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RESEARCH ARTICLE

Vulnerability assessment of drinking water
intakes to microbial contamination during
combined sewer overflows under global change:
A bottom-up approach
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Jean-Baptiste Burnet', Sarah Dorner', Frangoise Bichai@®'

1 Department of Civil, Geological and Mining engineering, Polytechnique Montréal, Montréal, Quebec,
Canada, 2 Department of Chemical Engineering and Applied biology, Cheikh Anta Diop University, Dakar,
Senegal

* raja.kammoun@polymtl.ca

Abstract

Combined sewer overflows (CSOs) are a major cause of microbial contamination

in urban rivers, especially during summer low flow periods. This study analyzes the
vulnerability of drinking water intakes (DWIs) to CSO-derived microbial contamination
in an urban river located in Quebec, Canada, under global change. The vulnerabil-
ity assessment of DWIs was based on the Escherichia coli (E. coli) concentrations
and conducted using a novel bottom-up approach. Unlike the traditional top-down
approach, the bottom-up approach incorporates a wide range of climate information
sources, including historical data, stochastic climate simulations, and outputs from
General Circulation Models, without the need for extensive recalibration or reliance
on downscaled models. It also allows local capacities and system-specific factors

to be taken into account, providing a more adaptable framework for regions with
limited data. E. coli concentrations from CSOs were generated stochastically, while
hydrographs were generated by a deterministic method. A hydrodynamic and water
quality models were used to investigate the impact of simultaneous overflows, their
duration, E. coli concentrations, and peak overflow and river flow. The study revealed
a significant impact of simultaneous overflows on the mean and maximum simulated
E. coli concentrations at DWIs, particularly during extended CSO durations and with
higher discharged E. coli concentrations. The extreme-low river flow rates signifi-
cantly increased mean and peak E. coli concentrations, altering the pollutograph
shape at DWIs. Future climate projections indicate a decrease in summer low flows,
potentially exacerbating the vulnerability of water sources to CSO contamination.
Source water protection plans need to consider vulnerable periods, characterized
by reduced contaminant dilution alongside high numbers of simultaneous overflows,
high contaminants concentration, and prolonged durations. The bottom-up approach
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proposed in this study can be applied in jurisdictions with limited data and covers a
range of potential risks using probabilistic scenarios, including extreme scenarios,
without using a hydroclimatic model.

1. Introduction

Globally, combined sewer overflows (CSOs) remain one of the major sources of
microbial contamination of surface waters in urban watersheds [1-7]. CSOs fre-
quently cause critical microbial contamination events in receiving watercourses
during summer low flows, which are often preceded by high-intensity and/or long-
lasting precipitation episodes [3,8].

Climate change, the greatest challenge of the 21st century [9], poses major chal-
lenges due to the vulnerability of natural and human ecosystems to meteorological
events and anthropogenic pressures such as urbanization and land use change
[10]. Global change threatens both the quantity and quality of surface waters [11-14]
which serve as major sources of drinking water supplies to a large part of the global
urban population [15]. The predicted impact of climate change in various countries
and regions around the world is expected to result in an increase the untreated water
volume, frequency, and/or duration of overflows from combined sewer structures into
rivers or lakes, as is the case in Canada [16,17], the United States [18], France [19],
Italy [20], England [21], Germany [22], and Norway [23]. Other recent studies that
assessed the impact of global change on the microbial quality of surface waters in
highly urbanized territories pointed out that microbial surface water quality depends
mainly on anthropogenic changes (population growth), but less on climate change
[24—-26]. Despite the disparity in watersheds across such studies (pedology and geol-
ogy, land use and cover, etc.), human impacts generally appeared to be the predomi-
nant risk factor.

Surface water microbial quality raises public health concerns, particularly due
to the proximity of many drinking water intakes (DWIs) from overflow structures.
Depending on the number and location of these structures relative to DWIs, contami-
nation levels at DWIs can be high [3,27]. However, drinking water production systems
are vulnerable to peak contamination events at DWIs, as well as to the highly vari-
able characteristics of CSOs, including duration, microbial concentration, and load
[3,27-29]. This vulnerability arises because drinking water system operation relies on
more stable conditions [30].

While an increase in E. coli concentrations may occur, it does not necessarily trig-
ger an adjustment in treatment levels. Treatment processes often operate based on
average E. coli concentrations, which may not directly respond to fluctuations in peak
concentrations. Thus, peak contamination events are considered as major risk fac-
tors for public health, especially in the absence of adequate treatment and operation
[31]. Therefore, a comprehensive understanding of how climate change influences
both average and peak E. coli concentrations from CSOs at DWIs is necessary to
support decision-making on the implementation of effective risk control measures at
the source.
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Numerous studies have investigated microbial risks and hydraulic vulnerabilities associated with CSOs under cli-
mate change, employing both quantitative and qualitative methodologies. For instance, Gooré Bi et al. [17] applied the
PCSWMM model to assess the sensitivity of urban drainage systems under current and future climate conditions. Their
analysis focused on quantitative variables such as peak flow (Q_,) and discharge volume (V) during extreme precipita-
tion events, complemented by ecotoxicological risk indices derived from event fluxes. While this approach offered valuable
insights into ecotoxicological risks for the St. Lawrence River, it did not consider changes in surface water quality criteria,
infrastructure vulnerability, or risks to DWIs.

Other studies have employed climate model-driven assessments to project CSO impacts. For example, Fortier et al.
[16] utilized simulated rainfall data from the Canadian Regional Climate Model (CRCM) to estimate future changes in
CSO frequency and duration. Although this approach highlighted hydraulic impacts on urban drainage systems, it relied
on a single pair of climate models and emission scenarios, which limited its robustness. Additionally, microbial risks and
DWI impacts were not explicitly addressed. Similarly, Rodriguez et al. [32] explored diverse future rainfall scenarios using
EURO-CORDEX regional climate models for 2085-2099, aligned with three Representative Concentration Pathways
(RCPs): 2.6, 4.5, and 8.5. This study assessed changes in yearly CSO discharge volumes and the adaptive capacity of
green infrastructure under future rainfall conditions. Roseboro et al. [18] conducted a similar investigation for Buffalo (New
York), integrating small time-step future rainfall data with long-term continuous sewer network modeling. Using the worst-
case scenario (RCP 8.5), their study demonstrated the efficacy of urban stormwater management in enhancing system
resilience. However, like the aforementioned studies, it did not evaluate microbial risks or DWI impacts.

While these methodologies have advanced the understanding of hydraulic and infrastructural vulnerabilities, they
have largely focused on surface water quality or reactive measures. Few studies have integrated microbial risk assess-
ments, particularly in the context of DWIs, underscoring a significant gap in addressing these risks under climate change
scenarios.

Although these studies have enhanced knowledge of urban drainage system performance, they are predominantly
rooted in the top-down risk assessment approach. This widely used approach starts with future emission projections to
develop climate scenarios, which then inform biophysical impact studies and adaptation strategies [33—36]. This approach
relies on numerical evaluations of climate variations, using General Circulation Models (GCMs) to project future precipi-
tation and temperature, which then inform hydrologic and impact models [33,34]. Regardless of its potential usefulness,
the top-down approach has several limitations, including high data requirements, methodological complexity, and chal-
lenges in simulating regional repercussions [35,37,38]. GCMs, generated at coarse spatial scales, require bias correction
and downscaling, which introduce cascading uncertainties [34,39,40], complicating the communication of climate projec-
tion uncertainties [35]. Additionally, future contaminants loads add another layer of uncertainty, as they vary by site and
scenario [41]. For instance, the risk space may be defined as the range of possible variation in the concentration of fecal
coliforms depending on hydroclimatic parameters (precipitation, temperature, river flows, etc.).

Given the limitations related to uncertainties in the top-down approach, a bottom-up vulnerability assessment approach
has been suggested to further explore the full possible risk space [37,42], relying more on possibilities than probabilities
[43]. This approach is crucial for climate adaptation policies, as it prioritizes specific inherent system attributes, including
exposure, sensitivity, and adaptive capacity over downscaled GCMs projections [35,39]. The strength of the bottom-up
approach lies in its ability to incorporate a wide range of climate information, including historical data, stochastic climate
simulations, and GCM output [39]. In contrast to the top-down approach, which utilizes climate data differently in the final
processing phases [34], the bottom-up strategy begins by identifying key climatic factors and then link them to reliable and
readily available climate data. This allows the incorporation of different sources of climate information without the need
to rerun the modeling study [34,39]. Conway et al. [35] describe the bottom-up approach as a people-centred approach
because it provides knowledge of current and changing conditions, risks, and responses based on understanding of
experts, notably scientists and stakeholders.
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To the best of our knowledge, no prior study has applied a bottom-up approach to assess the vulnerability of DWIs
to microbial contamination from CSOs under climate change in Quebec (Canada). Southern Quebec was chosen as
the study site in this research due its high reliance on surface waters for drinking water supply—serving approximately
70% of its population [44]—as well as its numerous urban watersheds with CSO infrastructure..Urbanized areas, where
many of these drinking water supplies are located, are particularly vulnerable to microbial and chemical contamination
[2,3,29,30], with CSOs being a significant contributor to microbial contamination [41]. This vulnerability is expected to
worsen as climate change drives an increase in both the intensity and frequency of extreme precipitation events [45],
resulting in more frequent and prolonged CSO discharges [17]. Notably, Petrucci et al. [46] predict an exponential
increase in the number of CSO events in southern Quebec due to the impact of climate change, highlighting the urgent
need for strategic and proactive measures to mitigate these risks. Additionally, the Quebec government has mandated
vulnerability assessment for DWIs [47], highlighting the urgent need for practical, locally adaptable assessment method.
The insights gained from this study not only address a critical gap in Quebec’s water resource management but also
provide valuable knowledge applicable to other urban regions worldwide that face similar challenges. As highlighted in
review of Leveque et al. [48], regions with comparable climates, based on the Képpen-Geiger classification established
for the period 1980-2016, could benefit from these findings to inform strategic water resource management and mitiga-
tion measures.

To address the following research questions: (1) How does climate change impact the frequency and intensity of micro-
bial contamination events at DWIs? (2) What are the primary environmental and anthropogenic factors driving vulnerability
to CSO-related contamination? (3) How can a bottom-up approach support decision-making on climate-resilient water
management compared to the traditional top-down approach? This study proposes a bottom-up approach to quantify
the vulnerability of DWIs to microbial contamination in a highly urbanized river under climate change, using E. coli as an
indicator of microbial contamination. To evaluate the usefulness of this novel methodological approach in guiding source
protection strategies, the method was applied to a densely urbanized river in southern Quebec. A short-term future horizon
(< 10 years) was considered, in line with the Quebec government requirements for vulnerability assessment of drinking
water sources. Specific objectives were to (1) develop scenarios of river flow changes and scenarios of E. coli contamina-
tion events associated with CSOs (concentration, duration, volume, frequency of CSOs); (2) quantify the impacts of global
change on the vulnerability of a DWI to microbial contamination by applying a hydrodynamic model of transport dispersal
of fecal contaminants originating from CSOs in the river and (3) identify the key factors influencing the vulnerability of
drinking water intakes for realistic global change mitigation strategies. The approach used in this work is intended to be
accessible and quick to set up. It aims to be broadly used by municipalities, water managers, governments, and environ-
mental organizations responsible for the vulnerability assessment of drinking water intakes. This is particularly relevant
as the top-down approach is deemed unrealistic for most municipalities given the large human and financial resources
required, while being also subject to important uncertainty, especially at a local scale.

2. Materials and methods
2.1. Study site

The case study river, located in southern Quebec, is almost exclusively fed by a river draining one of the largest water-
sheds in Eastern Canada (146,000 km?), known to be one of the most hydraulically regulated with over 100 dams [49]. In
2011, a rock sill was lowered at the river entrance to increase incoming flow rates, thereby affecting the river flow regime,
especially during the low-flow period from mid-August to mid-September [50]. Over a length of 42 km, the river delimitates
two highly urbanized territories, exceeding an urbanization rate of 75% in 2010 [51]. The flow regime is severely dis-
rupted by the presence of about 100 islands, which are generally small (the largest having a length of about 2.5 km), and
three flow regulation structures, including the dam located at the entrance to the river, which limits the flow to 780 m%/s.
The other two dams are located in the second half of the river. The water level is measured by four hydrometric stations
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operated by the Centre d’Expertise Hydrique du Québec (CEHQ) and Environment and Climate Change Canada. Only
the station operated by Environment and Climate Change Canada measures the river flow. The hydrometric station down-
stream of the dam at the entrance to the river has been recording daily water levels since 1999.

Five (5) DWIs are located on the river, supplying drinking water to more than 458,000 people in 2016. Over the 2013—
2018 period studied, the river’s microbial quality was mainly affected by the discharge of treated effluents [52] and raw
sewage bypasses from 8 wastewater treatment plants and 85 CSOs structures located throughout the length of the river
[53]. Forty percent of the overflow structures are located on the south shore, and overflows often occur during snowmelt
and summer low flows, resulting from intense and/or lengthy precipitation events. The river’s microbial contamination,
which tends to increase downstream, is significantly attributed to these overflows [50].

Although agricultural activities are limited to the northern part of the watershed [54], these have little influence on
the risk of microbial contamination, as most farms use chemical fertilizers or mineral fertilizers rather than manure [51].
Wastewater treatment plants effluents (treated and untreated) and agriculture activities, which are also potential sources
of microbial contamination, were not considered in this study, as the objective was to specifically quantify the impact
of global change on microbial contamination from CSO structures using the bottom-up approach because these urban
overflows hamper full use of the river as water supply or recreation [50]. To achieve this objective, the study focused on a
particular section of the river from its entrance up to 50 m downstream from DWI-3 (Fig 1). This site was chosen because
it accurately represents the river watershed, as it includes 3 DWIs and 33 CSO structures, which are roughly evenly dis-
tributed along both banks of this section (approximately 15 km).

2.2. Bottom-up approach

Future microbial contamination levels at DWI-3 under global change were assessed based on a bottom-up approach,
using E. coli as an indicator of recent fecal contamination [15]. In Quebec, the design of the drinking water treatment
plants and their performance requirements are based on E. coli measurements in raw water [55] and the vulnera-
bility of DWI to microbial contaminants is assessed based on these measurements [47]. In this study, fecal coliform
data were also available at DWI-3. Several studies have shown significant variations in the E. coli/fecal coliform ratio
[56,57], even exceeding the theoretical threshold of 1 due to counting errors. To be conservative, E. coli concentra-
tions were estimated from fecal coliform concentrations assuming a ratio of 1:1. This assumption aligns with values
commonly used in similar studies and provides a reasonable approximation in the absence of site-specific E. coli
measurements.

The water quality model used in this study was previously calibrated and validated under current climate conditions
by Shyaka [58] for the same study site. In that study, a sensitivity analysis was conducted to assess the influence of key
hydrodynamic and water quality parameters, ensuring the robustness of the model. Statistical analysis, including Pearson
correlation, mean squared error (MSE), and Spearman’s rho, were performed to verify the reliability of the selected cali-
bration parameters by comparing simulated outputs with observed data at monitoring stations [58].

As the present study builds upon Shyaka'’s validated model [58], the same parameterization was adopted as a baseline
for future climate scenario simulations. Given that the previous sensitivity analysis confirmed the stability of the model
outputs with respect to key parameters, additional sensitivity testing for the E. coli/fecal coliform ratio was not performed.
However, for drinking water, it is the order of magnitude of E. coli concentrations that drive differences in treatment
requirement classes. As such, minor variations in the E. coli to fecal coliform ratio on an arithmetic scale are expected to
have a negligible impact.

This study used a bottom-up approach to examine various scenarios related to E. coli contamination. The first step
involved generating a semi-probabilistic model of E. coli loads by using a stochastic method to determine E. coli con-
centrations (section 2.3). The model was developed based on different peak factors (FP_=1, 10, 100) that reflect the
variation of E. coli concentrations in overflows. Additionally, it incorporates different reduction factors at maximum flow
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® Drinking water intake (DWI)
@ Wastewater treatment plant

A Réseau-rivieres stations
(Hydrometric measuring stations)

1 Flow direction

\_1 Studied area

r

Fig 1. Schematic representation of the case study river: locations of drinking water intakes, wastewater treatment plant, and existing hydro-
metric measuring stations.

https://doi.org/10.1371/journal.pwat.0000352.9001

of the overflow structure (FPq= 1, 0.8, 0.5, 0.3), which indicate the extent to which the maximum flow rate of the struc-
ture is reduced under specific conditions or interventions. The scenarios were also categorized according to different
overflow durations (T =90, 300, 690, 990 min), specifically chosen to reflect the observed duration of overflow events
at the study site’s specific overflow structures. Next, the impact of overflows on E. coli contamination at DWI-3 was
studied using this semi-probabilistic model and hydrodynamic model coupled with 3D water quality modeling (Section
2.4). The simulation analysis was conducted under different scenarios, involving 33, 20, and 10 simultaneously active
overflow structures at different river flows (Q=11, 110, 207 m?%/s), facilitating a comprehensive examination of their
potential impacts on microbial contamination levels in the river. By incorporating scenarios with different numbers of
active overflow structures, the analysis evaluates the respective impacts on contamination levels. Similarly, by consid-
ering diverse river flow rates, the study examines how fluctuations in natural flow patterns affect contaminant dispersion
and dilution within the river.

Fig 2 summarizes the methodology described above to generate E. coli concentrations at the studied DWI following
overflows. Explanations regarding the choices behind all the parameters and scenarios used for the semi-probabilistic
model and the hydrodynamic model coupled with water quality are provided in sections 2.3 and 2.4, respectively.
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Fig 2. Methodological approach to assess the vulnerability of riverine drinking water intakes.

https://doi.org/10.1371/journal.pwat.0000352.9002

2.3. Semi-probabilistic model of E. coli loads

The CSO scenarios in this study were constructed using a semi-probabilistic model of CSO loads recently proposed by
Taghipour et al. [59] to assess the impact of CSOs on surface water quality. The model consisted of the three steps: (1)
generating discharge duration, (2) generating discharge flows, and (3) generating E. coli concentrations. In contrast to
deterministic load models, which assume a constant mean value in E. coli concentration [41], this semi-probabilistic model
accommodated for the variability of E. coli loading values during overflow events since contaminant concentrations may
fluctuate [59].

Table 1 presents the rationale behind each scenario choice that can be applied in the Quebec study site. The scenarios
were chosen based on the available data on CSOs in Quebec, which indicate high variability in discharge duration ranges.
Four representative overflow duration were selected for this study, ranging from 90 minutes to 990 minutes. Missing E. coli
data were addressed by using estimation methods derived from the population served by each combined sewer structure
(as described in Table 1). While some uncertainties in the input data may arise due to incomplete records or variations
in sewer system performance, we ensured the inclusion of all plausible scenarios in the model. As a result, any potential
uncertainties in the data are negligible in the final outputs, allowing for robust conclusions about the impact of CSOs on
water quality. Overall, the scenarios were designed to reflect the complexity of CSO dynamics in Quebec and to provide a
robust framework for studying their impacts on water quality.

2.4, Hydrodynamic and water quality models

2.4.1. River flow scenarios. The low-flow period during summer is especially critical for source protection due to the
low dilution capacity of some waterways [10,60]. Therefore, the impacts of climate change are evaluated in the summer
period (June 1 — October 31) on two distinct spatial scales: (1) impacts on the water regime are evaluated at the regional
level; (2) impacts on point sources (CSOs) of microbial contamination are evaluated at the local level [41].

In southern Quebec, at regional level, future climate projections suggest that increased temperatures and evapotrans-
piration could further decrease summer and fall flows, as well as summer low flows of the river. Changes in precipitation
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Table 1. Selection of CSO scenarios for overflow duration, overflow discharge flows, and E. coli concentration.

CSO scenario parameters | Scenarios Justification of scenarios choice

Overflow duration 90min The choice of overflow duration scenarios (90 min, 300 min, 690 min, and 990 min) is justified based
300min on previous research conducted by [28] on a near-by river in Quebec. This study showed that the
690 min duration of overflows can vary depending on the season and type of precipitation. Autumn over-
990 min flows, which occur at the end of summer low flows, tend to be longer than summer overflows. How-

ever, summer precipitation can also cause long-lasting overflows that last for more than 10 hours.
Due to the limited knowledge on CSO duration resulting from current CSO monitoring practices in
Quebec [8], it is assumed that the duration of overflow at each CSO is identical, which is simplistic

assumption.
Overflow discharge flows PFq=1 To determine the hydrographs of overflows, a deterministic model based on normalized parameters
PFq=0.8 was used as explained in S1 Text. The model is formulated based on the total duration of overflow
PFq=0.5 (T) and the peaks flow (Q,s,), Which was calculated from the Manning-Strickler formula. This
PFq=0.3 formula involves various parameters related to the overflow structure and the hydraulic regime:
Manning coefficient (n), wetted surface (S), hydraulic radius (R, ), and slopes of the hydraulic
gradient (S). To study the impact of the overflow rate on DWI contamination, reduction factors were
applied to the Q... In addition to the baseline situation with PF_=1, three reduction factors were
used: PFq=0.8, PFq=0.5, and PFq=0.3. The S1 Text reports the equations used to calculate the
overflow discharge flows.
E. coli concentration in PF =1 The concentration of E. coli in overflows varies over time [29], so this study aimed to determine
overflows PF_=10 these concentrations using a stochastic model. The timing of peak concentration also varied,
PF.=100 with extreme events showing later peaks [59]. Three probability distributions were identified for

normalized E. coli concentration in CSOs based on the overflow duration as demonstrated by
Taghipour et al. [59] and as detailed in the S2 Text. The mean concentration of E. coli per capita in
CSO discharge was estimated to be 5.5 CFU/100mL/pers, which was used to determine the mean
concentration of E. coli at overflow structure during an overflow event. Population growth and high
intra-event variability were taken into consideration, and different factors (PF_) of 1, 10, and 100
were applied to estimate the maximum E. coli concentration at each CSO. These factors were
based on the observed differences of up to three orders of magnitude in the event scale in the
study of Madoux-Humery et al. [29].

https://doi.org/10.1371/journal.pwat.0000352.t001

patterns and temperature will impact the characteristics of CSOs (duration, frequency, concentration, and flow) at the local
level [10]. The inactivation of E. coli increases with raising temperatures, but the intensity and frequency of extreme pre-
cipitation are likely to increase regardless of greenhouse gas emissions [61]. This will lead to an increase in the number
and characteristics of CSOs in a non-linear way. Dray weather periods are expected to increase, promoting the accumu-
lation of E. coli in sewer systems due to sorption and sedimentation process [62]. These impacts of climate change at the
local and regional levels are described in further detail in the S3 Text.

The strong regulation of the case study river and of the Ottawa River on which it depends complicates the study of its
water quantity in the context of global change. To our knowledge, no hydroclimatic projection for the case study river has
been made accessible to date. On a nearby river, Jalliffier-Verne et al. [41] showed that under equivalent CSO scenarios,
changes in summer low flows due to climate change did not cause a significant variation in E. coli concentration at DWIs.
During the period of low flows, the concentration of E. coli at DWIs was much more sensitive to the high concentrations
released by the overflow structures. Thus, on some rivers threatened by CSOs, variations in river regimes do not appear
to be a major risk factor for the vulnerability of DWIs to microbial contamination events. In addition, the excavation work
at the entrance to the river in 2011 aimed at increasing the river flow to a minimum of 11 m?/s during the low-water period.
Thus, critical low flows, as experienced before 2011, and which threatened drinking water supply security, are unlikely
to be reached again, even under the worst-case climate change scenario. Based on the two previous points, the study
of the water quality of the river in the context of climate change was made from three flowrate scenarios in the summer
period. The first is conservative and could represent a worst-case scenario. It corresponds to the worst historical summer
low flows series measured over the historical period 1961-2020. The other two scenarios were selected from flow rates
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measured after excavation from 2012 to 2018. These scenarios, which correspond to mean flow rates of 110 m®s and 207
m?3/s, are adapted to the current hydroclimatic context, in addition to assessing the influence of high-water velocity on the
vulnerability of DWIs to high-contamination events.

2.4.2. Model description. The impact of CSOs on E. coli contamination of the river was studied using 3D
hydrodynamic modeling. To limit computational time, it was decided to use as few layers as possible, the aim being
to understand the phenomena of the propagation of E. coli in rivers from the CSOs mainly in the horizontal plane,
assuming a mean E. coli concentration across the water column. The river was modeled with five vertical layers. This is a
reasonable compromise between calculation time and model accuracy for future uses.

The open-source software Deflt3D was used to develop the model, utilizing only the FLOW [63] and WAQ [64,65] mod-
ules. The FLOW module allows the multidimensional hydrodynamic simulation of the river, while the WAQ module is used
to study the water quality. For further information on the equations and numerical diagrams of the hydrodynamic-quality
coupled model, Deltares [64] can be consulted.

The hydrodynamic simulations were conducted with a 15-second time step to ensure the stability of the numerical
scheme. For the water quality part of the model, the simulations were performed with a 5-minute time step, which is
the optimal time step ensuring stability of the numerical scheme and speed of the calculation time, but the results were
exported with a 15-minute time step, deemed sufficient to determine the peak events.

For boundary conditions in the water quality model, E. coli concentration at the river entrance was assumed constant
and was set to 43 CFU/100ml, which represents the mean concentration of fecal coliforms measured during summer at
Réseau-Rivieres sampling station S1 (Fig 1) from 2015 to 2017 [66]. These values are very low compared to the values
measured at downstream sampling stations S3, S4 and S6 (Fig 1).

From E. coli discharge (via overflows) to DWI, E. coli concentrations in the river follow a first-order decay rate degra-
dation reaction according to the Chick-Watson law (S3 Text). In the water quality module, E. coli inactivation depends on
salinity, water temperature and solar radiation [64,65]. The dissolved salts concentration was assumed constant and equal
to 0.5g/kg, which is representative of freshwater [64]. A constant water temperature of 15°C was used. This value is close
to the average summer temperature at the Réseau-riviéres Station S1 (Fig 1), over the 2015-2017 period. Similarly, solar
radiation was set to a constant value of 230 W/m?, which falls within the recommended range of 190 and 250 W/m? for the
summer months [64]. Other studies have explored the relative importance of modeling parameters. Processes governing
flow and mixing dominate the fate and transport of pathogens at the time scales relevant for modeling CSO discharges to
ariver [62,67]. Over longer time scales, biotic factors such as predation by zooplankton are strongly influenced by tem-
perature and drive seasonal inactivation rates [68,69].

Finally, simulations were made assuming uniform dispersion in all three directions. The model was calibrated with the
value of 1 m?/s for dispersal coefficients in the 15t and 2" direction (horizontal plane), and 1.107 m?/s for the vertical dis-
persion coefficient, as recommended in the literature [64,65]. The model does not account for the settling and resuspen-
sion of E. coli from sediments, nor for the possible growth of E. coli in the river, which should be negligible given the short
transport times in the studied section of the river.

In total, over 100 simulations were carried out to study the impact of simultaneous overflows, their duration, E. coli con-
centration, and peak flow at DWI-3.

3. Results and discussion

Simulations were conducted to assess the impact of overflows on E. coli concentration at DWI-3 based on various sce-
narios (concentration, duration, discharge flow rate, number of simultaneous overflows) even in the absence of observed
data, for different river flow conditions as outlined in Section 2. The results of these simulations and their discussion are
presented in sub-sections bellow, covering the impact of simultaneous overflows, overflow duration and maximum E. coli
concentration, peak CSO flow, and the impact of the river and overflow duration on E. coli concentration at DWI-3. All
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simulations showed negligible differences in E. coli concentrations across the water column, supporting the use of a mean
concentration in the analysis of the results.

3.1. Impact of simultaneous overflows

The impact of the number of simultaneous overflows on the E. coli concentration at DWI-3 was investigated by consid-
ering 33, 20 and 10 CSOs closest to the DWI-3. Two pairs of input data (PF_=1; T=300min) and (PF_=10; T=690min),
were used for the simulations, which were performed using a flow series with an average river flow rate of 207 m%/s. The
results of these simulations are presented in Fig 3.

Both datasets show that CSOs located closest to the DWI (see 10 CSOs results in Fig 3) pose the greatest risk to the
vulnerability of the source water to microbial hazards. This is primarily due to these CSOs contributing the most to the
first and highest peak in E. coli concentration at DWI-3. Therefore, targeting efforts towards mitigation CSOs located near
DWIs could prove to be efficient strategy in reducing the risk of microbial contamination, as demonstrated in previous
studies [10,27,41].

However, it is important to acknowledge that CSOs situated further upstream of DWI-3 also have a significant impact
on the source water quality. In case of long duration of overflows and high E. coli concentrations (PF_=10; T=690min),
the second peak at DWI-3 can be significant and can exceed the extreme concentration threshold of 1,500 MPN (Most
Probable Number)/100ml, which prevents the use of the source of water for drinking water production [41]. Moreover, an
increased number of simultaneous overflows increase the mean E. coli concentration at the DWI, with high levels being
maintained over a longer period. In general, CSOs situated further upstream from the DWI could potentially impact E. coli
concentrations, especially in combination with high summer flows, high overflow duration and high E. coli concentrations.
Although the hypothesis that all 33 CSOs will be simultaneously active is conservative, better CSO monitoring is required
to disprove this assumption and refine the analysis. A possible extension of this study could focus on the CSO structures
that were identified as being the most critical in terms of overflow frequency [52] to pinpoint the structures that pose the
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Fig 3. Impact of simultaneous overflows on E. coli concentration at DWI-3 for two scenarios: (PFc=1; T=300min) and (PFc=10; T=690 min)
when Qmean=207 m3/s.

https://doi.org/10.1371/journal.pwat.0000352.9003
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greatest problematic to water quality. Furthermore, these results (Fig 3) demonstrate the importance of assessing the
risks posed by CSOs based on cumulative overflows, rather than evaluating the risks of each individual overflow structure
separately, as required by the Quebec regulations for DWI vulnerability assessment [47].

3.2. Impact of overflow duration and maximum E. coli concentration

This section examines the impact of overflow duration (T=90, 300, 690, 990 min) and maximum E. coli concentration
(PF_=1,10, 100) on water quality at the DWI-3. For these simulations, all 33 CSOs were assumed to be simultaneously
active, and an average river flow rate of 207 m®/s was used. The selection of the 33 CSOs was based on their significant
impact on water quality at the DWI, as shown in section 3.1. Fig 4 presents the results of these simulations.

These results indicate a significant increase in E. coli concentration peaks at the studied DWI during longer duration of
overflows (T>690min), as compared to shorter duration (T=90, 300 min). Maximum E. coli concentrations show nearly
two orders of magnitude (2 log) variation between 90-min and 690 min overflow duration. However, beyond a certain dura-
tion (e.g., between 690 and 990 min), the peak concentration remains invariant. Increased duration of overflows (e.g., over
300min) are shown to generate high concentrations of E. coli at the DWI for a longer time, especially above the threshold
of 150 CFU/100ml. This threshold also determines the classification of raw water quality and the necessary drinking water
treatment in Quebec [55].

Indeed, the lag between the peaks of E. coli concentration at the DWI for different overflow duration is due to the
semi-probabilistic model, rather than the transport of E. coli in the river. The semi-probabilistic model assumptions for
E. coliloading indicate that longer overflow duration results in a delayed peak of E. coli at the DWI.
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Fig 4. Impact of overflow duration (T=90, 300, 690 et 990 min) and maximum E. coli concentration discharged (PFc=1, 10, 100) on the concen-
tration of E. coli at DWI-3 when Qmean =207 m3/s.

https://doi.org/10.1371/journal.pwat.0000352.9004
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The increase in peak E. coli concentrations from CSOs has a significant impact on peak concentrations at DWI-
3, especially for the second peak, as shown in Fig 4 for a 300-min CSO duration. The effect of more concentrated E.
coli overflows on peak concentrations at the DWI in non-linear. For instance, a 10-fold increase in the PF_peak factor
increases the first peak E. coli concentrations at the DWI by about 0.5 log. However, a 100-fold increase in PF_increases
this first E. coli peak by 1 to 1.5 log and increases the second peak by about 2 log, which is a significant impact on the
drinking water treatment plant.

For peak concentration factors PF_=1 or PF_=10, simulated E. coli concentrations are more realistic than those
obtained for the peak factor PF_=100, which leads to E. coli concentrations at the DWI well beyond historical values.

The bottom-up approach, as employed in this study, focuses on evaluating vulnerabilities by utilizing existing data
and larger-scale hydrological processes, without incorporating local precipitation patterns. While this approach offers
the advantage of flexibility and reduces the need for high-resolution climate data, it also has inherent limitations. For
instance, it may oversimplify certain regional dynamics, especially in areas where localized precipitation and extreme
weather events significantly influence vulnerability, such as in the case of overflows (Section 1). In contrast, the top-down
approach provides a more detailed projection of future climate conditions, particularly precipitation patterns, using GCMs
and downscaling techniques (Section 1). However, this approach comes with its own set of limitations, such as high
data requirements, uncertainties in downscaling methods, and challenges in simulating regional effects (Section 2). The
reliance on global models and their biases can complicate the assessment of localized impacts, especially in areas with
complex hydrological processes. Despite these limitations, the bottom-up and top-down approaches are complementary.
The bottom-up approach, by focusing on the present and utilizing available data, can provide insights into current system
vulnerabilities and identify immediate areas for adaptation. On the other hand, the top-down helps frame potential future risks
and projections, offering a broader view of long-term challenges. Therefore, combining both the bottom-up and top-down
approaches can provide a more comprehensive vulnerability assessment, as also explained in other studies [33,35,39].

3.3. Impact of peak discharge flow from CSOs

As discussed in the preceding section (Section 3.2), it was shown that an increase in E. coli concentration peaks at DWI
due to the influence of long periods of overflows and a high peak concentration factor (PF_=100). In this section, simu-
lations were carried out for a scenario where PF_=100 and T=690min, assuming that all the CSOs are simultaneously
active, and using an average river flow rate of 207 m®s. However, the peak discharge flow from CSOs (PFq= 1, 0.8, 0.5,
0.3) was varied to explore its impact on the overall E. coli concentration at the DWI-3. The results presented in Fig 5
demonstrate that a decrease in peak discharge flow (PFq) has the potential to reduce peak E. coli concentrations, as well
as the average E. coli concentration at the DWI-3. This reduction in CSO discharge flow leads to a downward vertical shift
on the E. coli pollutograph established at DWI-3. It should be noted, however, that while CSO discharge flow rate has a
significant influence on the risk of high E. coli contamination at DWI-3, its impact is less pronounced than the impact of
maximum E. coli concentrations at CSOs. In fact, a reduction of 50% to 70% in peak discharge flow may result in a reduc-
tion of approximately 1 log in the concentration of E. coli at the DWI. However, the reduction is less significant for lower
reductions of around 20% in peak overflow discharge.

In view of the results, it is recommended that PFq values ranging from 0.8 to 0.5 be used instead of an overly conservative
value of 1 (PFq= 1). Itis unlikely that the pipes will reach full capacity during overflow events, and it is more probable that peak
flows will be between 50% and 80% of the maximum capacity of the pipes. Therefore, adopting a more realistic PFq value
within this range would provide a more accurate representation of the E. coli concentration levels during overflow events.

3.4. Impact of the river flow rate

To gain a deeper understanding of the factors affecting E. coli contamination in the studied area, additional simulations
were conducted under varying low river flows conditions, including a high flow rate (Q=207 m?%/s) during the studied
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Fig 5. Impact of peak discharge flow (PFq=1, 0.8, 0.5, 0.3) on E. coli concentration at DWI-3 with PFc=100, T=690 min and a mean river flow
Qmean=207 m3/s.

https://doi.org/10.1371/journal.pwat.0000352.g005

period, a normal flow rate (Q=110 m®/s), and an extreme low flow rate (Q =11 m?s) that is unlikely to occur in future
climate scenarios. These simulations further explore the impact of river flow rates on E. coli concentrations under the
condition of all 33 CSOs being active. The simulations considered the peak factor on E. coli concentration of PF_=1 and
different overflow durations of T=90; 300; 690 min. The results are presented in Fig 6.

The shape of the E. coli pollutograph at the studied DWI is significantly affected by the decrease in river flow rate
during summer low flows. Under normal (Q=110 m?s) and high (Q=207 m?s) flows, the pollutograph typically exhib-
its a double-peaked structure due the temporal dispersion of E. coli plumes originating from different CSOs along the
river. However, when the flow is extremely low (Q=11 m%/s), the second peak of E. coli concentration no longer appears,
even for long-duration overflows (T=300, 690 min). This phenomenon is primarily attributed to the reduced flow veloci-
ties, which slow the downstream transport of the E. coli, particularly from the more distant CSOs. As a result, increased
residence time enhances the likelihood of E. coli degradation before reaching DWI-3. Additionally, the onset of the E. coli
peak induced by the ten closest CSOs to DWI-3 is delayed by approximately 12 hours due to the slower velocity of trans-
port under low-flow conditions. These findings highlight the strong influence of hydrodynamics on the timing and shape of
the E. coli concentration profiles, particularly in systems with significant CSOs contributions.

While the prolonged residence time under extreme low flow increases E. coli inactivation, it is partially offset by the riv-
er’s reduced dilution capacity. Consequently, the peak E. coli concentration remains relatively similar for higher low flows
(Q>110 m¥/s). However, at very low flows (Q=11 m%/s), long-duration overflows lead to a lower maximum E. coli concen-
tration compared to high flows (Table 2). This reduction can be explained by the cumulative effect of inactivation over the
extended residence time. In contrast, the mean E. coli concentration at DWI-3 increases substantially under extreme low
flows (Table 3), suggesting that chronic exposure to microbial contamination could be a more pressing issue than peak
events. This finding is particularly relevant for public health, as annual microbial risk assessments are more closely linked
to long-term exposure rather than short-term peaks [27]. Table 3 also reveals that, for brief to moderate CSO duration
during summer low flows, a slight reduction in river flows tends to decrease the mean concentration of E. coli at the stud-
ied DWI. This could be explained by the diminished dilution capacity, which fails to compensate for the prolonged inactiva-
tion time caused by the slower flow velocities. In contrast, longer overflow durations (>690min) lead to higher E. coli loads
from CSOs, exceeding the river’s dilution capacity, thus causing an increase of E. coli concentrations at DWI, despite the
longer inactivation time.
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Fig 6. Impact of river flow (Q=207, 110, 11 m3/s) and overflows duration (T=90 min, 300 min, 690 min) on the E. coli concentration at DWI-3 for

PFc=1.

https://doi.org/10.1371/journal.pwat.0000352.9006

Table 2. Maximum E. coli concentration (MPN/100 mL) simulated at DWI-3 for different duration of overflows (T=90, 300, 690 min) and river
flows (@=207, 110, 11 m%/s), assuming all 33 CSOs are active, with discharge PF_=1. Bracket values indicate the relative deviation from values

obtained at the mean flow of 207 m?/s.

Q=207 m¥s Q=110 m¥s (-47%) Q=11 m¥s (-95%)
T=90 min 223 189 (-15%) 183 (-18%)
T=300min (+233%) 6418 5464 (-15%) 4337 (-32%)
T=690min (+667%) 6748 5828 (-14%) 3974 (-41%)

https://doi.org/10.137 1/journal.pwat.0000352.t002

Table 3. Mean E. coli concentration (MPN/100 mL) simulated at DWI-3 for different duration of overflows (T=90, 300, 690 min) and river flows
(Q=207, 110, 11 m¥s), assuming all 33 CSOs are active, with discharge PF_=1. Bracket values indicate the relative deviation from values

obtained at the mean flow of 207 m?/s.

Q=207 m%/s Q=110 m®/s (-47%) Q=11 m%/s (-95%)
T=90 min 30 26 (-14%) 47 (+55%)
T=300min (+233%) 244 214 (-12%) 840 (+244%)
T=690min (+667%) 484 621 (+28%) 773 (+60%)

https://doi.org/10.137 1/journal.pwat.0000352.t003

It is worth mentioning that on the studied river, the presence of islands has a significant influence on the transport
of contaminants. The integration of these islands into the model reveals that contaminants tend to concentrate on the
shores, particularly in areas with a high number of islands. This highlights the significance of coupling hydrodynamic mod-
eling with quality modeling to identify potential issues that would not be visible using empirical or conceptual models.
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From a broader perspective, the range of flow conditions examined in this study (Q=11, 110, 207 m?s) provides valu-
able insight into potential future risks associated with microbial contamination at DWIs. This bottom-up approach ensures
that the selected scenarios account for a wide range of hydrodynamic conditions in summer, complementing traditional
top-down approach that relies solely on climate model projections, as explained in section 1. While additional flow scenar-
ios could have further refined the analysis, the selected range is sufficiently broad to assess the impact of global changes
on microbial contamination. Future work could expand on these findings by incorporating additional environmental fac-
tors, such as temperature-dependent inactivation rates and sediment resuspension dynamics, to refine predictions under
changing climate conditions.

3.5. Future improvement to the bottom-up vulnerability assessment approach

To improve the bottom-up approach used in this study, several improvements can be made to the semi-probabilistic model
of E. coliloads and water quality model, ultimately strengthening the overall bottom-up vulnerability assessment approach,
proposed in this study. The Manning-Stricker formula (S1 Text) used to model the peak flow at the output of overflow
structures has limitations and is only valid for rough, turbulent flows. Other factors such as elbows or falls in the sewerage
network can induce the dissipation of energy, and this should be considered in the model. Additionally, dry weather depos-
its can increase local load losses, which is not modeled in this study.

Setting up electronic overflow recorders at the CSOs’ structures could provide valuable data on overflows’ duration, a
critical variable for assessing microbial contamination. This data could help determine if longer overflow durations lead
to higher levels of E. coli concentration at DWIs. Also, a better understanding of the mean and maximum overflow dura-
tion specific to each CSO is crucial for optimizing the proposed methodology in this study. By assigning realistic duration
ranges for each CSO and running several simulations with stochastically varying overflow durations, researchers could
gain a more comprehensive understanding of the impacts of overflows on water quality under global change. A specific
duration for each CSO during a rain event could also be determined through a watershed hydrological model, coupled
with the hydrodynamic model of the river.

Low flows significantly influenced the E. coli concentrations, the timing of the E. coli peak, as well as the shape of the
DWI pollutograph (Section 3.4). There is therefore a real interest in developing hydroclimatic projections for the stud-
ied river, despite its strong regularization that complicates the direct use of output climate models. In this context, an
approach using neural networks would be relevant, as proposed by Huaringa Alvarez et al. [70], who have developed a
neural model simulating the future reservoir management in the context of climate change. Given the projected decrease
in summer low flows in southern Quebec [48], there could be significant impacts on both the mean and the maximum E.
coli concentration at DWI, as highlighted in Tables 2 and 3. Given the potential consequences of a sharp river flow rate,
it is necessary to undertake adaptation measures to climate change as soon as possible, as the vulnerability of DWI-3 to
microbial contamination could increase with global change. Urbanization trends, such as increased population growth and
infrastructure development, are expected to exacerbate these impacts. As urban areas expand, more impervious surfaces
will increase runoff and exacerbate overflows, potentially increasing E. coli concentrations during extreme weather events,
such as longer dry weather periods followed by extreme rainfall [41]. In addition, urbanization can put pressure on waste-
water systems reducing their capacity to manage overflows effectively.

Climate policy changes, particularly those aimed at mitigating greenhouse gas emissions, could influence the severity
of climate change impacts. For example, more stringent policies to reduce emissions could slow the rate of warming and
reduce the frequency of extreme weather events like droughts and heavy rainfall. In contrast, delays in climate action may
lead to an exacerbation of the conditions that increase microbial contamination risk at DWIs, particularly during prolonged
droughts. In such scenarios, the probability of occurrence of critically low flows in the river would increase, and overflows
could occur when the river’s dilution capacity is already compromised. This would result in higher and longer-lasting E.
coli concentrations at DWIs (Section 3.4).
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In addition to mitigation policies, climate adaptation measures, such as restoring natural environments and implement-
ing nature-based solutions like blue-green infrastructure in cities, could help reduce the negative impact of urbanization.
Therefore, both urbanization and climate policy decisions—whether focused on mitigation or adaptation—will play crucial
roles in shaping the future vulnerability of the DWI system to microbial contamination.

Finally, the methodology proposed in this study has the potential to be readily extended to other pollutants discharged
during overflows (nutrients, organic and inorganic substances, and other fecal microorganisms), which are generally
included in vulnerability analyses of drinking water sources. Furthermore, perspectives include further developing the
model by integrating the effects of sedimentation and resuspension, as it is recognized that sediments play a very import-
ant role in the transport and fate of E. coli in streams [62,71]. Since soil erosion is expected to intensify due to global
change (urbanization, increased intensity of extreme rainfall) [48], its impact on the microbial contamination at DWIs and
on the risk of DWI obstruction should be addressed. The consequences of these changes on the vulnerability of DWIs to
microbial contamination need to be quantified to guide land-use planning as early as possible, which must evolve in line
with scientific advances on the impacts of climate change on the vulnerability of drinking water sources to contamination.

Potential directions for future research include expanding the study to larger geographic areas, particularly those where
jurisdiction is shared between two countries, such as Canada and the United States. Such studies would be valuable for
surface water systems that cross international borders, helping to understand the compounded impacts of climate change
on these shared water resources. Examining these transboundary water bodies could provide insights into how climate
change influences water quality parameters, such as microbial contamination, and could inform the development of joint
regulations and management strategies. By studying these shared boundaries, researchers can guide vulnerability and
risk assessments in regions where political and regulatory complexities exist. This research would be critical in shaping
effective, coordinated policies to address climate change impacts and safeguard water quality across international lines.

3.6. Mitigation strategy

To protect public health under global change, the Quebec government has put in place a regulatory framework to limit the
contamination of surface water by CSO structures. This regulation is in response to Canadian regulation, which prohibits
developing territories from increasing the frequency of overflows in the absence of compensatory measures [72].

Given the risk of microbial contamination of surface waters during and after CSOs, as assessed from E. coli concentra-
tions, the Quebec government requires municipalities to conduct a vulnerability assessment of their DWIs [47]. Incorporat-
ing the expected impacts of global change at the local level is particularly critical. However, few studies have quantitatively
assessed the impacts of global change on the risk of microbial contamination at local levels [14].

Our findings highlight the significant impact of simultaneous overflows on both mean and peak E. coli concentrations
at DWIs, particularly during prolonged CSO events and when discharged E. coli concentrations are high. Furthermore,
extreme low-flow conditions notably amplify E. coli concentrations, reshaping pollutographs at DWIs. Future climate
projections suggest a decrease in summer low flows, potentially exacerbating water source vulnerability to CSOs contam-
ination. These findings emphasize the need for adaptive management strategies that consider vulnerable periods charac-
terized by reduced dilution capacity, high simultaneous overflow occurrences, and elevated contaminant loads.

From a water resource management perspective, our results underscore the necessity of refining source water protec-
tion strategies. Jalliffier-Verne et al. [41] showed that reducing peak E. coli concentrations at overflow structures is more
effective in safeguarding raw water quality than solely reducing the frequency of CSOs. Postulating an identical frequency of
overflows by 2050 and based on a business-as-usual global change scenario, the authors reported an over 87%-increase in
mean E. coli concentrations entering DWIs located on a river in the Greater Montreal Area (Quebec, Canada).

Green infrastructure has been put forth as a potential CSO mitigation strategy [73—75], as they also bring additional
socio-environmental benefits. Yet, their efficiency to reduce contaminants loads has to be further demonstrated, including
continuous simulations that take into account dry weather periods during which the accumulation of contaminants on the
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surface and in sewer systems is significant [73]. Green infrastructure responds very well to low-intensity precipitation,
helping to reduce the frequency of overflows [73], but their effectiveness for extreme precipitations is based on limited
evidence [76]. With the expected future increase in dry weather periods precipitation intensities, green infrastructure will
thus likely not be the sole solution to CSO mitigation [73], although it would likely be part of a more integrated and resilient
urban water strategy given their multiple co-benefits [77].

4. Conclusions

The objectives of this work were to propose a broadly applicable bottom-up approach to assess the vulnerability of DWIs
to the risk of microbial contamination and to analyze semi-qualitatively the impacts of global change on a chosen study
site during summer low flows. Our results show that it is not the number of simultaneous overflows that dictates the ampli-
tude of peak E. coli concentration at the DWI, but rather that a high number of simultaneous overflows induces prolonged
high levels of mean E. coli concentration at the DWI downstream. During critical low river flows, high levels of E. coli con-
centration lasted longer than during high flows, which is problematic in terms of source water protection.

Based on these findings, several mitigation strategies are suggested. First, identifying priority sources of contamination,
such as overflows in high-risk area, can help target interventions. Additionally, recognizing scenarios that create high risk
level, such as extreme whether events or prolonged dry periods, can guide the development of early warning systems
and improve communication among municipalities to coordinate responses effectively. Nature-based solutions that can
increase stormwater infiltration and reduce pressures on sewer systems, particularly during low flow periods, should be
considered as part of a broader adaptation strategy to address these challenges in the context of global change.

Urbanization, demographic growth coupled with reduced per capita water consumption, which causes a deposition in
sewers, and changes in summer/autumn precipitation patterns, are responsible for an increase in E. coli loads in over-
flows. Therefore, adaptation efforts to global change should be planned at the local level with regards to contaminants
loads, and at the regional level regarding river hydraulicity during summer. These efforts require interactions at different
spatial scales between decision makers.

While the bottom-up approach proposed in this study provides a better understanding of local conditions, its appli-
cability may be limited in regions with fewer data. In such areas, simplified hydraulic models or alternative methods to
estimate impacts, such as proxy indicators or expert assessments, could be explored. Despite the potential limitations, the
bottom-up approach remains a valuable tool for identifying vulnerabilities and informing strategies to protect DWIs from
microbial contamination. Our proposed approach is not limited to the current study’s focus on microbial contaminants and
can be readily adapted to investigate other pollutants, offering a flexible framework for water quality management.
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