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Abstract: Urbanization over the last few decades has resulted in a rise of impervious surfaces in municipalities worldwide. This rise has led
to an increase in stormwater runoff and a decrease in the capacity of existing urban drainage systems. Additionally, the projected increase in
frequency and intensity of extreme rainfall events due to climate change further exacerbates the risk of urban flooding. In response to this
challenge, many municipalities have begun implementing blue and green infrastructures (BGI) to mimic the natural hydrologic cycle and
manage stormwater at its source. Although the benefits of BGI, such as bioretention cells, permeable pavement, blue roofs, and green roofs,
have been demonstrated, their full potential remains uncertain. This raises the question of whether BGI, when utilized to the maximum
potential, can effectively adapt our existing drainage infrastructures to the projected increases in extreme rainfall in a warmer climate.
To address this question, a case study was conducted in the Pointes-aux-Trembles District, a 20-km2 urban catchment in Montreal. A
calibrated stormwater management model [personnel computer storm water management model (PCSWMM)] was used to simulate various
scenarios of BGI implementation, both individually and in combination without considering economic constraints. An extreme rainfall event
was simulated under a warming climate to compare urban flooding between the existing urban drainage system and the different BGI sce-
narios. The results demonstrated the significant potential of BGI in adapting our existing drainage systems to climate change. In the simulated
scenario of climate change impact, which resulted in a 136% increase in flood volume, the individual implementation scenarios offset be-
tween 20% and 118% of this increase. Furthermore, the combination scenarios achieved offsets of 162% and 167%, resulting in a better
performance of the urban drainage systems (UDS) under climate change conditions with BGI practices than in historical conditions without
any BGI practice. These findings strongly suggest that BGI practices should be considered as a crucial part of the adaptation solution. DOI:
10.1061/JIDEDH.IRENG-10330. This work is made available under the terms of the Creative Commons Attribution 4.0 International
license, https://creativecommons.org/licenses/by/4.0/.

Practical Applications: The growing trend of urbanization leads to an increase in impervious surfaces across municipalities worldwide,
which in turn exacerbates stormwater runoff managed by urban drainage systems. Compounded by climate change, this trend heightens flood
risks. To counteract this, many municipalities are adopting BGI, which mimic the natural hydrological cycle, to manage stormwater at its
source. Although BIGs are recognized for their benefits, their full potential is yet to be fully understood. This case study utilized a stormwater
management model in a district of Montreal to simulate various BGI implementation scenarios without considering economic constraints. The
results indicated significant potential for BGIs to adapt UDS to the impact of climate change. When implemented, individual types of BGIs
showed potential to offset between 20% to 118% of the increase in flood volume. Scenarios that combined different BGIs showed even more
promise, reducing flooding by 162% to 167%. These outcomes not only mitigate the impact of climate change but also enhance the current
capacity of UDS. In conclusion, BGIs represent a promising solution to the dual challenges of urbanization and climate change by effectively
managing stormwater and enhancing the resilience of municipalities to flooding.
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Introduction

Over the last few decades, urbanization has led to increased imper-
meable surfaces and loss of permeable soil surfaces, disrupting the
natural hydrological cycle by impeding water infiltration into the
ground. This has resulted in an increase in both the volume and
peak flow of runoff during rainfall events (Leopold 1968; Lee
and Heaney 2003; Akter et al. 2018). Traditional urban drainage
systems (UDS), consisting of gutters, pipes, and tunnels, were con-
structed to rapidly remove local runoff from urban areas and dis-
charge it into nearby streams (Sohn et al. 2019; Tansar et al. 2022).
However, these systems were designed without considering the
ongoing changes in land use, which led to a significant increase
in impervious surfaces in urban areas. Consequently, many UDS
in municipalities worldwide are now outdated, making them inad-
equate for effectively handling runoff during extreme rainfall
events, which increases the vulnerability of these municipalities
to pluvial flooding (Pour et al. 2020; Yang et al. 2020).

Furthermore, drainage infrastructures were built based on stat-
istical analysis of past rainfall events, assuming that the climate
would remain stationary throughout their life span (Arisz and
Burrell 2006). However, it is now widely accepted that climate
change is already causing, and will continue to cause, more intense
and frequent extreme rainfall events (Martel et al. 2020; IPCC
2021; Fowler et al. 2021). As a consequence, the limitations of
existing UDS will be exacerbated, resulting in a higher probability
of urban pluvial flooding events (Mailhot and Duchesne 2010;
Mamo 2015; Martel et al. 2021).

Given the need to adapt existing UDS, municipalities should
explore alternative strategies beyond traditional approaches.
Upgrading the drainage capacity of these systems in developed
areas is often considered expensive, impractical, and unsustainable
due to ongoing urban development and the projected increase in
rainfall intensity associated with climate change (Qin et al. 2013;
Dong et al. 2017). As a climate change adaptation solution, there
has been increasing interest in blue and green infrastructures (BGI)
over the last two decades. BGI refers to a range of decentralized
elements aimed at mitigating the adverse impacts of urbanization
and climate change, particularly in stormwater management (Liu
et al. 2019; Almaaitah et al. 2021).

BGI encompasses both green (GI) and blue infrastructures (BI).
GI involves practices that mimic the natural hydrological cycle
using vegetation and soil to manage rainfall through processes such
as infiltration, evapotranspiration, retention, and detention. On the
other hand, BI comprises nonvegetated practices that slow down
runoff by providing temporary storage of rainfall, thereby mitigat-
ing peak discharge (Fletcher et al. 2015; Versini et al. 2018; USEPA
2019; Almaaitah et al. 2021). BGI also provides various cobenefits,
including mitigating the urban heat island effect, improving livabil-
ity, recharging groundwater, and supporting biodiversity (Liu et al.
2019).

As the recognition of BGI practices grows as potential adapta-
tion solutions to the challenges faced by UDS, several studies have
used hydrological models to simulate their implementation and
assess their performance in supporting existing UDS:
• Zahmatkesh et al. (2015) evaluated the effectiveness of imple-

menting rainwater harvesting practices, bioretention cells, and
permeable pavement under various climate change scenarios.
Through analysis of aerial images, land use, topography, and
expert’s judgment, they found that the combined implementa-
tion of these practices resulted in an average reduction of 41%
in annual runoff volume in 30-year continuous simulations
across different climate change scenarios. Additionally, they ob-
served average annual maximum flow reductions ranging from

8% to 13%. In single-event simulations, they achieved runoff
volume reductions of 28% and 14% for rainfall events with
2-year and 50-year return periods, respectively.

• Ahiablame and Shakya (2016) assessed the potential of per-
meable pavement, rain gardens, and rain barrels, individually
and in combination, to mitigate flood risk in urban areas. The
implementation rates of BGI practices varied from 25% to 100%
of the available surface area for each BGI type. Their study dem-
onstrated reductions ranging from 3% to 47% in average annual
runoff and 0% to 40% in the number of flood events during
25-year continuous simulations based on historical rainfall data.

• Ghodsi et al. (2020) aimed to determine the optimal implemen-
tation of a combination of bioretention cells, vegetative swales,
infiltration trenches, and permeable pavement to minimize run-
off volume and BGI implementation cost under various climate
change projections for both 2-year and 20-year return period
design rainfall events. Their findings showed a runoff volume
reduction of approximately 14% for BGI implementation on
less than 1% of the catchment surface, highlighting the effec-
tiveness of BGI practices even with a relatively small implemen-
tation area.

• Samouei and Özger (2020) investigated the impact of large-scale
implementation of BGI practices on the hydrological response of
an urbanized catchment. Their study revealed reductions in peak
runoff ranging from 2.7% to 24.7% and runoff volume from 2.9%
to 17% for a combined implementation of green roofs, permeable
pavement, and bioretention cells. The implementation ratios
ranged from 5% to 20% of the total catchment area.
Although BGI practices are receiving increasing attention in

the literature and operational fields (Suleiman 2021), there is still
a knowledge gap regarding their maximum potential to adapt actual
UDS to the impacts of climate change. One key question that re-
mains uncertain is whether these practices can offset the impact of
climate change on the response of actual UDS to a future extreme
rainfall event. Therefore, this study utilizes a previously developed
high-resolution and calibrated personnel computer storm water
management model (PCSWMM) model of a 20-km2 urban catch-
ment located in Montreal, Canada. The aim is to evaluate the maxi-
mum potential of a large-scale implementation, without economic
constraints, of various BGI practices to counteract the projected
impact of climate change on the response of the actual UDS under
an extreme design storm event.

Methods

Study Area

This study focuses on the Pointe-aux-Trembles sector, which is a
20-km2 urban catchment located in the easternmost borough of the
City of Montreal, Canada. Montreal, the most populous city in the
Province of Quebec, has a population of 2 million residents resid-
ing on the 500-km2 island (Statistics Canada 2023). Since the mid-
twentieth century, the city has undergone rapid urban development,
resulting in a significant increase in urban sprawl since 1951. The
Rivière-des-Prairies-Pointe-aux-Trembles borough, which includes
the Pointe-aux-Trembles sector, has also experienced rapid urbani-
zation in recent years, with urban sprawl tripling between 1986
and 2011 (Nazarnia et al. 2016). Consequently, the Pointe-aux-
Trembles sector is now highly urbanized, with residential areas
dominating the land use.

The study area, as shown in Fig. 1, consists of 20 catchments
that can be gathered in four independent subareas. The networks
are predominantly composed of circular pipes with diameters
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ranging from 150 mm to 3 m, with slopes ranging from 0.01%
to 33.78%. It encompasses both combined and separated sewer
systems. The combined systems transport both wastewater and
stormwater via the southeast interceptor, which ranges in dimen-
sion from 3 to 5 m, either to the wastewater treatment plant or
to the St. Lawrence River during events that cause combined sewer
overflows (CSOs). During three rainfall events in 2011 and 2012,
localized urban flooding issues were reported in the sector. A re-
currence analysis of these rainfall events, based on a comparison
with local intensity-duration-frequency (IDF) curves, revealed
that their return periods ranged from 2 to 100 years, highlighting
the vulnerability of the existing UDS to even relatively frequent
extreme storm events.

PCSWMM Model of the Study Area

In 2018, the City of Montreal enlisted the services of Lasalle
Northwest Hydraulic Consultants (NHC) to enhance an existing
USEPA Storm Water Management Model version 5 (SWMM5)
model of the Pointe-aux-Trembles District as part of its long-term
planning for wastewater and stormwater management over the
next 25 years. The objective was to utilize the model for a precise
analysis of the current UDS performance in the area. PCSWMM
combines the SWMM5 engine with an improved graphical user
interface and additional tools to conduct analyses and GIS capa-
bilities, serving as a spatial decision support tool for urban storm-
water management (CHI 2023).

Fig. 1. View of the study area. The 20 catchments are delineated by bold lines. (Base map image © TerraMetrics, Données cartographiques © 2024,
Google Maps.)
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The SWMM5 engine is a dynamic rainfall-runoff simulation
model that enables both single-event and long-term simulations
to evaluate the quantity and quality of runoff, primarily in urban
areas. It focuses on subcatchment areas that receive precipitation,
generating runoff and pollutants loads. The routing aspect of
SWMM5 involves the transportation of this runoff through a net-
work consisting of pipes, channels, storage/treatment devices,
pumps, and regulators. Throughout the simulation period, which
includes multiple time steps, SWMM5 tracks the quantity and
quality of runoff within each subcatchment, as well as the flow
rate, flow depth, and water quality within the pipes and channels.
SWMM5 is widely used worldwide to support planning, analysis,
and design associated with stormwater runoff, combined sewers,
sanitary sewers, and other drainage systems in urban areas
(Rossman 2015).

The PCSWMM model of the study area incorporates an im-
proved delineation of subcatchments, which distinguishes drained
surfaces based on their physical characteristics and hydrological
responses. This division categorizes the model into three types
of subcatchments: road elements, flat roofs, and a broader category
encompassing other land uses. This distinction enables an accurate
representation of the rapid hydrological response of road elements
and the potential retention capacity of flat roofs during intense rain-
fall events.

Road elements are individually modeled as subcatchments
with an average area of 1,084 m2. They have a high impermeability
percentage of 90% and a flow length adjusted to accurately reflect
the specific shape and hydrological response of a road. Each flat
roof is modeled as a storage node, and its outflow is regulated
by an outlet which is parameterized to simulate the behavior of
an orifice. The number and diameter of roof drains are estimated
on local building code. The remaining subcatchments represent
various land uses in the study area, including commercial, indus-
trial, residential, and recreational areas. The impervious percentage
of these subcatchments is determined based on land-use occupa-
tion, ensuring an appropriate representation. They have longer flow
lengths, and in some cases, a portion of their impervious area di-
rects runoff toward their pervious area. Fig. 2 presents a detailed
view of a part of the PCSWMM model, showing the three types of
subcatchments.

The slope of each subcatchment has been set at 1% to account
for the mostly flat topography of the study area, where slopes range
from 0% to 1%. Additionally, the major network, constituted by the
streets that move excess runoff when the capacity of catch basins is
exceeded, was not modeled because the site’s topography is rela-
tively flat and there are enough catch basins to fully intercept run-
off. It was determined that the surface network could effectively
intercept runoff from a 3-h storm event with a 25-year return period
across all 20 study areas’ catchments. This was considered ad-
equate for the original purpose of the model because the assessment
of the existing UDS’s service level was based on a design storm
event with a 10-year return period.

To maintain a high spatial resolution while reducing computa-
tional time, the PCSWMM model was divided into four submo-
dels that correspond to the four independent subareas of the study
area. The study area, spanning 2.006 km2, is divided into four
submodels ranging from 0.052 to 1.091 km2, encompassing a
total of 9,935 subcatchments, 5,809 nodes, 5,951 conduits, 65
outfalls, and 17 hydraulic structures including pumping station,
regulation, overflow, and diversion structures. Table 1 provides
the characteristics of the four subareas, including the total imper-
vious area and the surface areas occupied by each of the three
subcatchment types.

Calibration of the PCSWMM Model

Calibration and validation of the model were conducted by com-
paring computed results with data obtained of flow measurements
by the city from 2016 to 2017 at a 5-min time interval. Data were
collected from 11 measurement points that covered the entire study
area network, including four temporary and three permanent rain
gauges.

The minimum, maximum, and mean flow rates during dry peri-
ods, along with data pertaining to population, surface area, and land
use upstream of each measurement point, were utilized to compute
consumption and infiltration indices. These indices were sub-
sequently employed to allocate sanitary flows within the model,
with each sanitary flow inlet node combining infiltration flow
and ICI consumption into a fixed base flow; meanwhile, average
residential consumption was linked to a time-based pattern accord-
ing to population size.

For each measurement point, four rainfall events were used for
calibration, and three additional events were used for validation.
The seven events selected were the ones with the largest rainfall
volumes recorded at the nearest rain gauge.

During the calibration process, adjustments were made pri-
marily to the imperviousness of subcatchments in combined sewer
system areas, and parameters of the unit hydrographs were fine-
tuned in separated sewer system areas. The Nash-Sutcliffe effi-
ciency (NSE) criterion was calculated to evaluate the model’s
ability to accurately replicate peak flow and volume at each meas-
urement point. Comparing the computed and measured peak flows
and volumes for the four calibration rainfall events, median NSE
values of 0.88, 0.86, 0.67, and 0.82 were obtained for Subareas A,
B, C, and D, respectively. For the three validation rainfall events,
the median NSE values were 0.91, 0.88, 0.44, and 0.70 in Subareas
A, B, C, and D, respectively. According to the literature, NSE val-
ues above 0.50 indicate a fair calibration (Moriasi et al. 2007;
Shamsi and Koran 2017). Therefore, it was concluded that the mod-
els accurately represent the volumes and peak flows in the network
of the study area.

The calibrated models were further used to validate the fre-
quency and duration of overflow events at each overflow structure
in the network. The majority of these structures were monitored by
the city from 2014 to 2017. The analysis demonstrated that the
models accurately reproduced a significant portion of the recorded
overflow events during this period, with 80% of the city-recorded
overflows being replicated in the model.

BGI Selection

Among the various BGI practices available for stormwater manage-
ment, bioretention cells, permeable pavement, green roofs, and blue
roofs are considered to be among the most common and effective
techniques (Shafique et al. 2016; Samouei and Özger 2020). These
practices can be adapted to different urban contexts, and studies
have demonstrated their effectiveness in addressing water quantity
and quality issues, even in cold climates (Drake et al. 2014;
Johannessen et al. 2017; Ding et al. 2019). Thus, this study focused
on evaluating the performance of these four options in mitigating
the impact of climate change on the UDS study area.

Bioretention cells are depressions filled with a specially engi-
neered soil mixture and vegetation. They provide temporary stor-
age, infiltration, and evaporation of rainfall and runoff from
adjacent areas (Rossman 2016). In urban areas, bioretention cells
are commonly incorporated into curb extensions, sidewalks, or
median reservations (STEP 2022).

Permeable pavements differs from a conventional impervious
pavement because they allow water to drain through the surface
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and into a storage layer of gravel, enabling infiltration into the na-
tive soil or temporary detention (Rossman 2016). Permeable pave-
ment systems are commonly used in parking lots, low-traffic roads,
driveways, and pedestrian areas. This technology can also be

implemented in locations subject to heavier loads, such as commer-
cial and industrial loading and storage areas (Imran et al. 2013;
STEP 2022). The design of both bioretention cells and permeable
pavement depends on factors like the infiltration potential of the

Table 1. Characteristics of the four subareas

Subarea
Area
(ha)

Impervious
area (ha)

Impervious
area (%)

Flat roofs
(ha)

Flat roofs
(%)

Road elements
(ha)

Road elements
(%)

Others
(ha)

Others
(%)

A 535.22 127.12 24 18.11 3 64.55 12 452.56 85
B 327.5 153.99 47 22.54 7 64.66 20 240.30 73
C 51.89 20.72 40 5.88 11 8.14 16 37.87 73
D 1,091.27 458.54 42 68.98 6 148.45 14 873.84 80

Note: Flat roofs, road elements, and others are the three types of subcatchment, and they add up to 100% of the area of each subarea.

Fig. 2. Detailed view of a part of the PCSWMM model. (Base map image © 2024, Google Earth.)
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native soil and site characteristics. They can be designed with no
underdrain for complete infiltration, with an elevated underdrain
for partial infiltration, or with an underdrain and impermeable
bottom liner solely for detention and filtration purposes (STEP
2022).

Green roofs are a form of vegetated control designed for imple-
mentation on rooftops. They consist of a layer of vegetation grown
in an engineered soil mixture, placed on a drainage mat that trans-
ports excess water from the soil layer outside of the roof (Rossman
2016). BGI practices on rooftops, such as green roofs, are widely
adopted due to their significant potential, especially considering
that roofs contribute a substantial portion of the impervious area
in developed countries (Shafique et al. 2016). Among the different
types of green roofs, extensive green roofs, which have a lower
profile, have gained popularity in urban retrofitting projects and
are commonly chosen (Hamouz and Muthanna 2019).

Blue roofs offer a cost-effective alternative to green roofs and
are designed to temporarily detain stormwater on rooftops in non-
vegetated ponding areas. Flow control devices at the inlets of the
roof drains regulate the slow release of rainwater into the sewer or
drainage network, effectively reducing peak flows. Blue roofs are
particularly suitable for urban retrofitting projects focused on
stormwater management in developed areas (Shafique et al. 2016).

Modeling BGI in PCSWMM

The SWMM5 engine has the capability to simulate the behavior of
eight different types of BGI practices by incorporating them as
properties of the subcatchments (Rossman 2015).

Bioretention cells, permeable pavement, and green roofs were
modeled using their respective BGI practice modules in SWMM5.

The parameters for these BGIs were based on two studies con-
ducted for the green infrastructure (GI) Leadership Exchange
(GILE) initiative (Lotus 2018, 2021), which aimed to evaluate
the possibility of creating North American standards for modeling
bioretention cells, permeable pavement, infiltration trenches, and
green roofs using the SWMM5 engine in terms of water quantity
performance. The recommended modeling parameters provided by
these studies were derived from a comprehensive review and analysis
of existing modeling parameters from publicly available reports, in-
ternal documents, data from study collaborators, information avail-
able for regional and national stormwater calculators, peer-reviewed
articles, and SWMM default parameters. Additionally, the national
standard for the design of bioretention cells (CSA Group 2018) was
considered when parameterizing bioretention cells.

Because blue roofs are not explicitly represented in the SWMM5
low impact development (LID) module (referred to as the BGI mod-
ule hereafter for consistency), they were modeled using the rain bar-
rel BGI practice to approximate a rooftop rainfall storage depth
capacity of 50 mm, which is in line with local guidelines suggesting
that large commercial roofs can store between 50 and 80 mm of rain-
water (MDDEFP 2011). To simulate the gradual release of rainfall
into the network, blue roofs were equipped with a drain parameter-
ized to have a 24-h drawdown timewhen reaching full storage capac-
ity. Modeling blue roofs using the rain barrel BGI practice does not
consider the evaporation process typically occurring on blue roofs.
This modeling approach is therefore conservative because it assumes
that all rainfall falling on rooftops ultimately flows into the network.

Furthermore, an analysis of soil types, conducted using a GIS
layer representing the surficial deposit mapping in the study area,
revealed that certain areas were unsuitable for implementing BGI
practices involving infiltration processes due to the presence of

Table 2. Parameterization of the four BGI practices evaluated in this study

BGI layer Parameter name (unit) Bioretention cells Permeable pavement Green roofs Blue roofs (rain barrel)

Surface Berm/barrel height (mm) 150 0 0 50
Vegetation volume (fraction) 0.05 0 0 —

Surface roughness (Manning’s n) 0 0.02 0.1 —
Surface slope (%) 0 1 1 —

Pavement Thickness (mm) — 100 — —
Void ratio (voids/solids) — 0.18 — —

Impervious surface (fraction) — 0 — —
Permeability (mm=h) — 2,540 — —

Clogging factor — 0 — —

Soil Thickness (mm) 450 0 100 —
Porosity (volume fraction) 0.43 — 0.5 —

Field capacity (volume fraction) 0.13 — 0.2 —
Wilting point (volume fraction) 0.08 — 0.1 —

Conductivity (mm=h) 120 — 12.5 —
Conductivity slope 35 — 35 —
Suction head (mm) 50 — 50 —

Storage Height (mm) 300 300 — —
Void ratio (voids/solids) 0.62 0.67 — —
Seepage rate (mm=h) 7.5 (or 0a) 7.5 (or 0a) — —

Clogging factor 0 0 — —

Drainage mat Thickness (mm) — — 50 —
Void fraction — — 0.3 —

Roughness (Manning’s n) — — 0.03 —

Underdrain Drain coefficient (mm=h) 2.7 1.32 — 0.589
Drain exponent 0.5 0.5 — 0.5

Drain offset height (mm) 150 (or 0a) 150 (or 0a) — —
Drain delay (h) — — — 0

aBGI modeled with an impermeable bottom liner.
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rock, mixed sediments, or peat. In these areas, bioretention cells
and permeable pavement systems were parameterized to represent
installations equipped with an impervious bottom liner and an
underdrain, preventing any infiltration into the native soil. Con-
versely, in areas where the soil type allowed infiltration, bioreten-
tion cells and permeable pavement were modeled with an elevated
underdrain to enable partial infiltration into the native soil. Table 2
presents the modeling parameters used in this study.

Design Storm Event

The model was supplied with input data for a design storm event
based on IDF curves obtained from the meteorological station at
Montreal International Airport. Specifically, a rainfall event lasting
3 h, with a return period of 10 years and following a Chicago-type
temporal distribution, was selected to simulate the response of the
actual UDS to an extreme storm event. The selected storm duration
and return period align with the requirements set by the Quebec
design code for flood control stormwater management structures
(LégisQuébec 2022).

To incorporate the impact of climate change, the design storm
event was subjected to a fixed increase of 18%. This increase in
rainfall intensity reflects the minimal adjustment mandated by
the Quebec Ministry of the Environment and Fight against Climate
Change, Wildlife and Parks (MELCCFP) for storm events rarer
than a 2-year return period (LégisQuébec 2022). This 18% fixed
increase in rainfall intensity is referred to as the simulated impact
of climate change (SICC) hereafter.

BGI Scenarios Simulated

A total of eight scenarios were simulated simultaneously in each of
the four subareas of the Pointe-aux-Trembles study area network.
To evaluate the impact of climate change on the response of the
actual UDS to the design storm event, the first two scenarios were
simulated without implementing any BGI practices:
1. R_HC: Response of the actual UDS to the design storm event

under historical conditions.
2. R_CC: Response of the actual UDS to the design storm event

considering the SICC.
Next, to evaluate the individual potential of the selected

BGI practices in mitigating the impact of climate change on
the response of the actual UDS to the design storm event, four
scenarios simulated the large-scale implementation of a single
BGI practice:

3. GR: Large-scale implementation of green roofs on every flat
roof in the study area.

4. BR: Large-scale implementation of blue roofs on every flat roof
in the study area.

5. PP: Large-scale implementation of permeable pavement in des-
ignated areas such as parking lots, industrial and commercial
zones, school playgrounds, and sports courts. In industrial
zones, the permeable pavement was parameterized to prevent
infiltration into the native soil to avoid contamination from run-
off loaded with pollutants (Yu et al. 2017).

6. BIO: Large-scale implementation of bioretention cells on every
street in the study area. The runoff from these streets was
directed entirely toward bioretention cells. The cells covered
an average of 10% of the street surface, adhering to the recom-
mended 1∶10 ratio between the surface area of the cells and the
surface area they drain (MDDEFP 2011; CSA Group 2018).

Finally, to evaluate the combined potential of these BGI
practices, two remaining scenarios were simulated:

7. GIs: Large-scale implementation of green roofs, permeable
pavement systems, and bioretention cells.

8. BGIs: Large-scale implementation of blue roofs, permeable
pavement systems, and bioretention cells.
Table 3 summarizes the different scenarios modeled in this study

and presents for each of them the percentage of impervious area
occupied by the various BGI practices.

Metrics Evaluated

The evaluation of the SICC on the response of the actual UDS to
the design storm event, as well as the potential of different BGI
implementation scenarios to mitigate this impact, was based on
the analysis of three metrics: runoff volume, outfall peak flow,
and flood volume:
• Runoff volume: The total volume of water runoff generated in

each subarea during the design storm event. This metric was
used to assess variations in the hydrological response of the
study area.

• Outfall peak flow: The maximum flow rate leaving the system at
the outfall points in each subarea during the design storm event.
This metric was used to evaluate variations in the hydraulic
performance of the actual UDS.

• Flood volume: The total volume of water lost from model no-
des in each subarea during the design storm event, i.e., water
that could not be received by the network because the maxi-
mum conveyance capacity was reached. This metric was also
used to assess variations in the hydraulic performance of the
actual UDS.
To quantify the potential of each BGI implementation scenario

in mitigating the SICC, the climate change offset (CCO) indicator
was calculated. This indicator measures how closely each BGI sce-
nario can achieve the historical climate condition value for each
analyzed metric. The calculation of the CCO indicator is defined
by Eq. (1)

Table 3. Scenarios simulated in this study

Scenario
Simulated impact

of CC BGI implemented

Impervious area occupied (%)

Study area Subarea A Subarea B Subarea C Subarea D

R_HC No None — — — — —
R_CC Yes None — — — — —
BIO Yes Bioretention cells 4 5 4 4 3
PP Yes Permeable pavement 14 8 10 9 17
GR Yes Green roofs 15 14 15 28 15
BR Yes Blue roofs 15 14 15 28 15
GIs Yes Bioretention cells, permeable pavement, green roofs 33 27 28 41 36
BGIs Yes Bioretention cells, permeable pavement, blue roofs 33 27 28 41 36

© ASCE 04025003-7 J. Irrig. Drain. Eng.
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CCOðSÞ ¼ MR CC −MðSÞ
MR CC −MR HC

ð1Þ

where CCOðSÞ = percentage of the SICC that was offset by the
BGI implementation scenario S on the metric M; MR CC = value
of the metric M under the R_CC scenario; MR HC = value of the
metricM under the R_HC scenario; andMðSÞ = value of the met-
ric M under the BGI implementation scenario S. A similar
method was used by Zahmatkesh et al. (2015) to evaluate the
potential of a single BGI implementation scenario in offsetting
different intensities of climate change impacts related to annual
runoff volume.

By analyzing these metrics and the CCO indicator, the study
aimed to provide a comprehensive assessment of the SICC on
the UDS and the effectiveness of different BGI practices in offset-
ting the impact of climate change on the UDS’s hydrological and
hydraulic performance.

Results

Analysis of Runoff Volume

Fig. 3 presents the values of runoff volume for all eight simulated
scenarios, as well as the values of the CCO indicator related to
runoff volume for the six different BGI implementation scenarios
in both the subareas [Figs. 3(a–d)] and the entire study area
[Fig. 3(e)]. The runoff volume values for the overall study area
are obtained by adding the corresponding values of the four
subareas.

The results indicated that the SICC on the design storm event
has a significant effect on increasing the runoff volume within the
study area. Specifically, the SICC led to a 32% increase in the over-
all runoff volume [Fig. 3(e)], with similar percentages in Subareas
B, C, and D [Figs. 3(b–d)]. Compared with the others, Subarea A
exhibited a higher increase [Fig. 3(a)] due to its larger percentage of
pervious area (Table 2), which becomes saturated and contributes to
the increased runoff.

Upon evaluating the individual BGI implementation scenarios,
it became apparent that none of them are capable of entirely off-
setting the increase in runoff volume caused by the SICC. However,
the scenario involving the implementation of bioretention cells
(BIO) proved to be the most effective in mitigating the runoff
volume. It offset approximately half of the SICC in both the overall
study area and each subarea. The scenario involving green roofs
(GR) ranked as the second most effective, surpassing the BIO sce-
nario in Subarea C. This could be attributed to the higher contri-
bution of flat roofs to the total impervious area in this specific
subarea compared with the others (Table 3). In fact, both the GR
and BR scenarios performed better in Subarea C compared with the
other subareas. The scenario implementing blue roofs (BR) was
least effective in reducing runoff volume because blue roofs only
provide temporary detention of rainfall.

Upon analyzing the combined BGI implementation scenarios, it
was evident that the GIs scenario, which combines green roofs, per-
meable pavement systems, and bioretention cells, came close to
completely offsetting the increase in runoff volume caused by the
SICC within the study area. It achieves a CCO value of 99%. In
contrast, the BGIs scenario, which combines blue roofs, permeable
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Fig. 3. Bar graphs of runoff volumes in all eight simulated scenarios (R_HC, R_CC, GR, BR, PP, BIO, GIs, and BGIs) and CCO indicator values
(solid curve) for runoff volume in the six BGI implementation scenarios: (a) Subarea A; (b) Subarea B; (c) Subarea C; (d) Subarea D; and (e) the
whole study area.

© ASCE 04025003-8 J. Irrig. Drain. Eng.

 J. Irrig. Drain Eng., 2025, 151(2): 04025003 

 T
hi

s 
w

or
k 

is
 m

ad
e 

av
ai

la
bl

e 
un

de
r 

th
e 

te
rm

s 
of

 th
e 

C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

4.
0 

In
te

rn
at

io
na

l l
ic

en
se

. 



pavement systems, and bioretention cells, proved to be less
effective than the GIs scenario in all subareas. This observation
aligns with the fact that green roofs are more effective in reducing
runoff volume compared with blue roofs. Notably, both the GIs and
BGIs scenarios demonstrated the highest effectiveness in Subarea
C, which can be attributed to the larger percentage of impervious
area occupied by the combined BGI practices in this particular
subarea.

Analysis of Outfall Peak Flow

In Fig. 4, the values of outfall peak flow for all eight simulated
scenarios are presented for each subarea [Figs. 4(a–d)] as well
as the entire study area [Fig. 4(e)]. Additionally, the values of
the CCO indicator, with respect to the outfall peak flow, are pro-
vided for the six different scenarios BGI implementation. The out-
fall peak flow values for the overall study area are obtained by
adding the corresponding values of the four subareas.

The results indicated that the impact of SICC on the design
storm event led to a 20% overall increase in the response of
the actual UDS in terms of outfall peak flow in the study area
[Fig. 4(e)]. Specifically, Subareas A, B, C, and D [Figs. 4(a–d)]
exhibited increases of 29%, 9%, 23%, and 20%, respectively.
The relatively lower increase in Subarea B can be attributed to
the fact that the R_HC scenario in this subarea had already reached
its maximum network capacity. Consequently, the increase in peak
flow at the outfalls was limited due to the restricted flow capacities.
On the other hand, the higher increase in Subarea A can be attrib-
uted to the previously mentioned greater increase in runoff volume
within this subarea.

Upon evaluating the individual BGI implementation scenarios,
it became evident that the BIO scenario was the most effective in

mitigating the SICC on outfall peak flow. It completely offset the
increase in each of the four subareas and even enhanced the per-
formance of the UDS compared with its historical response. The
higher CCO value in Subarea B can be attributed to a relatively
lower increase in peak flow caused by the SICC compared with
other subareas.

The PP scenario was the second most effective in mitigating out-
fall peak flow. It offset half of the increase in the entire study area.
Subarea D exhibited the highest CCO value, which aligns with a
higher implementation ratio of permeable pavement in this subarea
compared with the others [Fig. 4(d)]. However, despite having a
higher implementation ratio of permeable pavement than Subareas
A and C, Subarea B showed a lower CCO value [Fig. 4(b)]. This
can be partly attributed to a significant proportion of those per-
meable pavement systems in this subarea being parameterized with
an unelevated underdrain, which makes them less effective in
reducing peak flow.

Among the different BGI implementation scenarios, the GR
scenario proved to be the least effective in mitigating outfall peak
flow. The infiltration capacity of green roofs was exceeded by the
intensity of rainfall, leading to overflow into the network and
limited impact on peak flow reduction. On the other hand, the
BR scenario demonstrated greater effectiveness in mitigating the
SICC on outfall peak flow. It offset up to 84% of the SICC
in Subarea C [Fig. 4(c)] due to the slow release of rainfall from
blue roofs, which significantly reduced the peak flow from
flat roofs.

When considering the combined BGI implementation scenarios,
both the GIs and BGIs scenarios enhanced the performance of the
UDS compared with its historical response. These scenarios en-
tirely offset the SICC on outfall peak flow in every subarea. The
higher performance of the BGIs scenario aligns with the superior
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Fig. 4. Bar graphs of outfall peak flows for the eight simulated scenarios.
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performance of the BR scenario compared with the GR scenario.
Furthermore, the results also indicated that, except for the GR
scenario, all the BGI implementation scenarios were more effective
in mitigating the SICC on peak flow rather than on runoff volume
for the design storm event.

Analysis of Flood Volume

In Fig. 5, the values of flood volume for all eight simulated scenar-
ios are presented for each subarea [Figs. 5(a–d)] as well as the en-
tire study area [Fig. 5(e)]. Additionally, the values of the CCO
indicator, with respect to the flood volume, are provided for the
six different scenarios of BGI implementation. The flood volume
values for the study area are obtained by adding the corresponding
values of the four subareas.

The analysis of the SICC on the response of the actual UDS
regarding flood volume revealed a significant increase, with a
global 136% rise in the study area [Fig. 5(e)]. The magnitude of
the increases varied across the subareas, with Subarea C exhibiting
the highest increase and Subarea D displaying the lowest increase.
These results highlight the vulnerability of the actual UDS to the
SICC because the increase in flood volume exceeded the increase
in rainfall intensity by more than seven times.

When evaluating the individual BGI implementation scenarios,
as expected based on previous results, the BIO scenario proved to
be the most effective in mitigating the SICC on flood volume. It
completely offset the increase in the study area and enhanced
the performance of the UDS compared with its historical response.
However, in Subarea A, the BIO scenario did not entirely offset the
SICC on flood volume, despite having a higher implementation

ratio in this subarea compared with the others. This can be ex-
plained by the fact that the nodes contributing the most to flood
volume in this subarea received significant volumes from large flat
roofs, which are not impacted by bioretention cells.

Both the PP and BR scenarios offset more than two-thirds of the
SICC on flood volume in the study area. The effectiveness of each
scenario depends on the specific subarea, highlighting the influence
of distinct catchment characteristics on the performance of BGI im-
plementation. Notably, the GR scenario was less effective in mit-
igating the SICC on flood volume in Subarea C, despite a higher
contribution of flat roofs to the total impervious area and a greater
reduction in outfall peak flow compared with the other subareas.
This can be attributed to the response of the UDS to the SICC re-
garding flood volume being more sensitive in Subarea C, and the
peak flow reduction provided by green roofs being insufficient to
prevent overflow at certain nodes.

Considering the combined BGI implementation scenarios, both
the GIs and BGIs scenarios significantly enhanced the performance
of the UDS compared with its historical response. They completely
offset the SICC on flood volume in every subarea and effectively
prevented the UDS from overflowing in Subareas C and D. The
BGIs scenario showed only a slight advantage over the GIs sce-
nario, except in Subarea A where the remaining flood volume
was primarily influenced by nodes receiving significant volumes
from large flat roofs. These nodes were less impacted by the peak
flow reduction provided by green roofs. However, in other subar-
eas, the combined effect of the BIO and PP scenarios freed up
enough network capacity to prevent most nodes from overflowing,
despite the relatively weaker performance of green roofs in reduc-
ing peak flow.
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Fig. 5. Bar graphs of flood volume for the eight simulated scenarios.
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Discussion

Potential of BGI to Counteract the Projected Impact of
Climate Change

The main objective of this study was to assess whether the wide-
spread implementation of BGI practices could effectively adapt the
actual UDS to the impact of climate change, particularly during an
extreme rainfall event in the Pointe-aux-Trembles sector. The re-
sults presented in Figs. 4 and 5 indicate that the large-scale imple-
mentation of a combination of BGI practices, i.e., bioretention
cells, permeable pavement, and green or blue roofs, successfully
mitigated the projected impact of climate change on the hydrolog-
ical performance of the UDS. Additionally, the combined BGI im-
plementation scenarios not only counteracted the impact of climate
change but also improved the UDS performance compared with
historical responses, represented by a CCO indicator larger than
100%. In terms of flood risks, which can be highly damaging to
municipalities, the widespread implementation of the simulated
practices almost entirely prevented the UDS from overflowing
in the entire study area, despite the significant increase in flood
volume caused by the SICC [Fig. 5(e)].

Furthermore, apart from the BGI practices evaluated in this
study, other practices could be considered to further support the
UDS in the Pointe-aux-Trembles sector. For example, rain barrels
collecting rainfall from sloped roofs or infiltration trenches treating
runoff from sidewalks have shown promising potential in previous
studies (Zahmatkesh et al. 2015; Ahiablame and Shakya 2016;
Ghodsi et al. 2020). It becomes evident that at a district scale,
the collective impact of implementing such small-scale practices
can be significant. By rethinking the approach to managing rainfall
in urban areas, societies have the potential to initiate city adaptation
to climate change while also enhancing existing infrastructure per-
formance. BGI practices can thus be considered as no-regret strat-
egies (Hallegatte 2009) and should play a crucial role in climate
change adaptation strategies.

Given the established potential of BGI practices to effectively
adapt the current UDS to the impact of climate change, it becomes
imperative to incorporate economic considerations into the evalu-
ation of the feasibility of these solutions. Future research could in-
volve a comparison of the implementation and maintenance costs
associated with BGI practices, juxtaposed with an economic assess-
ment of the multifaceted advantages they offer. These benefits
might encompass the reduction in flood-related damages, financial
savings derived from obviating the need for upgrading or construct-
ing conventional gray infrastructure, mitigation of CSOs, and
reducing the volume of runoff requiring treatment at wastewater
treatment facilities.

Performance of BGI According to the Impervious Area
Occupied

The percentage of impervious area occupied by BGI practices is a
key factor influencing their effectiveness in mitigating the SICC on
the response of the UDS (Table 3 and Figs. 3–5). Similar findings
have been reported in previous studies (Palla and Gnecco 2015;
Samouei and Özger 2020). However, some exceptions have been
identified. For instance, in Subarea A, the BIO scenario exhibited
lower modeling performance in mitigating flood volume despite
having a higher implementation ratio of bioretention cells com-
pared with the other subareas. Additionally, the BR scenario dem-
onstrated lower modeling effectiveness in mitigating flood volume
in Subarea B compared with Subareas A and C, despite having
a similar BGI implementation ratio. These exceptions indicate

further factors beyond the implementation ratio may influence
the effectiveness of BGI practices in specific subareas. Additional
investigations are needed to fully understand these factors and
improve the overall effectiveness of BGI implementation in urban
areas.

Among the analyzed individual BGI scenarios, the BIO scenario
demonstrated the highest potential in mitigating the impact of
the SICC across all three metrics, despite having a smaller imple-
mentation ratio of bioretention cells compared with other BGIs
(Table 3). This can be attributed to the fact that bioretention cells
manage not only direct rainfall but also runoff from adjacent areas,
resulting in the management of an impervious area that can be
10 times larger than their physical footprint. A study by Ahiablame
and Shakya (2016) similarly found that BGI practices targeting run-
off from roads were more effective in reducing flooding compared
with practices focusing parking lots and rooftops because roads
constitute a larger proportion of impervious surfaces. This suggests
that bioretention cells, when widely implemented in urban areas,
hold significant potential in mitigating the impacts of climate
change on UDS performance while occupying a relatively small
proportion of the total impervious area.

Influence of the Soil Conductivity Parameter on Green
Roof Performance

The results emphasized the performance disparity between green
roofs and blue roofs in mitigating the effects of the SICC on
the response of the actual UDS during the design storm event
(Figs. 3–5). As mentioned previously, this difference arises because
the infiltration capacity of green roofs is exceeded by the intensity
of rainfall, resulting in overflow into the network during the event.
This renders green roofs less effective than blue roofs in mitigating
peak flow from flat roofs and overall flood volume.

It is widely acknowledged in the literature that the performance
of green roofs, particularly in terms of peak runoff, is sensitive to
the soil conductivity parameter (Peng and Stovin 2017; Hamouz
and Muthanna 2019; Liu and Chui 2019). In this study, the value
of this parameter was chosen based on the work of Hamouz and
Muthanna (2019), who determined a calibrated soil conductivity
value of 11.1 mm=h for green roofs in cold climates using data
from a full-scale experimental green roof. This value is also con-
sistent with the calibrated value of 15 mm=h reported by Liu and
Chui (2019), based on data from an experimental green roof, and
falls within the range of the calibrated value of 38 mm=h found
by Krebs et al. (2016). However, other studies have found signifi-
cantly higher values for this parameter [e.g., calibrated values of
1,000 mm=h based on laboratory test measurements by Palla and
Gnecco (2015) and Peng and Stovin (2017), and calibrated values
ranging from 42 to 1,276 mm=h depending on the green roof type
by Johannessen et al. (2019)]. Moreover, in practical applications,
green roofs should be designed to prevent surface runoff (Peng and
Stovin 2017; Liu and Chui 2019; Hamouz and Muthanna 2019).
Therefore, the performance of green roofs simulated in this study
may be conservative.

In order to assess the sensitivity of the soil conductivity param-
eter in the context of this study, a simulation was performed using a
soil conductivity value of 100 mm=h. The results, represented in
Fig. 6, demonstrated that the green roof scenario outperformed the
blue roof scenario in mitigating both peak flow and flood volume
under the same design storm event. This suggests that optimizing
the infiltration capacity of the soil in green roofs to prevent over-
flow during extreme rainfall events could significantly enhance
their potential to adapt the actual UDS to the impacts of climate
change when implemented on a larger scale in urban areas.
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Incertitude Regarding the Impact of Climate Change on
Extreme Rainfall Events

Considering the significant uncertainty surrounding the impact of
climate change on the intensification of extreme rainfall events, it is
important to acknowledge that the recommended 18% increase in
rainfall intensity may potentially be underestimated. Several studies
have suggested the likelihood of higher increases for short-duration
extreme rainfall events (Fowler et al. 2021; Martel et al. 2021).
Therefore, conducting further research that incorporates hypothe-
ses of stronger increases in rainfall intensity and explores other
types of rainfall events would be valuable. This would contribute
to a more comprehensive understanding of the potential impacts of
climate change on urban areas.

In light of these future uncertainties, it is important to note that
various BGI practices, including those evaluated in this study, offer
the advantage of being more adaptable to future changes compared
with traditional UDS. This adaptability stems from their surface
location, which allows for easier modification or updating to
accommodate evolving climate conditions (Samouei and Özger
2020). This flexibility is crucial in the face of changing climatic
patterns and highlights the potential of BGI practices as adaptive
solutions for urban stormwater management in the context of
climate change.

Conclusion

This study aimed to assess the maximum potential of implementing
four BGI practices, both individually and in combination, on a large
scale to mitigate the anticipated effects of climate change on the
UDS. Using a high-resolution 20-km2 PCSWMM model of an ur-
ban catchment, the study focused on an event with a 3-h duration
and 10-year return period.

The evaluated large-scale implementation scenarios of BGI
practices, including green roofs or blue roofs on flat roofs, per-
meable pavement in parking lots, commercial and industrial areas,
and bioretention cells for road runoff, effectively mitigated the
projected impact of climate change on the UDS in relation to the
selected design rainfall event. The simulated impact of an 18%
increase in rainfall intensity, representing the effects of climate
change, resulted in a 32% increase in runoff volume in the study
area. However, the individual implementation scenarios of BGI
practices offset between 15% and 45% of this increase, whereas
the combination scenarios achieved offsets of 99% and 81%.

In terms of outfall peak flow, the simulated impact of climate
change led to a 20% increase in the study area. However, the indi-
vidual implementation scenarios offset between 5% and 142% of
this increase, and the combination scenarios achieved offsets of
202% and 256%. Similarly, for flood volume, the simulated impact
of climate change showed a 136% increase in the study area, in-
dicating the vulnerability of the UDS to increased rainfall intensity.
Nevertheless, the individual implementation scenarios offset be-
tween 20% and 118% of this increase, and the combination scenar-
ios achieved offsets of 162% and 167%.

The implementation of BGI practices not only mitigated the ef-
fects of climate change but also enhanced the overall performance
of the UDS compared with its historical response. This highlights
the significant potential of widespread BGI practice implementa-
tion as a means of adapting the UDS to climate change. Further
research could investigate the impact of such implementation under
various rainfall extreme events and take into account economic
constraints. Despite its limitations, this study offers valuable in-
sights to city planners concerning the potential for a paradigm shift
in stormwater management through the adoption of BGI practices
for efficient runoff management.
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