10

15

Storyline Analytical Framework for Understanding Future Severe
Low-Water Episodes and Their Consequences

Gabriel Rondeau-Genesse', Louis-Philippe Caron!, Kristelle Audet?, Laurent Da Silva*, Daniel Tarte?,
Rachel Parent’, Elise Comeau’, and Dominic Matte'~

'Ouranos inc., 550 Rue Sherbrooke W., West Tower, 19th floor, Montreal (QC), Canada, H3A 1B9
2Groupe AGECO, 25 Mozart Avenue East, office 310, Montreal (QC), Canada, H2S 1B1

3T2 Environnement, 91 boul. Constable, McMasterville (QC), Canada, J3G 1M8

4Nada Conseils, Montreal (QC), Canada

SUniversité du Québec 2 Montréal (UQAM), Montreal (QC), Canada

Correspondence: Gabriel Rondeau-Genesse (rondeau-genesse.gabriel @ouranos.ca)

Abstract.

The 2021 drought highlighted the vulnerability of Quebec’s water resources and the potential for widespread consequences
in a region that is generally perceived as having abundant water. This study uses a storyline approach to explore the plausible
impacts of future drought conditions for an event similar to what occurred in 2021, but under two different warming scenarios
corresponding to increases of 2°C and 3°C in global surface temperatures compared to preindustrial levels. The scenario-based
approach employs analogues derived from a large ensemble of regional climate simulations combined with simulations gen-
erated by a hydrological model to offer a comprehensive understanding of both climate and hydrological conditions during,

and leading up to, these potential future events.

indicate a further deterioration in river conditions, particularly under a +3°C global temperature rise. In the hardest-hit areas

of the province under that scenario, future low-water levels under an event similar to 2021 would persist for a month longer
and river streamflows-streamflow would drop by an additional 50%, thus falling short of the threshold required to maintain the

health of ecosystems for an extended period of time and suggesting significant impacts on ecosystems and human activities.

nsStoryline approaches offer potential as a
communication tool to foster collaboration with water management experts and other stakeholders, particularly in cases where
impact-inducing thresholds are not well understood. By linking future river conditions to a real event that affected Southern
Quebec, these approaches may help facilitate discussions on the potential impacts of climate change on water deficits in the
region.
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1 Introduction

The province of Quebec in Canada is generally perceived as a region with abundant water, since spring snowmelt recharges
groundwater and ensures that most streams maintain water flow throughout the year, while preventing most multi-year droughts
(Dubois et al., 2021; Assani, 2023). However, recent years have shown that the region is not impervious to low-water episodes.
For example, Quebec’s agricultural areas faced moderate to severe drought conditions in 2001, 2002 and for 8 of the 12 years
between 2010 and 2021, each event resulting in financial impacts of tens of millions of dollars (Nand and Qi, 2023). A drought
in 2012 also severely affected the boreal forest (Houle et al., 2016), while, more recently, the extreme 2023 wildfire season in

northern Quebec followed one of the driest and warmest seasons on record (Boulanger et al., 2024).

Analyzing-hydrologieal-Hydrological droughts in colder regions ean—be-chalenging-are complex phenomena to analyze

due to the added interplay of rainfall ;-snew-and-temperaturesand snow-driven recharge. The main factors influencing low
water levels during summer differ according to the specific characteristics and geographical location of the basin. In Europe,

for example, 50% of droughts are due to a rainfall deficit, while the remaining 50% (and often the worst) are caused by a
series of other phenomena, either in isolation or in combination, such as warm snow seasons that lead to a lack of recharge
in spring, rainfall deficits that extend into snowfall deficits, or delayed snow or glacier melt due to cold conditions (Van Loon
and Van Lanen, 2012; Van Loon et al., 2015). Even when a single type of drought is examined, such as the lack of snowmelt-
induced aquifer recharge, the dominant factors causing them can vary depending on the location. In Austria, for example,
snowmelt droughts are primarily caused by warm and dry winter and spring conditions, while in Norway, this type of drought
is mainly controlled by winter precipitation alone (Van Loon et al., 2015). In southern Quebec, the total amount of rainfall
after the melting of the snowpack is generally the main predictor of the intensity of low-water conditions in summer, followed
by the total amount of evapotranspiration (Kinnard et al., 2022). However, in certain watersheds, other variables, such as the
maximum snow water equivalent (SWE,,,.), the date of onset of melting and the duration of snowmelt can explain water
scarcity to the same extent as evapotranspiration (Kinnard et al., 2022). This is because during low-water periods in summer, a
considerable portion of streamflow is derived from groundwater flow, and a prolonged and intense spring thaw helps recharge
aquifers.

A significant rise in temperature is anticipated in eastern Canada due to human-induced climate change, which is very
likely to shorten the duration of snow cover and could decrease SWE,,, 4, by 2.5 to 7.5% per decade through 2050 in southern
Quebec, relative to 1981-2015 (Mudryk et al., 2018; Derksen et al., 2019; Lee et al., 2021). Increasing temperatures will
result in higher total annual precipitation, but this increase will mainly be constrained to spring and winter, with minimal
projected changes in summer and fall (Alberti-Dufort et al., 2022; Lee et al., 2021). This rise in annual precipitation is expected
to enhance groundwater recharge on average. However, this will be accompanied by more pronounced seasonal variations,
leading to increased recharge rates in winter and decreased rates in summer (Dubois et al., 2021, 2022). Coupled with higher
evapotranspiration rates due to rising temperatures, summer water availability in southern Quebec is therefore projected to
decline in the future (Bonsal et al., 2019; Alberti-Dufort et al., 2022; Lee et al., 2021). Consequently, the latest studies suggest

that a reduction in average summer flow and an increase in the number of extreme low-flow events are likely for watersheds
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in Quebec (Aygiin et al., 2019; Bonsal et al., 2019; Thackeray et al., 2019; Charron et al., 2021; MELCCFP, 2022a; Kinnard
et al., 2022).

A decrease in available water during the-summer months, coupled with a higher demand due to population growth and
anthropogenic climate changein—variotus—seetors—(such-as—agriculture—industry—and-munieipal-serviees);—, could exacerbate
scarcity, decrease water quality and give rise to conflicts over water usage (Mehdi et al., 2015; Furber et al., 2016; Wheaton and
Kulshreshtha, 2017; Osman, 2018; Chilima et al., 2021). Despite some advances on this issue in recent years, the implications of
acute water shortages in Quebec are not yet well documented or understood, making it difficult to anticipate their consequences,
especially for cases of more extreme drought conditions (Charron et al., 2019, 2020; Leveque et al., 2021; Knowles et al., 2023;
Nand and Qi, 2023). It is still unclear who will suffer the most from water deficits, which regions are most vulnerable and to
what extent.

Unlike droughts, climate change studies related to flooding can rely on well-defined metrics to evaluate the areas most
vulnerable to future floods and help develop adaptation strategies. This is because extreme events such as 20- or 100-year floods
are frequently used in urban planning and regulatory frameworks. Infrastrueture-is-Infrastructures are designed to withstand
specific thresholds, and maps are produced to indicate which neighbourhoods will be affected and damaged when events
exceed them. In contrast, droughts emerge slowly over long periods of time, often remaining undetected in water-rich areas
until they are already severe enough to significantly impact human activities and ecosystems. Furthermore, although Quebec
has regulations regarding water withdrawals, it lacks specific low-water thresholds that would trigger emergency protocols,
such as those used in the neighbouring province of Ontario (Ontario Ministry of Natural Resources et al., 2010; Berthot et al.,
2020). This situation makes it difficult to predict the impacts of future severe droughts in Quebec and similarly hinders the
development of effective climate change adaptation strategies.

Recently, storyline approaches have begun to be explored in climate change research and may provide a robust framework
for projecting the impacts of future extreme events in the absence of clear thresholds, due to their event-based nature (Shepherd

et al., 2018; Shepherd, 2019; Sillmann et al., 2021; Matte et al., 2022; Baulenas et al., 2023; Caviedes-Voullieme and Shepherd,

2023) hdeed—ste%&w&éﬁe&&eﬂﬁﬁidiﬂeﬂa{&r@%g@lghmate change projections which-are-probabilistie; by-employing
s-evaluate changes in extreme events by examining
the potential shifts in the frequency or intensity of events with a specified magnitude or probability of occurrence, such as a
100-year drought. These projections often utilize multi-model ensembles. where changes are assessed through the ensemble
median and/or the likelihood of increase or decrease across the ensemble for future scenarios. In contrast, climate storylines
offer a way to simplify complex climate information by linking it to stakeholders’ past experiences and projecting how specific

events may evolve in the future. For example, van der Wiel et al. (2021) focused on the 2018 European drought and projected
this high-impact event under future climatic conditions in a physically consistent manner to assess how that one event might

change if it were to occur again in the future. Consequently, the storyline approach focuses on the plausibility of the future sce-
nario rather than its likelihood, and aveids-can avoid the need to pinpoint specific damage-inducing thresholds (e-g-a20-year
fleoch-by constructing the future scenario based on an event that already caused damage-known damages in the past. Story-

lines have been applied in both climatological and hydrological research to effectively illustrate future extreme events such as



droughts, floods and storms
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Schaller et al., 2020; v

Storylines can be constructed using various methodologies —One-approach-involves—(Fossa Riglos et al., 2024). Physical

climate storylines (PCS) involve using a climate or weather forecast model to recreate the-a singular high-impact event and
explore alternative realities, for example by modifying the initial conditions or by using a pseudo-global-warming approach

(e.g., Hazeleger et al., 2015; Gessner et al., 2022; Matte et al., 2022).

95 ef-the-event-Scenario-based approaches (SBA), on the other hand, do not recreate the event, but instead search for adequate
analogues within a simulated dataset that includes both historical and future climate conditions {e-g--van-der-Wiel-et-al5202H

e.g., van der Wiel et al., 2021; Faranda et al., 2023; Liao et al., 2024). This approach thus involves defining the event of inter-

est using indieators-metrics that can accurately capture its intensity and main characteristics, while also being flexible and

reliable enough to identify comparable events in the simulated data. For example, in their study related to a severe drought
100 in Europe, van der Wiel et al. (2021) examined three different types of metrics associated with water-precipitation deficits:
the average deficit during the most severe drought months (M1), the regression slope of the defieit-deficits in the months pre-
ceding the peak deficit (M2) and a temporal regression of the deficit time series (M3). Alternatively, rather than focusing on

specific historical events, SBAs may involve searching large ensembles for unprecedented climate conditions, such as multiple
consecutive dry seasons, to identify worst-case scenarios which can then be used for stress-testing systems (Chan et al., 2023)

105 .
This-Our study aims to employ a storyline approach similar to that described in van der Wiel et al. (2021) to project &
reeent-drought-eventthe recent 2021 Quebec drought into future climate conditions corresponding to an increase of 2°C and
3°C in global surface temperatures compared to preindustrial levels;-using-analogues—taken—from—, We use a SBA to first
identify adequate analogues of the meteorological drought using a large ensemble of regional climate simulations. This-study

110 goes-one-step-further-than—van-der Wiel-et-al(2021)-We then investigate the associated hydrological drought by also making

use of a hydrological model to project streamflow data during the drought event, thus also contrasting present and future

hydrological conditions. Fine

115

is-The data used and the experimental framework are described
in Sect. 2, while Sect. 3 presents the 2021 drought event used as a-reference, as well as its present and future analogues
derived from a-the large ensemble of simulations. Finally, Sect. 4 examines the eascade-of soctoeconomic-and-environmental

otential uses of climate storylines as a
120 communication tool for discussing the impacts of future extreme droughts, as well as presenting the limitations of our study.

Concluding remarks are provided in Sect. 5.
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2 Methodology
2.1 Stakeholder consultation

Documenting the impacts of previous drought events was essential to better understand the potential outcomes of future events
described by the storyline approach. However, there is a known underreporting of water scarcity events in Quebec, in part due to
the common belief in an abundant water supply (Nand and Qi, 2023). This is exacerbated when it comes to ecosystems, because
prevalent monitoring systems primarily focus on human water usage and rarely align with the data gathering requirements
necessary to evaluate the exposure, sensitivity and adaptive capacity of wildlife and vegetation (Kovach et al., 2019; Berthot
et al., 2020). Consequently, impacts on ecosystems are largely unreported unless they affect human activities.

Hence, with the objective to enhance our understanding of the impacts of previous droughts across the province, a question-
naire was circulated amongst the forty Watershed organizations (Qrganisme-de-bassin-versant' ymandated to assess the current
state of the water resource throughout Quebec. It asked the respondent to identify up to ten recent hydrological droughts,
classify their intensity and probable causes and then list the documented or perceived socioeconomic and environmental con-
sequences. Through this process, a total of 87 water scarcity incidents were reported with varying levels of detail regarding
their impacts on human and environmental usage. To complement this knowledge base, interviews were conducted with select
stakeholders to deepen our understanding of past events in specific complex sectors such as the Quebec Metropolitan area or
Lake Saint-Jean.

Altheugh-While this consultation is not the

the-diseussion-on-the-possible-primary focus of the study, it provides valuable insights into the consequences of past drought

events in the province. Consequently, some of the findings will be discussed to enrich the conversation on the potential im-
pacts of future droughts. By combining the qualitative data from-the questionnaire with-the quantitative-insights drawn-{ro

droughts—For more details on the methodology and a detailed breakdown of the results, readers are encouraged to refer to
Audet et al. (2024) (available in French only) and Appendix D specifically. The questionnaire itself is also included in the
Supplementary Materials, though it is available only in French,

While several years, including 2001, 2002, 2010, 2012, and 2018, were highlighted by stakeholders, the 2021 low-water
event emerged from the consultation as the longest and most severe drought in recent years in southern Quebec. Further
analysis of meteorological data, presented in the following sections, confirmed the severity of the 2021 drought, with most of
the spring, summer, and autumn periods experiencing severe or worse drought conditions. This validated the decision to focus
the study on 2021,




2.2 Observational data

Historical precipitation and temperature data were obtained from the ERAS-Land reanalysis (Mufioz Sabater et al., 2021),
155 which is a reconstruction of surface conditions using a 9 km spatial grid-mesh derived from the ERAS5 reanalysis. Histerieal
streamflow-records-were-taken-
Historical streamflow data were obtained from the Hydroclimatological Atlas of Southern Quebec, which includes-aretrospeetive

se&&@apsgegfrom 1970 to

160

@LQASR@LIWM@&Q@WF@ 1 %mmi%ﬂghﬁ%ﬁe&e%pee&%ﬁﬂyﬂweffeﬂﬂed
' - oW (MELCCFEP, 2022b).
The dataset is a reconstruction of past hydrology combining six simulations from the HYDROTEL hydrological model driven
by gridded observation-data,-using-observational temperature and precipitation data. Furthermore, it incorporates observed

165 streamflow measurements through an optimal interpolation method-tlachance-Clontieret-al;204+7—technique to provide the
most accurate estimate of past streamflow conditions across gauged and ungauged watersheds, accounting for both model
and observational uncertainties (Lachance-Cloutier et al., 2017). Finally, to ensure robustness for ungauged river segments,
HYDROTEL is calibrated using a regional calibration technique, identifying optimal parameter sets for each of the 6 simulations
across 70 gauged watersheds.

170 HYDROTEL itselfis a physically-based, semi-distributed hydrological model that is operationally employed by the Government
of Quebec for streamflow forecasting (Fortin et al., 2001). Unlike conceptual models, which fully rely on empirical relationships
and simplified assumptions to represent hydrological processes, HYDROTEL employs a more detailed set of physical equations
to simulate various aspects of water movement and distribution within a watershed, such as infiltration, runoff, snowmelt or
evapotranspiration. However some components, such as subsurface runoff, are still fairly simple in their representation. The

175 model divides the landscape into computational units called "Relatively Homogeneous Hydrological Units” (RHHUS), which
are defined based on land use, soil type, and topographical characteristics such as slope and aspect. In the configuration used for
the Atlas, the average size of RHHUS is 11 km?, forming a hydrological network comprising 28,035 river segments throughout
Southern Quebec. Streamflow at each segment is calculated as the sum of upstream contributions and runoff/baseflow from
neighboring RHHUs. Results are reported for 9,665 river segments, specifically those with watersheds larger than 50 km® and

180  not subject to significant anthropogenic influences, such as dams with daily or weekly management practices. Comprehensive
details on model configuration, calibration procedures. and validation results are provided in MELCCEP (2024).

Although six distinct model versions exist, only the "MG24HQ" configuration of HYDROTEL was selected for the present
study due to computational constraints within the experimental framework, as it showcases the best performance in simulating
summer streamflow (MELCCEP, 2024).
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Figure 1. Experimental framework for the production of the ClimEx Large Ensemble (atmospheric and hydrological simulations). Fifty real-
izations from the CanESM2 Large Ensemble are used to drive the CRCMS regional climate model from 1950 to 2100 using the RCP8.5 emis-
sions scenario. Results are then bias adjusted and used in the HYDROTEL hydrological model to produce streamflow data. The bettom-right
rightmost figure shows the spatial domain and river network of the Hydroclimatological Atlas of Southern Quebec, along with key locations

for this paper: the St. Lawrence River and Ottawa River are outlined in red and orange, respectively, while Lake Saint-Jean is noted with a
yellow star, Adapted from Leduc et al. (2019).

2.3 Experimental framework

The storyhine-approach-deseribedin-van-der-Wielet-al+20

s ¢ atexperimental framework can be seen in Fig,
1. SBAs require a large number of climate simulations, as an adeguately-sized-adequately-sized sample of simulated counterpart
events is required to identify appropriate analogues. These-The base meteorological data were obtained from the ClimEx Large

Ensemble (EE)-project (www.climex-project.org; Leduc et al. (2019)), which consists of 50 perturbed simulations produced
using the fifth-generation Canadian Regional Climate Model (CRCMS; Martynov et al. (2013); geparovié et al. (2013)). The
CRCMS5 was developed by the ESCER Centre (Centre pour I’Etude et la Simulation du Climat & I’Echelle Régionale) at the
Université du Québec a Montréal, in collaboration with Environment and Climate Change Canada.

Temperature, specific humidity, surface pressure and winds produced by the large initial-condition ensemble (50 realizations)
of the second generation of the Canadian Earth System Model (CanESM2-LE; Fyfe et al. (2017)) were used to drive the
boundaries of the CRCMS5 every 6 hours for the period 1950-2100 (Fig. 1). It used observed radiative forcings until 2005 and
the RCP8.5 emissions scenario afterwards (Riahi et al., 2011). For this experiment, the CRCMS5 grid-mesh was set at a 0.11°
horizontal resolution and winds were spectrally nudged from 500-hPa to the model top. For a more detailed description of the

models and setup of the ClimEx experiment, see Leduc et al. (2019).

model-—Bias-adjustment-was-apphedto-HYDROTEL requires daily surface temperature and precipitation data as input. These
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variables were taken from the CRCMS, then bias adjusted using a Detrended Quantile Mapping technique (DQM; Gennaretti
et al. (2015))techniqueusing-50-bins-to-buld-. DQM is a variant of quantile mapping that first removes the trend in the data

ically through a polynomial fit (in this case, a fourth-degree polynomial), after which a correction is applied to the residuals.

Specifically, the residuals are sorted into bins based on their empirical guantiles, and a transfer function finking the modet-to
the NRCANmet dataset-The Jatter is-a-spatialis trained on the differences between each bin of the simulated and the reference
datasets during a common time period. This transfer function is then used to correct the whole simulation. In this study, DQM
was applied to each day of the year and each grid cell individually, using a :£15-day window around each day and separating
data into 50 bins. The reference dataset used for the correction was the NRCANmet dataset, a spatially interpolated kriging
of station data on a 10 km grid eevering-that covers all of Canada, produced by Natural Resources Canada (Hutchinson et al.,
2009). For-Since ClimEX is a single model large ensemble, all 50 simulations were pooled together to construct the transfer

function. Finally, for precipitation, the guantie-mapping-adjustment method was modified to combine DQM with a Generalized
Pareto distribution in the upper tail of the distribution (Roy et al., 2023). This modification was added in order to improve the

correction of the most extreme precipitation events compared to using a standard DQM technique, but should not play a role

in the results presented here, as we focus on dry conditions.

S%P%%feﬁﬂmf&de%aﬂﬁ%eﬂmﬂ}&&eﬂ&wefe—peffefmeekThe bias-adjusted temperature and precipitation data were

subsequently used as input in HYDROTEL to generate 50 streamflow simulations covering Southern Quebec from 1955
to 2100 (MELCCFP, 2024). The configuration and cali-

bration of HYDROTEL for these simulations are identical to that used for the historical reconstruction described in Sect. 2.2,
guaranteeing that the simulated streamflow are consistent with the reference product. Figure S1 presents a validation of the

Two future periods were selected to investigate the effects of human-induced climate change on extreme low-water episodes,
specifically targeting global average temperature rises of 2°C and 3°C above preindustrial levels. The specific periods corre-
sponding to the warming levels within each ClimEx realization were determined by using a 30-year centered moving window
to compute global 2 m temperature increases compared to the 1850-1900 period within the driving model CanESM2-LE,

locating the first instance when the 30-year window crosses these warming thresholds.
2.4 Drought indicators
2.4.1 Meteorological drought indicator

Various metrics have been developed to represent meteorological droughts (Palmer, 1965; McKee et al., 1993; Vicente-Serrano

et al., 2010; Staudinger et al., 2014). Of these, the Standardized Precipitation Evapotranspiration Index (SPEI; Vicente-Serrano
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et al. (2010)) is a standardized index that measures the deviation of the water budget (difference between precipitation and
evapotranspiration; P— PFET) aggregated over a certain number of months (e.g., SPEI-3 4y aggregates the water budget from
June to August). It has been used in various studies both internationally and in Canada and Quebec to describe the severity and
duration of droughts (Tam et al., 2019, 2023; Solaraju-Murali et al., 2019, 2021). It also notably serves as the main drought
indicator on the ClimateData.ca portal, the Canadian web portal that provides national climate change information (Cannon,
2024; Lavoie et al., 2024). Consequently, the SPEI was selected as the drought indicator to represent surface conditions for this

analysis. The SPEI is computed by following these steps:

1. Compute the monthly water budget (P — PET).
2. Aggregate the water budget over a given number of months. In this study, aggregations of 3 and 6 months were used.

3. For a given month, aggregation length and calibration period (e.g., water budgets aggregated from June to August
over 1992-2021), fit a statistical model to the empirical distribution of water budgets and get their probability of ex-
ceedance. Based on suggestions from multiple studies, a three-parameter log-logistic distribution was employed for this

step (Stagge et al., 2015; Tam et al., 2023).

4. Transform the probabilities of exceedance back to a normal distribution. Values below -1, -1.5 and -2 are typically used

as thresholds that represent mild, severe and extreme drought conditions, respectively (McKee et al., 1993; Stagge et al.,
2015).

2]

es-SBA storylines are constructed by identifyin
analogues of a past high act event within a large ensemble of simulated climate dataj&@s&@&z&l&s it was crucial to

ensure that thefine

drierfutare-climate—Therefore—theealibration—of-the-SPEI distributions could be compared across the reference (observed

climate, ClimEx during the historical period, and future ClimEx simulations. To address this, the three-parameter log-logistic
distribution an was calibrated independently for each realization

and each-time period (beth-historical and future) s, ensuring consistent SPEI

period only would have complicated finding relevant future events, as those with similar SPEIS to the past would offer little
new insight — an issue also noted by van der Wiel et al. (2021) with the M3 metric —, while those with lower SPEIs would
events with a similar probability and annual progression as 2021, but relative to their respective climatologies.

Access to potential evapotranspiration (PET) data is required for calculating the water budget needed for the SPEI. Fer

based on the provided temperature data. The model configuration used for this study employed the PET definition provided in

McGuinness and Bordne (1972), which takes into account both temperature and latitude. Therefore, this definition was also




chosen for the computation of SPEIs in order to have a consistent definition between the meteorological and hydrological
droughts, It is defined as:

PET[mmday™ '] = iOT —H)% (1)

where the coefficients a and b represent empirical values, Sy [MJ m-2 day-1] denotes the extraterrestrial solar radiation based
270 on a solar constant of 1367 W/m?, \ stands for the latent heat of vaporization [MJ kg-1] and T}, indicates the air temperature

[°C]. The values for a = 0.0052 and b = 0.0875 were adopted, as specified by Tanguy etal. (2018) Fhis-definition-was-chosen

Finally, despite the standardization process, it was deemed essential to validate that the anomalies in the water budget were

similar between the bias-adjusted ClimEx data and ERAS-Land, since the observed and simulated SPEIs are calculated as

275 deviations from their respective climatology. Our findings indicate that, with the exception of the winter season where both
datasets are coherent, the water budget in the bias-adjusted ClimEx data is consistently below that of ERA5-Land. However,

more importantly, anomalies are similar across both datasets (Fig. S1S2).

2.4.2 Hydrological drought indicators

Establishing a direct link between low streamflow values and their on-the-ground consequences is challenging, as impact-inducing_
280  thresholds are often unknown. Even when such thresholds exist in the literature or in regulations, they are not always well
adapted to truly represent local conditions. The 7Q2 metric (2-year minimum of the 7-day average flow), for instance, plays
a crucial role in Quebec for setting water withdrawals limits in a way_that they maintain the health of river ecosystems.
However, that metric has been criticized in recent years and deemed insufficient to truly represent the needs of ecosystems,
with ongoing efforts to replace it with another indicator better suited to represent the geomorphological conditions of rivers and
285  be more robust in the context of a changing climate (Berthot et al., 2020, 2021). Furthermore, for both ecosystems and human
activities, water levels often hold greater relevance than streamflow; however, such data is rarely available, and especially not
on a broad spatial scale. A storyline approach is valuable here, as the 2021 drought is known to have caused multiple negative
impacts and surpassed key thresholds (see Sect. 3.1.1 and 3.1.2). Various hydrological indicators were thus used to character-
ize the exceptional intensity and duration of the 2021 drought (Table 1)—These-indicators—were-speeificallyselected-as-they
290 eneapsulate-eruetal, as well as the future events, to ensure a consistent framework for assessing and comparing the potential
ymmm aspects of river con-

s-enhancing our understanding of
the extreme nature of the 2021 event across different facets of the hydrologlcal cycle&ﬁMhe timing of the low-

ditions,

water season or-and the minimum summer flow:
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The low-water season (LWS) described in Table 1 was defined as the period of the year when streamflow remains below

300 Qihresh, defined as:

chresh = @ —0.85 (@ - 7Q2) ()

where @ is the annual average flow and 7Q2 is the minimum 7-day average flow with a return period of 2 years. The LWS
begins when streamflow is below Q:p,esn for a continuous period of 7 days (after May 1st) and ends when it exceeds the

threshold for 7 continuous days, such that:

305 LW Sgtart = min{doy | Q; < Qthresh N Vi € {doy,...,doy+6} A doy > 121} 3)

LW Sepna = min{doy | Q; > Qthresn N Vi € {doy,...,doy+6} N doy > LW Sstart} 4)

where doy is the day of the year.
It should also be noted that when an indicator in Table 1 is defined using a threshold, such as Q¢pesn, Or 7Q2, the threshold

is defined using data from the historical period only.

310

315

3 Results

320 2.1 Construction of the analogues

Years with-deeumented severe droughteonditions The specific methodology employed to identify analogues within the single-model

._In our study, appropriate analogues were identified using the-stakeholder—survey—mentioned-in-Seet—2-1—as—well-as—an
325 butusing a series of multiple SPEIs. Indeed, SPEL3 indices from May through November, along with the SPEL-6 for May and

October, were used as targets during the search for analogues within the ClimEx dataset, alongside a weighting mask to assign

11



330

Table 1. Indicators used to describe the low-water episode and its consequences

Indicator Definition Use

7Qmin Minimum 7-day average flow (from May to Novem- Indicates the highest stress exerted on the stream for a
ber). given year (Ismail et al., 2021).

Ndays<7Q2 The total number of days (from May to November) The 7Q2 is used as an ’environmental flow’ in Que-
below a threshold characterized by the minimum 7-  bec and plays a crucial role in various regulatory func-
day average flow with a return period of 2 years tions to maintain the health of river ecosystems, in-
(7Q2). cluding setting limits for water withdrawals (Berthot

et al., 2020, 2021).
Ndays<7Q10 The total number of days (from May to November) The 7Q10 was originally designed to protect water

LWSstart|end|duration

QI\/IAM|JJA|SON

14Qmaz

below a threshold characterized by the minimum 7-
day average flow with a return period of 10 years

(7Q10).

Start date, end date and duration of the low-water sea-

son as defined by Eq. 2 to 4.

Average seasonal flow.

Maximum 14-day averaged flow.

quality under the USA Federal Clean Water Act and
represents the lowest flow necessary to preserve the
dilution capacity of rivers. This indicator serves here
as a metric for extreme low flow with negative con-
sequences on water quality and ecosystems (Berthot
et al., 2020, 2021).

The start and end dates of the low water season in-
fluence various activities, including sowing schedules
and fish reproduction (Morales-Marin et al., 2019;
Nand and Qi, 2023). In addition, the duration of
this season can indicate the severity and duration of
drought conditions.

The seasonal flow anomaly provides a good estimate
of the general intensity of water scarcity and can serve
as a proxy for impacts on run-of-river dams.
Approximation of the freshet volume, which plays a
significant role in groundwater recharge and fish re-

production (Morales-Marin et al., 2019).

reater importance to areas experiencing mild to extreme droughts (see below). These weights successfully highlighted the

area most affected during the 2021 drought, with a good correlation with the river sections where

7 min. €xhibited the most

extreme (negative) anomalies. This approach also proved effective for other years with significant droughts identified within
the 1992-2021 period (Fig. S3).

More precisel

the identification of analogues within ClimEx was carried out through the following steps (Fig.
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Figure 2. The assessment of candidate analogues is performed by comparing various SPEI indicators (columns) between a) ERAS-Land

and ¢) 1500 candidates (50 realizations x 30 years) from the ClimEx Large Ensemble. For each candidate (rows in c), a weighted RMSE is

calculated for each SPEI (top-left corner of each image) and then aggregated. Weights (b) are allocated based on SPEI values in ERAS5-Land.

1. Calculate the SPEI-3 for all months from May to November, and the SPEI-6 for May and October, using the year 2021
for ERAS-Land data-Altheugh-multiple-y -

—and using 1500 candidates over a 30-year span for ClimEx (50 realizations x 30 years).

335 2. Apply a weighting mask based on the categories specified by McKee et al. (1993) for each SPEI value derived from
ERAS5-Land to emphasize lower values, namely:

(a) 1if SPEI < -2 (extreme drought
(b) 0.33if -2 < SPEI < -1 (mild drought

(c) 0.1 for all other values

340 3. Calculate a weighted root mean square error (RMSE) for each grid cell within the domain, comparing the SPEI values
from ERAS-Land against each of the 1500 ClimEx candidates.

4. Sum the RMSEs for each ClimEx candidate.
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The 1500 possible candidates within ClimEx for each period (historical, +2°C and +3°C) were then sorted according to
their total RMSEs, cumulated over the spatial domain of HYDROTEL and the 9 SPEI metrics analyzed (Fig. 2). The 10
candidates with the lowest total RMSE were selected as the 10 best analogues to 2021. This step was accomplished separately.
for the historical and the future periods. Figure S4 presents a validation of the monthly mean anomalies in precipitation,
evapotranspiration and streamflow between the observed 2021 fow-wate

average of the 10 best ClimEx analogues for the historical period across a few watersheds.

On_the hydrological side, the previously-described bias adjustment of ClimEx data does not guarantee that simulated
streamflow_indicators will not be biased compared to observations, since nonlinear effects might come into play in both
the hydrological model and the calculation of the hydrological indicators. For the construction of the future indicators, it
is therefore preferable to apply a second adjustment step to the indicators themselves (Grenier et al., 2019). For that reason,
future hydrological indicators for the historical event under +2 and +3°C scenarios were constructed by first calculating the
indicators for the 10 best analogues, averaging them over the future and historical time periods separately, and applying that
difference to the observed indicator (Fig. 3). This modification was carried out by applying the relative change as a multiplier for
flow-related metrics, whereas an absolute change was applied to metrics measured in days. This methodology is also used for
the computation of the future hydrological indicators in the Hydroclimatological Atlas of Southern Quebec (MELCCFP, 2024)
Figure 4 presents a comparison of the hydrological indicators for the 2021 event, for the top two analogues of 2021 in the
historical period and for the average of the 10 best analogues. Additional verifications have shown that while the selection of

ar the average of the best n analogues thus
becomes unstable when the number is too low, the results were robust and stable with 10 selections (not shown). The average
of the 10 best analogues (Fig. 4¢) replicates the spatial patterns and intensity of the 2021 was-ehosen-as-drought particularly
well for key indicators like 7Qyi 0f LWS duratian. 2lthough it overestimates the freshet volume and spring flow. It also
adequately reproduces other indicators such as Q ;1 a;sn LWSstartiena 20d Dgoye<10217Q10- though individual members
sometimes provide a more accurate match in specific instances. For example, while the best match (r2-710ilp! in Fig. 4b)
excels in replicating LWS ¢, it ends too early for LWSeuq. The second best match (r2-r8ilpl in Fig. 4b) exhibits the
opposite issue. Therefore, overall, the average of the foeus-of this-study-10 best analogues performs adequately well and offers
a solid representation of the 2021 drought for the chosen hydrological indicators (Fig. 4).

3 Results
3.1 Analysis of the 2021 drought in Southern Quebec

Anomalies of precipitation and evapotranspiration for the year 2021, along with associated SPEI values, are shown in Fig. Sa-c

(December-May) and d-f (May-October), whereas Fig. 5g-j depiet-depicts the differences between 2021 and the 1992-2021
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Figure 3. Diagram of the building process for the future hydrological indicators. The difference between simulated analogues from future

and historical scenarios is combined with the reference hydrological indicator in the future.

average for key hydrological indicators taken from Table 1. Note that the climatological mean of ngqys<7Q2 and nggys<7Q10
would not be meaningful, since the threshold is by definition exceeded every 2 and 10 years only. Therefore, these two indica-
tors are presented in absolute terms rather than as anomalies.

Severe drought conditions (SPEI < -1.5) were already detected in May after an unusually warm and dry winter and spring
(Fig. 5¢), leading to a reduction in freshet volumes of up to 67% below average in most of the province (Fig. 5g) and causing
the onset of summer-like conditions in rivers 45 to 60 days earlier than usual (Fig. 5j).

Drought conditions did not improve during summer and fall (Fig. 5f), with exceptionally low precipitation especially in the
St. Lawrence River valley, which, combined to high temperatures and evapotranspiration, led to extreme drought conditions
(SPEI < -2) in that region. As pointed out by Kinnard et al. (2022), the lack of summer rainfall and high evapotranspiration
led to extremely low streamflow throughout the province, but especially south of the St. Lawrence River (Fig. 5Sh). In that area,
which is the most densely populated of Quebec and contains most of the agricultural land, anomalies in summer flow were
as severe as -85% or more compared to the 1992-2021 average, while the rest of the province still faced streamflow at about

50% of the normal rate. The 7Q,,;,, indicative of the maximum stress on a stream within a given year, also reached its lowest
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Figure 4. Comparison of hydrological indicators between (a) the 2021 low-water episode, (b) the first two best ClimEx candidates within

the historical period and c) the average of the 10 best ClimEx candidates.

point of the 1992-2021 period in many river sections of that region during 2021, with anomalies also ranging between -50%
and -85% in the most affected areas (Fig. 51). Furthermore, those affected rivers experienced at least 30 days with flow below
the environmental threshold (7Q2), with some segments having over 90 days below this limit (Fig. 5Sm), and 14 days or more
below the 7Q10 (Fig. 5n).

Anomalies for the end of the low-water season (Fig. Sk) match the spatial pattern shown in the May-October precipitation
deficit and the SPEI-6pc7 very well (Fig. Se-f). Delays of up to a month can be seen in the driest areas, while substantial
rainfall in the eastern and western parts of the province, particularly in September (not depicted), alleviated drought conditions
there and helped end the LWS at a date close to the 1992-2021 average. Combined with the early onset of the LWS, the low-
water season was extended by more than two months beyond the usual duration in the areas most affected by the 2021 drought
(Fig. 5h).

The 2021 drought thus resulted in unprecedented hydrological stress in southern Quebec and around the Lake Saint-Jean
area, with significant reductions in streamflow and an extended low-water season. Despite some late seasonal precipitation
that alleviated drought conditions in some parts of the province, the south shore of the St. Lawrence River remained critically

affected, showcasing the vulnerability of this densely populated and agriculturally important area to extreme drought events.
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Figure 5. Standard deviation anomalies of precipitation (P) and potential evapotranspiration (PET) in 2021 relative to the 1992-2021 average,
along with SPEI-6 values, for a-c) December to May and d-f) May to October. g-1) Anomalies in 2021 for the 14Qumaz, Q54> 7Qmins
LWSstart, LWSepna and LWS 4., hydrological indicators compared to the 1992-2021 average. m-n) Absolute values reached in 2021 for
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3.2 Present-andfuture-analoguesin-the- ClimExEarge Ensemble

3.1.1 Reported environmental consequences

405
410 perteneing-mild-to-extreme-drough ee-below)—These-wetgh neeessty hiehlighted-the-area-most-attected-during-the
Despite having access to the survey described in Sect 2.1, impacts of 2021 drought—with-a-good-correlation-with-the-river
ORS—W QF i bitee 0 g4 AROHIE approach-also-proved Or-6 :

415

ecosystems remain mostly local and anecdotal in nature. This is in line with other studies that have noted a lack of consistent
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data collection before, during and after drought periods that could help build causal relationships between low-water episodes
and their impacts on ecosystems (Kovach et al., 2019). However, multiple stakeholders, especially in the area south of the St.
Lawrence River, either directly acknowledged a decline in water quality in 2021 for-ERAS-Land-and-using1500-candidates

420 ove O-ye pan—+o iise O-re of O—ye —Apply-a-wetghting—m based-on—the egortes—speetie

425

ERAS-Eand-againsteach-of or indirectly highlighted this issue by noting higher treatment costs for municipalities or mass fish
mortality events. Furthermore, while only a few Watershed organizations reported it, it was noted that the decrease in freshet
volume and the early arrival of low-water levels adversely affected submerged plant species to the +500-ClimEx-candidates:
Sum-the RMSEs-for each-ClimEx-candidate—benefit of invasive alien plant species such as Phragmites australis. This can

430 be problematic, since native aquatic plants often provide crucial shelter for numerous species of fish and serve as spawnin

rounds, so their disappearance could lead to reduced fish populations and biodiversity (Boyer et al., 2009; Plourde-Lavoie et al.

. Furthermore, a brief and weak freshet could result in fish being trapped in the floodplain or having no access to spawnin
areas, in elevated juvenile fish mortality rates and in the desiccation of fish eggs (Plourde-Lavoie et al., 2017).

435

3.1.2  Reported socioeconomic consequences
440
445

survey, indicate that municipalities and economic sectors in the southernmost parts of Quebec have become increasingl
vulnerable to water scarcity in recent years (Charron et al., 2019, 2020; Leveque et al., 2021; Knowles et al., 2023; Nand and Qi, 2023)
. According to Watershed organizations, some cities now face recurrent challenges in providing drinking water during summer
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months, even under normal conditions. Others have had to limit new developments due to concerns over water availability.
(Audet et al., 2024). Almost 40% of Quebec’s population relies on surface water from rivers and lakes, excluding the St.
Lawrence River, with another 30% sourced from groundwater (MELCCFP, 2018). Although municipalities sourcing their
water directly from the St. Lawrence River did not experience severe water shortages in 202 levent, for the-top-two-analogues
of the St, Lawrence River valley itself, which is the province’s most densely populated area with extensive agricultural lands,
is already under significant stress for both surface and groundwater resources (e.g., Carrier et al., 2013; Larocque et al., 2015)
. In 2021in istorica tod-and verage—of-the10-bestanalogtes: averag st-analeg ig:
' i tntensi - municipalities relying on surface water reported difficulties due to reduced
availability and quality. Many issued boil water advisories, faced increased treatment costs, and imposed non-essential water
use restrictions. One municipality set up a new pumping system to draw additional water from the Lake of Two Mountains (the
Ottawa River delta, at its confluence with the St, Lawrence River). Groundwater-dependent municipalities also faced similar
restrictions, while some individuals and farms relying on private wells had to deepen their existing wells or dig new ones
(Audet et al,, 2024).
In agriculture, over 55% of water is used for livestock and fish farming, with the remainder allocated to cleaning, washing

95% of Quebec’s agricultural land is allocated to field crops and hay, with the majority still

being rainfed, while irrigation is primarily limited to valuable crops like cranberries and various other fruits and vegetables

Charron et al., 2019, 2020; Nand and Qi, 2023). Thus, the 2021 dreught-partictlarly-wellforkey-indicatorstike 7Q77—o0F

drought caused significant reductions
in crop yields, and, though the full economic impact has not yet been quantified, past droughts have resulted in financial losses
in the tens of millions (Nand and Qi, 2023). Some farmers also incurred additional costs, employing water tanker trucks to
replenish basins and supply livestock (Nand and Qi, 2023; Audet et al., 2024).

The recreational tourism industry also suffered. Low streamflow throughout the summer led to decreased water levels in
rivers and lakes, limiting boating and water-based activities, including canoeing, kayaking, and paddleboarding, Poor water
quality further restricted swimming (Audet et al., 2024). While 2021 droughtfor the chosen-hydrological-indieators (Fig—4):
likely impacted industries such as pulp and paper production and hydroglectric generation, no public data on these specific
consequences was available.

3.2 Futurehydrologieal- droughtsThe 2021 drought under future climatic conditions

& Al y v SIS 1) B

Hustrated-inFig—S2-Figures 6 and 7 resemble Fig. 5, but they illustrate the change in the 2021 drought under the +2°C and

+3°C warming scenarios relative to the historical event. More detailed versions for all hydrological indicators are shown in the
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Figure 6. Precipitation (P) and potential evapotranspiration (PET) anomalies under the +2°C scenario with respect to the 2021 conditions,
along with the anomalies in the water budget (P — PET) for a-c) December to May and d-f) May to October. g-n) Anomalies for the

hydrological indicators in the +2°C scenario with respect to the 2021 conditions.
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Figure 7. Same as Fig. 6, but for the +3°C scenario.

Supplementary Materials (Fig. S4-te-S13)-S6 to S15). Futhermore, Fig. S5 presents monthly mean anomalies in precipitation

evapotranspiration and streamflow for the average of the 10 best ClimEx analogues during the historical period, under +2°C

485 and under +3°C for a few watersheds.
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The 2021 event under +2°C warming conditions shows a rise in winter and spring precipitation compared to the historical
event (Fig. 6a), particularly in the northern regions, in accordance with IPCC projections (Lee et al., 2021). This increase in
precipitation is offset by an increase in PET throughout the province (Fig. 6b), resulting in a slight reduction in the water budget
in southern areas and a minor increase in northern regions (Fig. 6¢). As a result, spring freshet volumes remain mostly within
+15% of 2021 levels (Fig. 6g), while the start date of the low-water season also remains similar to 2021 (Fig. 6j).

Conditions during summer and fall are generally drier than 2021, especially in the southern and western parts of the province
(Fig. 6d), although September still features significant rainfall in both the eastern and western parts of the province (not shown).
Due to higher temperatures, the future scenario also features a substantial increase in evapotranspiration that affects the whole
province (Fig. 6e). This leads to a net deficit in water balance that affects all areas that had-have suffered from the 2021 drought,
but now also reaches the western parts of the province that had been less impacted during the historical event (Fig. 6d). Rainfall
in September had-contributed-did contribute to ending the low-water season between late September and mid-October during
the-202+-event—in 2021, As this rainfall episode still occurs in the future scenario, the LWS ends at a similar time of the year
(Fig. 6k). Combined with a similar start in the LWS with respect to 2021, this means that the duration of the LWS is either the
same as in 2021, or only slightly longer (Fig. 61).

As aresult of the drier conditions, the average streamflow in summer for many river segments shows an additional reduction
of up to 33% compared to 2021, although a small improvement can be noted south and west of the province where precipitation
is higher than in 2021 (Fig. 6h). The 7Q,,;, was already significantly below average in 2021, and the analogues indicate a
further decline of this metric across the entire province, with an additional reduction of 15-50% compared to 2021 (Fig. 6i).
As a result, under the +2°C scenario, the total number of days below the environmental flow threshold (ngqys<7¢@2) increases
by 15 to 30 days for numerous river segments (Fig. 6m).

The 2021 event under +3°C warming conditions is generally in agreement with the +2°C scenario, but shows even stronger
reductions in streamflow and water availability across the province due to rising temperatures and evapotranspiration. The
only exception is in winter and spring, where a further increase in precipitation leads to a rise in the net water balance for
most of the province compared to 2021 (Fig. 7c). However, this does not result in a higher 14Q,,,4,, which remains similar to
the historical event (Fig. 7g) potentially due to the increase in precipitation being balanced by more winter thaw and higher
winter streamflow. This could also explain why the low-water season for the analogue under a +3°C scenario begins 2-4 weeks
earlier than in 2021 (mid-May compared to early June) for numerous river sections north of the St. Lawrence River (Fig. 7)),
especially since precipitation is still well below the historical average despite the future increase.

Precipitation changes in summer and fall under the +3°C warming conditions closely resemble those in the +2°C scenario,
but PET increases are significantly greater and lead to a net water balance loss of more than 60 mm over most of the southern
and western parts of the province (Fig. 7f). This causes a further reduction in the average seasonal streamflow across the
province (Fig. 7h) and also negatively affects the 7Q,,,;,, metric, which displays a reduction of 33-67% compared to the already
low levels of 2021 (Fig. 7i). The rise in ngqys<7Q2 is thus very pronounced under the +3°C scenario, with some segments
experiencing an increase of up to 60 days (Fig. 7m). Given the already high number of days recorded in 2021, this implies

that many rivers could experience up to 100 days below the environmental flow threshold, with some potentially reaching 150
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days. Under that scenario, it is particularly concerning that the more severe low-flow metric (7Q10) is exceeded by most rivers

across the province for a duration of 25 to 60 days (Fig. 7n). As-diseussed-in-Seet—4+this-This would suggest unprecedented
impacts on ecosystems, water quality and human uses.

Finally, as a consequence of both the decrease in precipitation and the significant rise in evapotranspiration, the LWS con-

525 cludes up to a month later compared to 2021 for many river sections under +3°C conditions, bringing low-water conditions into

early November in the southern parts of the province (Fig. 7k). Under-thatseenarioAs a result from both an earlier onset and a

later conclusion of the LWS, there is a total increase of 15 to 45 days of the LWS throughout most of the province compared

to 2021 ;as-aresultfrom-both-an-earlieronset-and-alaterconelastonof the EW-S«(Fig—7h—under that scenario. (Fig. 71

4 Discussion

530 Water availability is a cornerstone of ecological and human systems, and its scarcity progressively impacts both the functioning
of ecosystems and the health of populations in cascading effects. For instance, drought conditions diminish critical habitats for
plants and animals reliant on water, leading to biodiversity loss and degradation of ecosystem services offered by wetlands,

2018; Bond et al., 2019; Mehdi et al., 2015; Furber et al., 2016; Wheaton and Kulshreshtha,
- In turn, the disruption of these ecological functions diminishes the availability of clean water for human consumption and

535 agricultural use, compounding the challenges to community well-being. As water scarcity intensifies, it creates competition
among various sectors: municipal water supply systems, agriculture, recreational tourism, ecological needs, and more.

There is no universally accepted indicator or threshold that indicates when water scarcity begins to significantly impact
ecosystems, drinking water systems, and other human uses. Additionally, Quebec currently lacks a formal low-water alert
system, such as the one in place in Ontario (Ontario Ministry of Natural Resources et al., 2010). which complicates the assessment

540  of the effects of meteorological and hydrological droughts on human activities. The Ontarian system, which includes regulatory.
restrictions and actions for each alert level, provides a framework that would help assess the escalating impacts of a drought
as it unfolds, as well as the water management strategies necessary to face such events. However, as previously discussed,
the 2021 drought had numerous documented adverse effects on Southern Quebec. Although the hydrological indicators used
in_this study must be interpreted qualitatively regarding their causal relationship with observed impacts, the storyline lens

545 still offers valuable insights into the potential severity of future extreme droughts. Our results indicate that, should a drought
comparable to the 2021 event occur in the future — particularly under +3°C warming conditions — water scarcity would be
considerably exacerbated. As noted earlier, with the exception of freshet volumes, all low-flow indicators suggest progressively.
worsening conditions under the projected climate scenarios. These changes could lead to substantial ecological degradation
and a diminished capacity of ecosystems to provide critical services for human activities. Notably, despite the aforementioned

550 criticisms of the 7Q2 as a measure of ecosystem needs (Berthot et al., 2020), the increasing number of days falling below
this threshold raises significant concerns. Extended droughts, coupled with rising temperatures, will not only exacerbate water
quality and availability issues but could also lead to irreversible changes to aquatic ecosystems, thereby threatening biodiversity.
and the essential ecosystem services reliant on stable water conditions. This situation could further strain municipal water

rivers, and other aquatic systems (Parisi et al.,
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supplies, agriculture, and other vital sectors, as evidenced by the 2021 drought, which highlighted Quebec’s vulnerability to
the impacts of droughts.

In light of the risks posed by climate change and increasingly frequent drought events, the storyline approach offers a
valuable framework for understanding, communicating, and preparing for future droughts in collaboration with stakeholders.
Indeed, stakeholders possess intimate knowledge of their local water systems and retain memories of the real impacts of past
events. Storylines foster dialogue between stakeholders and climate scientists by making climate data more accessible and
relevant for decision-making, particularly for developing effective response measures. Unlike broad, abstract projections like
"Future 100-year droughts will be 7 days longer.” which can fail to provide concrete insights into the specifics of what a
100-year drought might entail, storylines offer more actionable and tangible scenarios. For example, a storyline based on our
results might specify: "An event analogous to the 2021 drought, but occurring under a +3°C global temperature increase,
could last 30 days longer and result in a 50% reduction in the minimum seven-day average streamflow observed in 2021
for rivers located south of the St. Lawrence River” This context-rich and event-driven approach enables stakeholders to
identify vulnerabilities based on 2021 and adapt their systems by extrapolating potential future conditions. For instance, if a
municipality was just one week away from experiencing a water shortage during the 2021 drought, understanding that a future
climate adaptation planning such as bolstering water conservation measures, investing in infrastructure improvements, or
Additionally, the storyline method might encourage a more collaborative and informed dialogue among stakeholders, enabling
better coordination across sectors such as water management, urban planning, agriculture, and public health by grounding
future projections in recent, real-world examples. A second phase is planned for mid-2025 and will focus on further investigating
how storylines can deliver actionable insights through close collaboration with stakeholders in select watersheds that experienced
significant impacts from the 2021 drought.

4.1 Limitations

We recognize that there are a certain number of limitations to the current analysis. The use of a single hydrological model,
namely HYDROTEL, is one of them. It is well known that using multiple hydrological models provides a better representation
of the uncertainty (Castaneda-Gonzalez et al., 2022). Furthermore, HYDROTEL is primarily geared toward surface water dy-
namics and employs simplified representations of soil and groundwater processes and interactions. Although the methodology
used in this study to generate future indicators — which involves applying the climate change signal onto the reconstructed
streamflow data that leverages observed stream gauges through optimal interpolation — partially mitigates this limitation, HY-
DROTEL cannot reproduce low-flow conditions as well as fully integrated surface-groundwater models.

Another constraint on simulating future low flows is HYDROTEL'’s current dependence on a relatively simplistic definition of
PET, which relies only on near-surface temperature and latitude (McGuinness and Bordne, 1972). Although other definitions of
PET are available in HYDROTEL, they all rely on-that-single-variableprimarily on temperature. Internal testing has shown the

climate change signal to be relatively insensitive to the selection of PET among the currently available definitions (not shown),
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but this conclusion might differ if more physically-based formulas that included variables like solar radiation or humidity were
available for comparison.

However, it is essential to note that the primary objective of this study was not to achieve exact modelling of future low flows,
but to produce plausible, physically coherent low-flow indicators reminiscent of a recent event to stimulate conversations with
stakeholders about the effects of water scarcity in future climates in southern Quebec. The constructed scenarios offer valuable
insights into potential future conditions and emphasize the importance of preparedness for water shortages. Additionally, as
outlined in the stbsequent-previous section, these scenarios lay the groundwork for dialogues on the environmental and socioe-
conomic repercussions of such an event and underscore the necessity of implementing robust water management strategies to
ensure the sustainability and resilience of water resources in Quebec.

Although this study mainly examines water availability, it must be noted that future projections occur within a framework of
anticipated increased water demand, which, in Quebec, is primarily driven by population growth (Charron et al., 2019, 2020;
Da Silva et al., 2020; Achkar, 2023). The province is well-known for its high per capita daily water consumption and the
residential sector alone currently represents 41% of the province’s water usage (Charron et al., 2019). Based on data from
Institut de la Statistique du Québec (2022), the population is projected to increase by 6% by 2030 relative to 2021, reaching
13% by 2050 and 17% by 2066. This growth could further strain the already scarce resources during severe droughtslike-thatof
the-analoguespresented-in-this-stady. However, several strategies are already being implemented to reduce water consumption
and bring it closer to the Canadian average, which might help mitigate part of the increase in demand resulting from population

growth in the coming decades (Government of Quebec, 2019).

5 PDiseussion

5 Conclusions
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This study used a storyline
approach to reflect on the plausible impacts of severe drought conditions in Quebec based on a recent event, A series of SPEIs
645 from spring to fall was used to identify analogous events within a large ensemble of climate simulations, both in present and
future climates, while a hydrological model was employed to assess the impacts of those drought conditions on river streamflow.
throughout Southern Quebec. This model was used to explore the potential consequences of a drought similar to the benefit
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These-, these storylines can provide a framework for stakeholders to gain a clearer understanding of future droughts by

linking them to an event that they are already familiar with.

+2°C-and—+3°CSimilarly, storylines can also help in climate change adaptation planning by building upon the vulnerabilities
identified during historical extreme events. However, there-is-aneedforfor this to be fully effective, improved systematic data

collection withregards-is needed with respect to the impacts of meteorological and hydrological droughts on human activities
and even more so on ecosystems in Quebec and Canada, as these are currently seldom reported or difficult to access. Research
is also required on the effects of climate change on groundwater and its recharge, particularly during extreme droughts, as there
is currently a scarcity of literature in this area despite the central role of aquifers in the water supply of Quebec. Enhancing the
groundwater monitoring network, both spatially and temporally, is essential to address these research deficiencies and generate
the data required to shape effective water management policies.

Lacking a comprehensive understanding of these factors, the implementation of adaptation strategies could become sig-
nificantly more challenging or may even result in maladaptive outcomes (e.g. increasing the reliance on aquifers without an
assessment of how vulnerable they are to extreme droughts). Yet, without measures to improve resilience against water short-

ages in Quebec, a region typically abundant in water but lacking adequate regulatory systems to manage water usage disputes,

27



725

730

735

740

745

750

it is anticipated that various adverse socioeconomic and environmental consequences will occur. Potential impacts may include
a significant reduction in biological diversity and deterioration of ecosystem services, diminished agricultural yields or greater

dependence on irrigation, increased expenses for water purification, a halt of residential expansion in areas with scarce water

resources and a rise in disputes over water-related issues.

as-This work aimed to improve our
understanding of future drought conditions at the provincial scale, but the distributed nature of HYDROTEL means that
hydrological indicators were nonetheless computed at a local scale. The current study thus lays the foundation for future
work, particularly through stakeholder engagement and local-scale impact assessments. A second phase of the project, planned
for mid-2025, will focus on deepening these efforts by working closely with stakeholders in a few of the watersheds most
affected by the 2021 drought to further explore how storylines can provide actionable insights.
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