modeling studies (26 %), and literature reviews (18 %). Approximately 10 % of the studies employed a multifaceted approach,
combining research methods such as simulation-observation or simulation-optimization. There was also an editorial note, accounting
for approximately 1 % of the total studies. Fig. 3 illustrates the geographical and temporal distribution of these studies, as well as the
types of NBS studied. It is worth noting that only 22 % of the reviewed literature, incorporated data from cold winter season or
addressed topics relevant to cold winter climatic conditions.

The studies exhibited geographical diversity, with 39 % conducted in Ontario and 34 % in Quebec, reflecting substantial urban
population of both provinces, as well as strong presence of academic institutions and research funding. Alberta emerged as the third-
largest contributor, making up 15 % of the studies. British Columbia accounted for 6 % of the literature. The remaining literature 5 %
originated from the Prairie and Atlantic provinces. Notably, no studies were identified from Newfoundland and Labrador, Prince
Edward Island, and Manitoba.

Over the past 15 years, there has been a consistent increase in academic contributions focused on NBS for urban flood mitigation in
Canada. Notably, more than half (57 %) of the reviewed literature was published in the last five years (2018 to 2024). This surge in
research activity underlines the growing recognition of NBS as a viable strategy for flood mitigation. Remarkably, 2021 and 2022 stand
out as the most prolific years in Canadian NBS research, with respectively 16 and 15 publications emerging in these years.

NBS research has evolved, with different types of NBS receiving specific attention. BRC (37 %), GR (20 %), and PP (18 %) have
been the primary focus, followed by VS (12 %), RWH (6 %), IT (5 %), and other practices (3 %). BRC and PP gained interest in 2010
and 2006, respectively, as they proved effective in managing both runoff quantity and quality. GRs started gaining attention in 2003
but experienced a significant surge after Toronto implemented its Green Roof Bylaw, in 2009, which officially took effect in 2010.
Toronto was the first city worldwide to mandate GRs for buildings over 2000 m?, with coverage requirements ranging from 20 to 60 %
(Mora-Melia et al. 2018). This Green Roof Bylaw mandated green roof construction on new industrial, commercial, and residential
buildings (Basu et al., 2021). Literature reviews covering a variety of NBS, constituted 7 % of the reviewed studies, while the remaining
3 % covered other types of NBS, such as green alleys and facades, soakaways, urban forests, and soil tree trenches. IT and RWH
emerged as NBS around 2012 and 2014, respectively, further expanding the repertoire of urban flood management approaches.

3.2. Lessons learned through academic research

NBS for urban flood mitigation have received extensive attention in Canada, specific strategies such as BRC, GR, and PP have
garnered significant focus, warranting in-depth discussion in this review. It is important to note that this analysis is exclusively
centered on instances of urban flooding caused by excessive surface runoffs and does not consider other aspects, such as the envi-
ronmental co-benefits or water quality improvements associated with NBS and the reduction of combined sewer overflows.

A key insight from the literature is that the effectiveness of NBS depends heavily on climatic and hydrological conditions. For
example, studies by Khan et al. (2012), (2013) demonstrate that BRCs are particularly effective in cold climates, where they manage
runoff and peak flows even under freeze-thaw conditions. Similarly, research by Talebi et al. (2019) highlights that GRs perform best in
drier climates with infrequent rainfall, as they optimize water retention, though their efficiency decreases in wetter regions. PPs and
ITs, as noted by Van Seters et al. (2006), excel in regions with low precipitation, focusing on infiltration and groundwater recharge.
Conversely, RGNs and detention basins, as explored by Cristiano et al. (2022) and Autixier et al. (2014), are most effective in areas
prone to intense, short-duration rainfall, providing effective flood control and runoff volume reduction.

The findings of this study in the Canadian cold climate align closely with those from other cold regions, including New Hampshire,
USA (Roseen et al., 2009), Scandinavia (Ahiablame et al., 2012), northeastern China (Xiao et al., 2022), and Norway (Hamouz et al.,
2020). These studies show that LID systems, such as BRCs, PPs, and GRs, maintain significant hydrologic performance despite freezing
and thawing cycles. For example, BRCs in New Hampshire and Scandinavia demonstrated consistent stormwater retention and peak
flow reduction across seasons, while systems in northeastern China effectively regulated snowmelt runoff during winter and spring.
These results indicate the relevance of our findings beyond Canada, particularly in regions with similar climatic and geographical
conditions, such as heavy snowfall, freeze-thaw cycles, and high impervious surface coverage.

These findings underscore the need to tailor NBS to the specific climatic and geographical context of urban areas to optimize their
performance. The following sections will explore in detail the evidence from studies on BRCs, GRs, and PPs, shedding light on their
applications and limitations in various environmental settings.

3.2.1. Bioretention

In line with the research focus on NBS internationally, some lessons can be learned from research on BRC in Canada. Khan et al.
(2012) assessed BRC effectiveness in Calgary, Alberta, comparing warm and cold conditions. This study defined cold conditions as
those occurring during or preceding Chinook. Their findings demonstrated that BRC effectively reduced stormwater runoff volume
with capture rates of 96 % and 93 % during warm and cold conditions, respectively. However, hydraulic efficiency decreased in cold
weather, prompting the need for further investigations into NBS effectiveness in cold environments. The absence of region-specific
design guidelines posed a challenge to bioretention adoption, particularly in cold climates. Addressing this issue, Khan et al.
(2013) developed a multiple linear regression model based on experimental data to predict bioretention system performance, focusing
on inlet volume and event duration. This led to a new design tool for Calgary-specific BRCs, resulting in an average reduction of 92 % in
runoff volume and a 95 % reduction in peak flow. Geheniau (2014) also compared BRC in warm and cold seasons, but in a city near
Montreal, Quebec. They showed that the average reduction in retention volume and peak flow in the warm season was 81 % and 60 %,
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respectively, compared to 75 % and 35 % in the cold season. In the same region, another case study conducted recently by Pineau et al.
(2021) in the vicinity of Montreal assessed the effectiveness of a stormwater treatment system comprising a BRC and a retention pond
during winter conditions. Their findings confirmed the continued functionality and effectiveness of BRC throughout the winter season,
with snow cover maintaining suitable soil temperatures for efficient infiltration.

Bacys et al. (2019) used advanced numerical modeling techniques along with local and global sensitivity analyses to identify key
design factors for flood mitigation. They conducted long-term simulations spanning nearly 12 years, with their top-performing sce-
nario proving highly effective, mitigating up to 100 % of runoff, notably during extreme events. Overall, the study emphasized the
critical role of comprehensive BRC design in managing stormwater overflow and urban flooding.

In a study conducted by Li et al. (2021), four large BRCs were used to simulate Edmonton’s climate for a period of 1.6 years, testing
various media types across all seasons. The results revealed that less porous media led to a reduction in peak flows of over 83 % for
summer 2-year events, while more porous media maintained high conductivities. All BRC columns effectively managed 2-year events
in subsequent summers, with preliminary findings suggesting suitability for 5- and 10-year events.

Nasrollahpour et al. (2021) conducted a study on evapotranspiration in BRC in Okotoks, Alberta, spanning from 2018 to 2020. They
utilized 24 vegetated mesocosms with varying design parameters and climate conditions, with a specific focus on moisture levels at
depths of 20 and 40 cm. Their findings highlighted the significant impact of design and climate, especially at the surface. Sandy media,
lower organic matter content, and the presence of woody vegetation were associated with higher evapotranspiration rates. These
findings were corroborated by Spraakman et al. (2022), who investigated the water balance of a bioretention system in Vaughan,
Ontario, categorized by event size. Their study revealed that recharge accounted for 88 % of inflow, with evapotranspiration
contributing 6 % overall and 19 % for small events. The average daily evapotranspiration rate was 2.3 mm, increasing to 2.9 mm
during the growing season. The study revealed an average volume reduction of 97 % for all events. Prior to these studies, Glorieux
(2010) studied the integration of trees into BRC. The results of their modeling showed that evaporation and infiltration could retain 45
to 97 % of the rainfall, and that certain trees could intercept between 1.6 and 8 % of the annual rainfall volume.

Recently, Gougeon et al. (2023) used the Storm Water Management Model (SWMM) to model BRC performance, highlighting their
effectiveness on industrial road sites during snowmelt. The study emphasized that neglecting snow cover dynamics can lead to
increased runoff and poor performance of BRCs. Efficient snow management techniques, such as snow pushing, were shown to enhance
the effectiveness of BRCs. In summary, BRCs were found to reduce runoff from both rainfall and snowmelt by 33 to 70 %. To
consolidate all the valuable information gathered on various features of BRCs and their efficacy in Canadian urban settings, a summary
is provided in Table SM-2.3 (SM-2). This information would be useful for designing and conducting experiments on BRCs in other
regions and climatic conditions.

3.2.2. Green roofs

GRs are broadly categorized as either intensive or extensive. An intensive GR involves a thicker substrate and supports a wider
variety of vegetation, including shrubs and trees, requiring more maintenance. Compared to this, an extensive GR has a shallower
substrate, supports low-growing vegetation, and requires less maintenance. In Canada, the research on GRs has been almost exclusively
on extensive systems. Bass et al. (2003) demonstrated the benefits of GRs, particularly their capacity to reduce runoff. In a three-year
study conducted by Van Seters et al. (2006), an extensive GR in Toronto was compared to a neighbouring conventional roof. The GR
demonstrated a 63 % reduction in runoff, except during the winter months. Notably, GR runoff was 42 % lower on average in April and
November, with significantly greater reductions ranging from 70 to 93 %, observed during the summer months.

Roehr and Kong (2010) conducted a study on the reduction effects of runoff when using GRs in Vancouver and Kelowna in Canada,
as well as in Shanghai in China. This study compared how different climates influence the effectiveness of GR in reducing runoff. The
study employed the Soil Conservation Service Curve Number (USACE 2024a) and Hargreaves-Samani methods (USACE 2024b). Their
assessment covered aspects such as water gains and losses, soil water balance, and irrigation requirements for GRs. The results of this
study revealed that GRs reduced annual rooftop runoff by 29 % in Vancouver and 100 % in Kelowna. Factors such as soil properties,
depth, and plant selection played significant roles in promoting plant growth and reducing the need for irrigation.

Lundholm et al. (2010) conducted a study in Halifax, where they implemented a modular extensive GR system with a shallow
growing medium. They planted various combinations of monocultures or mixtures containing one, three, or five different life-forms to
assess the water retention benefits over a four-month period. The results of the study demonstrated that strategic combinations of
life-forms on GRs can enhance ecosystem services. In a recent study by Saade et al. (2022), eight extensive GRs in urban Toronto were
examined throughout the 2021 growing season. Some of these testbeds featured a biochar-enriched substrate derived from
sugar-maple sawdust pyrolysis. The research involved the measurement of discharge, along with monthly vegetation assessments
conducted using a pin-frame technique.

Sims et al. (2016) conducted a GR related study, considering three Canadian cities (i.e., Calgary, London, and Halifax), representing
different regional climates. Higher stormwater retention (67 %) was noted for GRs in Calgary, a location with a semi-arid continental
climate. However, GRs in London, representing a humid continental climate, retained the greatest depth (598 mm) of stormwater,
followed by those in Halifax, representing a humid maritime climate, with 471 mm, and Calgary, with 411 mm. The retention values
are based on data collected during the September 2012 to November 2014 period for more than two full monitoring seasons, defined as
the March to November period, excluding months with snow cover. The nature of climate significantly impacted medium-sized storms
(3-15 mm), with antecedent moisture conditions at the onset affecting retention. Antecedent moisture conditions emerged as a reliable
predictor of stormwater retention. For large storms (with amounts > 45 mm), GRs in all cities achieved an average retention ranging
from 16 to 29 %. The study highlighted that even in the case of a wetter climate, GRs reasonably reduced stormwater volume.

Talebi et al. (2019) evaluated the performance of GRs in six different Canadian cities. In their study, the type of vegetation had a
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greater impact on retention than substrate storage. The retention of GRs in Regina depended on substrate moisture, whereas those in
Calgary faced moisture limitations. Transitioning from low- to high-water-use plants increased cumulative evapotranspiration. Deeper
substrates improved retention but required structural load considerations. Jahanfar et al. (2019) compared the hydrologic perfor-
mance of two integrated GR photovoltaic systems to a traditional GR during 51 rainfall events. The results indicated that these in-
tegrated systems were less effective in reducing stormwater runoff and peak flow compared to standard GR. Similar studies leading to
similar results were also conducted by Liu and Minor (2005), and Hill et al. (2017). Fléchais (2011), using SWMM simulations,
demonstrated that the peak flow for a 12 mm rainfall could be reduced by 22 %, and by 15 % for a 24 mm rainfall. Their findings also
revealed the sensitivity of GR to soil moisture conditions, with performance halved for saturated soil compared to dry soil.

Almaaitah et al. (2022) assessed the performance of green, blue-green, and blue roofs in Toronto. They recorded maximum
retention of stormwater, with retention percentages ranging from 47 to 63 %. In another study by Cristiano et al. (2022), GRs, modified
bio-based GR (MBGR), and RWH were evaluated in nine different cities around the world, with four located in Canada. The study
categorized roofs as either flat or sloped, with flat roofs being deemed suitable for both GR and MBGR installations. The researchers
also considered cost-effectiveness evaluations for extensive and intensive GRs. It was found that sloped rooftops, particularly those
equipped with RWH systems, exhibited superior runoff reduction capabilities during high-intensity rainfall events. The MBGR and
intensive GR performed well at the building scale, with their effectiveness influenced by local climate conditions. The most efficient
solutions for reducing flood risk involved a combination of MBGR on flat surfaces and RWH tanks on sloped surfaces, ensuring a
minimum 2 % reduction in discharge across all locations, with even greater reductions ranging from 10 to 16 % observed in Airdrie,
Alberta, and Montreal, Quebec. The highest potential discharge reduction, ranging from 20 to 25 %, was achieved by pairing RWH
systems with intensive GR or MBGR. Observations made and findings of all studies on GRs are summarized in Fig. 4 and can also be
found in Table SM-2.4 (SM-2) to facilitate a quick inter-comparison.

3.2.3. Permeable pavements

There have been controversies about the effectiveness of PPs in reducing runoff. Bean et al. (2004) suggested that PPs could reduce
runoff volume under specific conditions, such as the presence of sandy or loamy sand soils, the absence of a high-water table, regular
maintenance, proper construction, flat pavement surfaces, and no overburdening loads. However, Drake et al. (2014) challenged these
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Fig. 4. Synthesize of GR related studies. The number of studies found for each province, considered rainfall categories, and study types are
respectively shown in panels (a) to (c). The reported percent runoff reductions are shown in panel (d) in the form of a box and whisker plot.
Whiskers correspond to minimum and maximum values, while the box represents the 25th and 75th percentile values. Median value is located inside
the box, with the mean value shown using a cross symbol.
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notions by demonstrating that volume and peak flow reduction can still be achieved even when the underlying soil is not sandy or
loamy sand. In their study, PP systems equipped with underdrains featuring flow-restricting valves achieved a remarkable peak flow
reduction exceeding 90 % and reduced runoff volumes by 43 %, even when constructed over clayey soils.

Van Seters et al. (2006) conducted a study on PP and VS at Seneca College’s King Campus parking lot. The results showed that PP
effectively prevented surface runoff during large storms, while the swale efficiently managed runoff. Huang et al. (2012) examined
permeable interlocking pavers (PICP) in Calgary, focusing on their performance during winter conditions, including Chinook thaws.
Field runoff tests conducted under varying temperatures showed significant peak flow reductions, particularly during freeze-thaw
periods. Surface infiltration rates dropped notably in winter. Despite these performance variations, PCIP effectively reduced surface
runoff in urban environments. However, further research is needed, especially concerning the use of sanding materials and the impact
of cold temperatures on pavement performance. In another study, Huang et al. (2016) assessed PPs, including porous asphalt (PA),
porous concrete (PC), and PICP in Calgary for storm runoff reduction. The study spanned from October 2011 to December 2013, and it
was noted that pavement maintenance was needed due to winter sanding. Initial infiltration rates for PA, PC, and PICP met design
requirements for handling a 100-year storm event without ponding.

Crookes et al. (2017) examined PP performance in a parking lot consisting of four different cells, including PC and conventional
asphalt. The PC section featured a high-density polyethylene liner to isolate each cell, ensuring zero exfiltration. Results indicated a
high variability in infiltration capacity across the PC pavement, with lower capacities near the center driving lanes due to clogging by
debris from vehicle traffic. However, even with this variability, the infiltration capacity remained significantly higher than typical
rainfall intensities. In a prior study, Drake et al. (2010) also revealed varying infiltration capacities of PP, ranging from 460 to 19,
460 mm/h.

Vaillancourt et al. (2019) assessed PICP infiltration capacity across five sites in greater Montreal, Quebec. They observed high
surface infiltration rates, even during sub-zero winter temperatures, reaching up to 20,000 mm/h. Over a 12-month monitoring period
at one site, they noted various benefits, including peak flow delays and runoff reductions depending on the specific characteristics of
rainfall events. The empirical data collected in this study was used to calibrate an SWMM, tailored for PICP. The model was then used
to assess the impact of PCIP in four urban watersheds using an eight-year rainfall series. The results highlighted reductions of 65 % in
overflow volume, 21 to 48 % in combined sewers overflow duration, peak flow ranging from 6 to 45 %, volume averaging 30 % for
separate systems, and surface flooding duration between 24 and 81 %. While SWMM is widely adopted for simulating runoff reduction
by PP systems, Zhang and Guo (2015) found that the current NBS module’s infiltration calculation for PP layers is inadequate,
especially when dealing with shallow pavement depths and long computational time steps. In response to these difficulties, they
proposed an alternative method that represents PP systems as equivalent regular sub-catchments by using a case study of rainfall
events in Atlanta, USA. This alternative approach enabled more effective modeling in SWMM-based experiments.

Scott et al. (2022) conducted a study in Vaughan, Ontario, focusing on the restoration and maintenance of PICP. Their findings
revealed that maintenance technologies specifically designed for PICP outperformed generic street-sweeping methods. Among these
technologies, the pressurized-air and vacuum system almost fully restored PICP to its original post-construction baseline condition,
whereas other methods achieved varying levels of surface infiltration rate recovery. For further information on the restoration aspects
of PPs, the studies of Henderson and Tighe (2012); Huang et al. (2016); James (2004); James et al. (2018); and Marvin et al. (2021) can
be consulted. Various features of the specific studies in terms of location, nature of study, PP type, underlying soil type, duration of the
study, maximum rainfall, maximum SIR, and reduction in peak runoff volume or flooding duration are summarized in Table SM-2.5
(SM-2).

3.3. Other approaches

In addition to the previously discussed NBS types, Canadian studies have also examined the effectiveness of VS and IT. It is worth
noting that, except for a study on IT conducted by Rowe et al. (2021), most of these investigations considered both IT and VS within a
broader simulation, optimization, or comparative modes. Rowe et al. (2021) evaluated IT in Ontario considering storm depths ranging
from 5 to 50 mm, compared to the commonly used 90th percentile criterion of approximately 25 mm. Their results revealed cost
inefficiencies associated with this criterion and recommended a more cost-effective design criterion in the range of 20 to 22 mm.
Additionally, they examined this storm sizing criterion for VS practices and found that designs exceeding 25 mm lacked economic
efficiency. The study identified economically efficient design criteria, approximately falling within the range of 18 to 26 mm, which
can be adapted to various conditions. This study also highlighted the utility of probabilistic approaches for NBS assessment and
suggested extending them to different climates to develop region-specific design criteria and cost-effective policies.

Courchesne et al. (2023), on the other hand, compared the on-site performance of BRC with that of VS and showed that BRC was
able to retain 90 % of the volume of 80 % of all rainfall events, compared to 90 % of the volume of 75 % of rainfall events for VS.
Furthermore, their results also showed that 90 % of peak flows in BRC were less than 1 L/s, compared to 80 % for VS. They also
evaluated a critical event of 63.5 mm of rainfall. For this event, the retention capacity of BRC ranged between 69 and 76 %, while that
of VS was 58 %.

3.4. Combinations of NBS
Exploring individual attributes of various NBS is valuable, but combining these elements synergistically presents significant op-

portunities, particularly in addressing the future flood-related challenges linked to climate change. Modeling studies that compared
different forms of NBS for urban catchments have focused on optimizing flood control benefits, while considering life cycle costs. In a
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study by Joksimovic and Alam (2014), cost efficiency of NBS was examined in a greenfield site located in London, Ontario. This site
was designated for mixed-use sustainable development, aiming to preserve the base flow of a nearby creek while managing storm-
water. The researchers considered seven land use classes and various NBS types, simulating them using Personal Computer SWMM
(PCSWMM; CHI, 2019). They assessed 11 combinations of NBS practices, including VS, GR, PP, among others. The study revealed that
ITs were the most cost-effective option, with 85 % runoff reduction. In contrast, the combination of PPs and GRs emerged as the least
cost-effective, achieving a reduction of runoff by less than 30 %.

While the abovementioned study dismissed BRCs and PPs as effective NBS, a study by Jiang and McBean (2021) suggested that
these NBS options can be quite effective in reducing runoff volumes. They evaluated the effectiveness of four key NBS practices: BRCs,
PPs, RB, and VS. Using lot-level modeling with PCSWMM, they assessed the performance of each NBS in reducing surface runoff
volumes and peak runoff rates under historical weather conditions. The study found that PPs outperformed other NBS, achieving a
maximum reduction of 58 % for a 2-year storm and 20 % for a 100-year storm. This provided substantial, though not complete, flood
risk mitigation for the latter. Additionally, the study examined the resilience of NBS practices under climate change scenarios,
highlighting BRC as the most resilient NBS option. While NBS, particularly BRCs, can mitigate surface runoff and urban flooding for
smaller storms, it is important to recognize that they are not typically designed to prevent flooding from extreme storms.

Vidil (2012) modeled the Roland-Therrien sector of Longueuil, Quebec, in both current and future climates to assess the impact of
adding NBS such as BRC, IT, and VS. The NBS proved effective for events of 2-year return period. Guay et al. (2024) conducted an
experimental study considering a combination of BRC, permeable cellular paving (PCP) and PCIP in a parking lot in Boucherville,
Quebec. Results showed an average reduction in runoff volume of 91 %, a reduction in peak flow of 98 %, and a delay in peak flow by
6.7 hours. As important as identifying the most efficient and cost-effective NBS is, it is equally essential to examine the integrated
effectiveness of various combinations of flood mitigation solutions and operational practices of NBS. In this regard, Joksimovic and
Sander (2016) analyzed the hydraulic functionality of GI implementation using SWMM. Their study focused on passive and actively
controlled GI in a mixed land-use area in Toronto, considering residential, institutional, and commercial lots. Active monitoring in-
volves direct manipulation of system parameters for real-time analysis, while passive monitoring observes system performance
without intervention. The research evaluated GRs, infiltration chambers, and RWH systems, over seven months of continuous simu-
lation. The findings indicated that passive GI significantly reduced runoff volume and average flow in the sewer system. In contrast,
active GI showed modest peak flow reduction (0.9 %) and moderate flow reduction, particularly during less intense rainfall events.
These results underscore the potential of GI in mitigating urban runoffs and emphasize the importance of considering both passive and
actively controlled strategies in GI planning.

For urban stormwater management, the study by Eckart et al. (2018) explored strategies to mitigate runoff and peak flows through
NBS combinations. Emphasizing the inherent nonlinear dynamics in runoff generation and infiltration processes, their research
underscored the need to identify optimal combinations of NBS to achieve maximal runoff reduction while minimizing associated costs.
To that end, the study devised an advanced coupled optimization-simulation model that integrated SWMM with the Borg
Multi-objective Evolutionary Algorithm. This model was applied to a 77 ha suburban sewershed in Windsor, Ontario. After calibrating
and validating the model for existing conditions, five NBS were evaluated. They found that IT proved to be a more cost-effective
stormwater control option than vegetated systems. A summary of the findings on runoff mitigation characteristics of NBS combina-
tions is provided in Table SM-2.6 (SM-2).

4. State of practice in Canada

In this section select municipal level initiatives are discussed first, followed by reviews of select modeling efforts from munici-
palities of Montreal, Ottawa, Thunder Bay, and Vancouver. Since various levels of financial support from federal and provincial
governments are necessary to initiate larger scale flood mitigation programs and inititiaves, including NBS, a review of various
programs and breakdown of available funding are reviewed in a separate section to reflect on regional flood risk profiles and financial
commitments.

4.1. Municipal level NBS implementation

4.1.1. Select municipal initiatives

The adoption of NBS in Canadian cities encompasses a range of notable approaches and strategies. Many cities are currently
introducing NBS through pilot projects. For instance, the City of Vancouver has introduced the RainCity Strategy, aligning itself with
the Integrated Rainwater Management Plan mandated by British Columbia in 2016. This long-term strategy introduces various green
rainwater infrastructure, including GRs, blue roofs, PPs, VSs, and tree planting. The goal is to capture and purify a significant portion of
the annual rainfall. Similar incremental projects are noticed in cities such as Edmonton, Winnipeg, and Halifax, each tailored to
address their unique urban challenges through NBS.

An increasing number of cities are taking a proactive stance by conducting city-wide flood risk assessments. Ottawa, for instance,
developed a city-wide flood risk profile using risk assessment proxies, categorizing them into maturity levels, with computer models at
the highest. This proactive approach aids in understanding urban flood risks for strategic decision-making. Complementing this,
Ottawa’s Stormwater Management (SWM) Retrofit Program supports runoff retention and volume control, including policy targets,
SWM retrofit studies, and NBS pilot projects. Initiatives like the Sunnyside and Hemmingwood Bioretention Retrofits, Stewart Street
and Senio Bioretention Cells, and upcoming projects like the Glebe Avenue Stormwater Tree Cell, integrate NBS in road renewal
projects, guided by specific design guidelines and tools.
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Table 3
Examples of municipal initiatives and policies in select Canadian cities (adapted from Kim and Khaliq, 2022).

City Initiative/Policy Key highlights

A comprehensive plan to manage rainwater in response to Vancouver’s high
annual rainfall and anticipated climate change impacts. Utilizes GI, including
green and blue roofs, tree trenches, PPs, bioswales, and wetlands.

The city-wide risk profile employs a risk assessment tool called "Proxy" to
categorize various factors for risk assessment, facilitating a proactive approach
to urban flood risk management.

The Toronto Green Streets program integrates GI to mitigate urban flooding.
The city emphasizes NBS, despite some data availability challenges.

A comprehensive environmental strategy addressing water quality, water
supply, and the impact of increased winter rainfall. Focuses on implementing
NBS within individual buildings and maintains an inventory of NBS projects.
The CSO Master Plan allocates funding for green infrastructure projects to
reduce combined sewer overflows. Projects include rain gardens, natural and
constructed wetlands, and initiatives to enhance water quality.

Vancouver, BC RainCity Strategy

Ottawa, ON Risk Assessment Tool (Proxy)

Toronto, ON Green Streets Technical Guidelines

Edmonton, AB The Way We Green

Winnipeg, MB CSO Master Plan
Endorses ecological open space systems and green infrastructure for urban
sustainability and climate resilience. The plan recommends urban forests,

Halifax, NS s
wetlands, and riparian areas, and promotes natural stormwater management

Halifax Green Network Plan

approaches.
Plan de diminution des charges et débits cheminés vers
les cours d’eau par le controle a la source des eaux
pluviales

The plan aims to integrate stormwater management facilities such as BRCs and

Victoriaville, QC VSs into the annual roadworks planning.

Many municipalities are in the early stages of integrating NBS practices into
their urban planning and infrastructure, highlighting the need for further
research, investment, and collaboration to advance environmentally friendly
and resilient practices in urban settings.

Other Municipalities Emerging Practices

Additionally, municipalities are providing tools for NBS selection and design standards. In Toronto, the introduction of Green
Streets Technical Guidelines reflects the city’s commitment to adopting NBS. However, challenges related to data availability for NBS
implementation persist, emphasizing the urgent need for comprehensive data sharing and dissemination. Table 3 summarizes the key
city-level initiatives and policies, showcasing the varied approaches to urban flood mitigation and NBS implementation.

4.1.2. Select urban flood modeling work

This section examines modeling efforts undertaken by select municipalities across Canada. Urban hydrologic models provide a
fundamental tool for implementing NBS in order to enhance flood resilience, manage stormwater effectively, and promote sustainable
urban development (Rosenzweig et al., 2021). Noteworthy contributions have been made by various municipalities, each charac-
terized by diverse populations and distinctive attributes. Table 4 summarizes the key information obtained from various modeling
examples taken from the cities of Montreal (Benoit et al., 2024), Vancouver (McKee and Sandhu, 2019; City of Vancouver, 2021, 2022;
Urban Systems Inc. 2022; Van de Valk et al., 2020), Ottawa (City of Ottawa, 2020; J.L. Richards and Associates Limited, 2018), and

Table 4
Key details and outcomes of the selected modeling examples from select Canadian municipalities.

Model

City name Calibration & validation strategy Scenarios Modeling purpose
. Dry and wet weather calibration and
A P -aux- 2-, 5-, & 10- 18 %) 3-h
Montreal % ointe-aux validation through flow monitoring at ’45 » &10-yr (+1896) 3 Decision-making for adding NBS
Trembles Chicago storms
the outfall
Byron & Validation u'sing rec?rded flooding 2.,5-, & 100-yr 3-h Chicago Management and grey infrastructure
photos and information from the upgrade at source stormwater
Golden storms
( Oﬂ‘ downstream end management for new hard surfaces
M t and infrastruct
= awa Crystal Event-based validation through flow 2-,5-, & 100-yr 3-h Chicago anagement and grey Intrastructure
- upgrade at source stormwater
Beach monitoring at the outfall storms
management for new hard surfaces
Tupper & Event-based validation through flow 2-, 5-, 10-, 25-, 50-, & 100- Management and erey infrastructure
pp monitoring at the outfall and also yr 24-h SCS storms; 25 mm 8 ey
Prospect ) . upgrade
ThEdet anecdotal information event
ot Y . Event-based validation through flow 2-, 5- &, 10-yr 3-h Chicago . . -
InterCity - Pipe upsizing and addition of storage
monitoring at the outfall and also storms; 100-yr 24-h SCS e
Model ; R facilities
anecdotal information storm
Dry- and wet-weather event-based 2- & 5-yr 1-h AES & 24-h Sewer separation, pipe upsizing, and
Oak-Marple calibration and validation through flow e o sep » PIPE Upsizing,
o SCS & Chicago storms addition of NBS
STy oF monitoring at the outfall
VANCOLUIVE . . . A 10- & 100-yr 1-, 2-, -h . . .
ANCOUVER West Point Event-based calibration and validation 0- & 100-yr &6 Sewer separation, pipe upsizing, and
L AES; and 24-h SCS storms ..
Grey through flow monitoring at the outfall addition of NBS

(+1 m SLR)
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Thunder Bay (Emmons and Olivier Resources Inc. 2015, 2020, 2022a, 2022b, 2022c; Hatch Mott Macdonald Inc. 2014; The City of
Thunder Bay, 2018).

Urban flood modeling in Canada has been predominately completed using SWMM (or PCSWMM) and typically employing 1D
representations of the sewer and urban environment. An interesting case is the Broadway Plan Area models based in Vancouver, which
deviates from the standard approach using an unusual 1D and 2D configuration. The in-house 1D model, developed by city engineers,
focuses on evaluating the sewer system’s service level. In contrast, a 2D model, created by an external firm, assesses major system
performance during significant storms, presuming a negligible impact from the minor system. In Vancouver, coastal boundary models
consider sea-level rise (SLR), while non-coastal models primarily address climate change impacts related to changes in rainfall
patterns.

In 2018, the City of Montreal enlisted the expertise of a consulting firm to refine an existing SWMM model of Pointe-aux-Trembles.
The upgraded SWMM model features enhanced sub-catchment delineation, which categorizes areas based on their physical charac-
teristics and hydrologic responses, distinguishing between road elements, flat roofs, and other land uses. Road elements are modeled
individually, whereas flat roofs are represented as storage nodes controlled by outlet parameters mimicking orifice behavior. The
model encompasses various land uses within the study area. Calibration and validation were conducted by comparison against flow
measurements in 2016 and 2017.

Calibration and validation methods vary among the models outlined in Table 4, often relying on event-based data primarily sourced
from flow monitoring. Unconventional approaches, such as anecdotal information, complaint call logs, and visual evidence, are
sometimes used to validate models, with city engineers’ expertise playing a pivotal role in addressing these challenges.

Several scenarios, encompassing both current and future situations, were simulated, aligning with specific city’s guidelines and
specific needs. Notably, some of these models were tailored in special ways, using simplifications or specific modeling approaches, to
fulfill the unique municipal needs for understanding hydrologic risks in emerging urban developments. Surprisingly, the majority of
models, with a few exceptions featuring simplifications, do not account for or consider NBS implementation. This can be traced to the
uncertainty around NBS’s performance under less frequent, larger storm events, as opposed to the more common smaller storms for
which they are designed. This absence of NBS in reports highlights a critical gap between governmental encouragement and inte-
gration of NBS into urban modeling, exacerbated by the conservative approach of sewer design engineers compared to the more
progressive stance of planners. For the time being, NBS implementation remains limited to pilot projects, indicating a disconnect
between policy support and practical applications in the engineering field. However, efforts are underway to address this gap at the
municipal level, aiming to integrate GI effectively and potentially reducing reliance solely on traditional grey infrastructure.

4.2. Federal initiatives for flood mitigation

The Government of Canada continues to allocate financial resources to support initiatives related to flood risk reduction and
disaster mitigation across the country, but there is no distinct funding category that is exclusively designated for flood mitigation
through NBS. However, the support to promote NBS for flood risk reduction exists as an integral component of larger programs. A
detailed description of various available programs is provided in SM-3. This review study focuses on programs which are closely
associated with flood mitigation and their relevance to NBS.

In the context of federal spending on flood mitigation, the Flood Hazard Identification and Mapping Program (FHIMP), which is
being jointly implemented by Natural Resources Canada and Environment and Climate Change Canada, is expected to play a crucial
role in Canada’s ongoing efforts to address flooding issues through updating floodplain maps and development of associated guidelines
(Government of Canada, 2023). In January 2022, the Government of Canada pledged $164.2 million over five years to enhance FHIMP
and collaboratively develop new and updated flood hazard maps. These updated maps empower communities to make informed
decisions regarding land use planning, flood mitigation, climate adaptation, and property protection.

In response to impacts of climate change, the Government of Canada initiated the Disaster Mitigation and Adaptation Fund (DMAF)
in 2018 with an initial investment of $2 billion over a decade (Government of Canada, 2023). This funding aims to enhance community
resilience against climate-induced disasters, including urban flooding, through both structural and natural infrastructure projects. The
2021 budget reaffirmed the commitment to DMAF by allocating an additional $1.375 billion over 12 years. DMAF addresses a range of
climate-related risks, including floods, by supporting infrastructure construction and reinforcement.

Considering the collective financial allocation exceeding $7 billion for flood risk reduction and disaster mitigation initiatives
(detailed in SM-3), it is notable that only a fraction can be specifically earmarked for flood mitigation using NBS within the DMAF,
while a significant portion of the total funding is being invested to address riverine flooding. While acknowledging funding for disaster
mitigation, it is vital to emphasize the significant prevalence of floods in many parts of Canada. Further emphasis on integrating NBS
into federal budget allocations for flood mitigation is a critical consideration, highlighting the potential benefits and merits of a more
concerted and strategic financial commitment to NBS within the broader context of flood mitigation in Canada.

Across Canada, some initiatives are emerging to improve and standardize the design, construction, and operation of NBS, which are
directly and indirectly related to urban flood mitigation. These initiatives, for instance, contribute to refining guidelines on the NBS use
for commercial roofs (Jandaghian et al., 2022; Jandaghian and Baskaran, 2022), urban flood mitigation through the Climate Resilient
Built Environment initiative (Government of Canada, 2022), and water quality control design criteria for BRCs (Rowe et al., 2024),
among other applications.

12



A. Zoghi et al. Journal of Hydrology: Regional Studies 60 (2025) 102460
4.3. Provincial flood mitigation programs

At least seven provincial governments across Canada have implemented programs on pluvial flood mitigation (Table SM-2.7 in SM-
2). Compared to other provinces, there was no publicly available information for Newfoundland and Labrador, Prince Edward Island,
and New Brunswick, regarding pluvial flood mitigation programs. One significant aspect to highlight is the proactive approach taken
by provinces that experience a higher frequency of urban flooding, such as Alberta, British Columbia, Nova Scotia, and Quebec.
Ontario, where urban flooding is a prevalent issue, leads the way in terms of funding allocation, aligning resources with the region’s
flood risk profile. Among other flood-prone provinces, Quebec stands out for its substantial funding commitment. It is worth noting
that most provincial programs primarily focus on infrastructure development and reinforcement or enhancing community resilience.
Notably, British Columbia and Alberta take a unique approach by allocating funds to specific watersheds or regions.

5. Translating knowledge to practice: recommendations and obstacles

NBS have gained significant attention from practitioners and researchers in recent decades. This section explores the challenges of
translating academic knowledge into professional practices, particularly through perspectives of Canadian studies.

5.1. NBS implementation for climate resilience

Recent studies indicate that the 20-year and 100-year rainfall events could see a fourfold increase in frequency (i.e., the possibility
of the historical 20-year event recurring every 5-year on average by the end of the 21st century) and that short duration storms will see
larger relative increases in terms of intensity under a warmer climate (Bush and Lemmen, 2019; Cannon et al., 2020; Masud et al.,
2017; Martel et al., 2020, 2021; Oh and Sushama 2020). Considering that most of the existing drainage infrastructure were designed
under the hypothesis of climate stationarity, it becomes clear that it will be impacted by future climate change, leading to increases in
events of sewer backups and surface flooding.

An exploration of the adequacy of NBS in adapting to a warmer climate using Canadian literature reveals varying levels of per-
formance under diverse rainfall and climatic conditions, as depicted in Tables SM-2.3 to SM-2.6 (SM-2). Additionally, numerous
studies indicate that the effectiveness of NBS diminishes, sometimes significantly, with increasing storm intensity (Karamouz et al.,
2022; Nasrollahpour et al., 2021). It is crucial to recognize that NBS can play a pivotal role in climate change adaptation strategies,
considering the impracticality of completely overhauling every aspect of the existing grey infrastructure. Insights presented in this
study highlight NBS as complementary solutions to improve the performance of existing and aging drainage infrastructure (Karamouz
et al., 2022). Results from Benoit et al. (2024) suggest that the impact of climate change on peak flow and surface flooding could be
mitigated by maximizing the implementation of BRCs, GRs, and PPs. Additional studies using multicriteria analyses to assess the
optimal level of implementation from economical, environmental, and social criteria are needed to better understand the potential of
NBS for climate change adaptation and mitigation.

5.2. Cost-effective NBS for urban flood mitigation

This study also briefly looked into financial considerations related to urban flood mitigation through NBS based on the published
literature, especially the studies by Bacys et al. (2019), Eckart et al. (2017, 2018), Feltmate and Fluder (2018), Joksimovic and Alam
(2014), and Li et al. (2019). Among the NBS studied, Eckart et al. (2018) results suggest that ITs emerge as the most cost-effective
practice, especially for mitigating peak flows. Their findings emphasize the economic efficiency of prioritizing NBS implementation
in areas with high runoff. Eckart et al. (2017) concluded that implementing NBS for stormwater management yields significant cost
savings compared to conventional grey infrastructure, reducing flooding costs by 15 to 80 %. Additionally, property values increase in
areas with recognized NBS. According to these authors, optimization and life-cycle analysis are crucial for understanding long-term
benefits and cost-effectiveness. Prior to the studies of Eckart (2017, 2018), Joksimovic and Alam (2014) endorsed ITs as the most
cost-effective NBS, followed by BRCs, PPs, and VSs. Bacys et al. (2019) also identify BRCs as one of the most cost-effective NBS. Li et al.
(2019) highlighted financial constraints as a barrier to local adoption of NBS for stormwater management, citing challenges such as
increased development costs, limited investments, and a lack of incentives. Jiang and McBean (2021) argue that GRs, due to their high
capital costs and the need for frequent professional maintenance, are generally unsuitable for residential properties. Instead, they
suggest that PPs, RWH, VSs, and BRCs or RGN are more cost-effective. Despite evidence of NBS cost-effectiveness, initial imple-
mentation costs and ongoing maintenance requirements remain significant hurdles. Furthermore, it is likely that political reluctance to
support increased fees or taxes can further complicate the situation.

5.3. Transitioning from academic research to practical implementation

Despite the significant academic attention, there remains a noticeable gap between research findings and practical implementa-
tions of NBS. While both the federal and provincial levels demonstrate substantial commitment and direct/indirect funding for NBS (as
outlined in previous sections and in more detail in SM-2, Table SM-2.7 and SM-3), municipal initiatives mainly consist of scattered pilot
projects. In municipal projects, NBS are occasionally integrated; however, this integration often comes with simplifications and
constraints that hinder effective implementation.

One of the primary barriers is the lack of comprehensive, region-specific design guidelines for NBS, particularly in cold climate
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regions like Canada. Many municipalities struggle to implement NBS effectively due to these gaps, leading to inconsistent performance
across different implementations (Khan et al., 2012; Rahman et al., 2022). Building on this issue, another critical challenge is the
insufficient long-term performance assessment data on NBS. Much of the existing research relies on pilot projects or short-term studies,
which are often inadequate to convince policymakers to invest in wider implementations. Without reliable, long-term data on efficacy,
financial constraints further complicate the situation, as municipalities remain hesitant to allocate significant initial investments
(Feltmate and Fluder, 2018; Li et al., 2019).

Institutional barriers and a lack of coordination between various levels of government create additional hurdles. Resistance to
adopting NBS is often linked to perceived challenges in integrating these solutions into existing grey infrastructure systems
(Joksimovic and Alam, 2014; Kim and Khaliq, 2022). These institutional constraints limit the scope and ambition of NBS initiatives,
even as governmental support and funding increase (Dhakal and Chevalier, 2017; Fletcher et al., 2015). Furthermore, fragmented
policies arising from a lack of intergovernmental coordination undermine the effectiveness of NBS in urban settings (Vogel et al.,
2015). Policy inertia and competing urban planning priorities further delay widespread implementation, as traditional infrastructure
solutions continue to dominate decision-making (Willems, 2013; Rayner et al., 2017).

Despite these barriers, an emerging trend in NBS considerations signals potential for progress, particularly as municipalities begin
to address these challenges. Tangible results remain limited, but overcoming obstacles such as gaps in design guidelines, increasing
long-term monitoring, securing funding for pilot-to-practice transitions, and fostering intergovernmental coordination will be critical
to transitioning academic research into practical implementations.

While addressing technical and performance challenges is vital, it is equally important to consider the role of community
involvement and socio-economic factors in the success of NBS. Studies highlight that stakeholder engagement and co-design of so-
lutions are often pivotal. For example, Almaaitah et al. (2021) emphasize the importance of involving local communities in planning
and implementing BGI to align environmental goals with community needs. Similarly, Ahiablame et al. (2012) underscore the need to
explore socio-economic impacts, including cost-benefit analyses and public perception, when evaluating NBS. Amati and Taylor
(2010) discuss how the evolution of green belts and urban public spaces requires strong community engagement to balance envi-
ronmental sustainability with social needs. Bacys et al. (2019) further stress that integrating socio-economic factors is essential for
successfully implementing BRCs in urban environments. While these studies demonstrate the importance of community engagement
and socio-economic considerations, this paper primarily focuses on the technical and performance aspects of NBS. Further research is
needed to explore these dimensions in greater depth and better understand their role in the successful implementation of NBS.

5.4. Current knowledge gaps and future directions

A comprehensive examination of the Canadian literature reveals areas that have received relatively less scholarly attention,
particularly in the exploration of NBS combinations, where various approaches are integrated to manage stormwater effectively.
Despite the recognized significance of these combinations (Eckart et al., 2017, 2018; Joksimovic and Alam, 2014; Joksimovic and
Sander, 2016), there is a noticeable lack of studies that systematically evaluate their collective effectiveness (Cheng et al., 2011;
Rosenzweig et al., 2021). Furthermore, optimized approaches involving multicriteria analyses that account for economic, environ-
mental, and social factors remain underdeveloped, marking a critical gap in the academic discourse.

Building on the need for optimized NBS combinations, another notable research gap lies in assessing the adaptive capacity of NBS in
a warming climate. Interestingly, municipal studies examined in this paper place greater emphasis on anticipating future conditions
using the 2100 intensity-duration-frequency curves (McKee and Sandhu, 2019; City of Vancouver, 2021, 2022; Urban Systems Inc.
2022; Van de Valk et al., 2020) than is evident in broader research articles. This focus underscores the importance of integrating
climate change considerations into NBS design.

While climate-specific challenges are critical, geographical disparities in research also highlight significant limitations. Despite
Canada’s predominantly cold climate, much of the reviewed literature narrowly focuses on months devoid of ice and snow. Although
some studies explore NBS performance in winter conditions (Drake et al., 2010, 2014; Henderson and Tighe, 2012; Huang et al., 2016;
Khan et al., 2010, 2012; Li et al., 2021; Pineau et al., 2021; Valtanen et al., 2014), addressing aspects like hydrologic performance and
snow storage, over 85 % of the literature neglects this dimension. Additionally, research efforts are predominantly concentrated in
southern Canada, leaving the Canadian north largely unexplored—a significant geographical gap.

As climate change drives more frequent and intense rainfall, another critical limitation of NBS emerges: their reduced effectiveness
during high-intensity storms. Many NBS are designed primarily for smaller, more frequent storms (Dhakal and Chevalier, 2017).
Research shows that as storm intensity increases, systems such as BRCs or BRs become overwhelmed, limiting their capacity to manage
extreme flow volumes (Joksimovic and Alam, 2014; Eckart et al., 2017). Bacys et al. (2019) and Bouattour (2021) further emphasize
that these limitations stem from designs that fail to account for peak flow reductions during extreme weather events. Addressing these
challenges requires more robust, dynamic modeling approaches and long-term studies under varying storm conditions (Bali et al.,
2023; Spraakman et al., 2020).

In addition to immediate storm resilience, long-term evaluations of NBS effectiveness remain underexplored, particularly beyond
four years post-construction (Ahiablame et al., 2012; Dietz, 2007; Drake et al., 2010; Eckart et al., 2017). Enhancing modeling
techniques and developing user-friendly decision-support tools are also critical for advancing NBS adoption. Future studies must tackle
the challenge of scaling NBS performance from individual lot scales to broader watershed and regional level applications (Ahiablame
et al., 2012).

Addressing these gaps—ranging from NBS combinations and climate-specific adaptations to geographical disparities, storm
resilience, and long-term performance—is crucial to facilitate the widespread implementation of NBS. Despite substantial progress
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over the last two decades, continuous research and development efforts are imperative to unlock the full potential of NBS in mitigating
urban flood risks effectively.

6. Conclusion

In light of Canada’s diverse geography and the persistent threat of natural disasters, urban flooding remains a significant concern.
This research delved into the implementation and effectiveness of NBS for mitigating urban flooding across Canada. The findings
underscore the commitment of both the federal government and the provinces to enhance urban flood resilience through NBS. The
study emphasizes varying levels of NBS performance under diverse rainfall and climatic conditions, indicating the need for nuanced,
case-specific analyses. The insights presented in this paper demonstrate that NBS, as standalone solutions, cannot address all cir-
cumstances across different regions. This emphasizes the importance of a synergistic combination of grey infrastructure upgrades and
NBS.

Financial considerations, as explored within the specific focus of this study, reveal the cost-effectiveness of certain NBS, such as ITs,
for urban flood mitigation. However, challenges related to initial implementation costs, maintenance needs, and political reluctance to
support increased fees or taxes persist. The literature emphasizes the need for ongoing optimization and life-cycle analysis to ensure
the long-term cost-effectiveness of NBS. Despite substantial academic attention, a noticeable gap exists between progress on research
and practical implementation of NBS. While federal and provincial levels exhibit substantial commitment and funding plans for NBS,
municipal initiatives primarily manifest as scattered pilot projects. However, the emerging trend in considering and experimenting
with NBS suggests a prospective increase in municipal projects in the near future, but tangible results are yet to align with societal
expectations.

As Canada progresses in fostering climate resilience, including flood resilience, through ongoing governmental and provincial
initiatives, the nation’s commitment to action should be acknowledged. The existing momentum, coupled with the seamless transition
of ongoing research endeavours into practical implementation, suggests that Canada possesses the potential to achieve a commendable
level of resilience amid the dynamically changing climate and associated challenges and adaptation needs. Sustained collaboration,
heightened public-private partnerships, and the dissemination of successful models and strategies are deemed crucial to fortifying
resilience efforts nationwide. However, as mentioned above, the examination of the Canadian literature also reveals significant
research gaps. The need for comprehensive assessments of NBS combinations, a focus on the adaptive capacity of NBS in a warming
climate, and an exploration of the performance of NBS in cold climates are highlighted in this paper. Moreover, the study identifies
geographical research gaps, particularly in the Canadian north, and emphasizes the necessity for long-term performance studies
extending beyond four years post-construction. Continuous research and development efforts are deemed imperative to facilitate the
global widespread implementation of NBS.

Finally, cost-effectiveness of certain NBS types, such as ITs and BRCs, noted for Canadian conditions bear international relevance.
Toronto is the first city worldwide that has mandated GRs for buildings over 2000 m2. And, in the years since the bylaw was adopted,
many cities and regions around the world have followed suit. From the review of Canadian studies on BRCs it was found that region-
specific guidance on their design and implementation would be required to enhance their effectiveness. This finding has direct im-
plications for regions with distinct warm and snow-dominated cold seasons. Guidance on designing simulation and monitoring ap-
proaches, development of user-friendly decision support tools that seamlessly integrate NBS, and guidance on life cycle assessments are
lacking in the Canadian and international literature on NBS. In particular, the development of municipal protocols for the construction,
refurbishment, and decommissioning of NBS are areas that deserve attention from both Canadian and international researchers. Large-
scale synergistic implementations and evaluations of a range of NBS in existing and new developments need to be explored in future
studies. Region-specific review studies, as attempted in this paper, are important for synthesizing existing research on NBS, bench-
marking on-the-ground performance of such solutions, and uncovering areas that require improvement. Better urban water man-
agement and effective urban flood mitigation demand better tools and meticulous guidance. It is hoped that such review studies will
continue to emerge in the future for other regions of the world.
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