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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 (SWEmax), 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 SWEmax 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 (Aygln et al., 2019; Bonsal et al., 2019; Thackeray et al., 2019; Charron et al., 2021; MELCCFP, 2022a; Kinnard
etal., 2022).

A decrease in available water duritige-summer months, coupled with a higher demand due to population growth and
anthropogenic climate changevarietissectors{suchasagricutture;industryana-municipatservieesy, could exacerbate
scarcity, decrease water quality and give rise to con icts 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 o
acute water shortages in Quebec are not yet well documented or understood, making it dif cult 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 de cits, which regions are most vulnerable and to
what extent.

Unlike droughts, climate change studies related to ooding can rely on well-de ned metrics to evaluate the areas most
vulnerable to future oods and help develop adaptation strategies. This is because extreme events such as 20- or 100-year ood:
speci c 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

has regulations regarding water withdrawals, it lacks speci c 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 dif cult 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 frameworl
for projecting the impacts of future extreme events in the absence of clear thresholds, due to their event-based nature (Shepher
etal., 2018; Shepherd, 2019; Sillmann et al., 2021; Matte et al., 2022; Baulenas et al., 2023; Caviedes-Voullieme and Shepherd

medianand/orthe likelihood of increaseor decrease@crosgthe ensembldor future scenariosin_contrastgclimatestorylines

lines have been applied in both climatological and hydrological research to effectively illustrate future extreme events such as
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use of a hydrological model to project stream ow data during the drought event, thus also contrasting present and future
hydrological conditionski i [

115 severewatershortagesThisintegratecapproactwill-providevaluablei ationfor thedevelopmenbf effe
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120 communicatiortool for discussingheimpactsof future extremedroughts aswell

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 event
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, becaus
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-

stateof the water resourcethroughout 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 selec

stakeholders to deepen our understanding of past events in speci ¢ complex sectors such as the Quebec Metropolitan area c
Lake Saint-Jean.




2.2 Observational data

Historical precipitation and temperature data were obtained from the ERA5-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 ERA5 reatsigsisal
stream owrecordsweretaken
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fand spansthe entire region of SouthernQuebec.as seenin Fig. 1-betiemrighty—Theretrospectiveanalysisis-performed

165 stream owmeasurementhirough an optimal interpolatiometheedftachance-Cloutieret-al;-263tchniqueto providethe

170 HYDROTEL itselfis aphysically-basedsemi-distributedhydrologicalmodelthatis operationallyemployedby the Government

175 modeldividesthe landscapénto computationalinits called”Relatively Homogeneousgliydrological Units” (RHHUs), which

180 notsubjectto signi cant anthropogeni@n. uences,suchasdamswith daily or weeklymanagemergracticesComprehensive
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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 CRCMS5 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 stream owlgzitanThight

Ensemblel=E)-project (www.climex-project.org; Leduc et al. (2019)), which consists of 50 perturbed simulations produced
using the fth-generation Canadian Regional Climate Model (CRCM5; Martynov et al. (2013); Sepatali (2013)). The
CRCMS5 was developed by the ESCER Centerftre pour I'Etude et la Simulation du Climat & I'Echelle Régionalethe
Université du Québec a Montréal, in collaboration with Environment and Climate Change Canada.

Temperature, speci ¢ 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 CRCM5 grid-mesh wa@. st at
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 experimesge Leduc et al. (2019).
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datasetgluringa commontime period. This transferfunctionis thenusedto correctthewhole simulation.In this study,DQM

Pareto distribution in the upper tail of the distribution (Roy et al., 2023). This modi cation 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.

Seet2-4-1Hor-mere-details)The-simulationswere-performedThe

Two future periods were selected to investigate the effects of human-induced climate change on extreme low-water episodes
speci cally targeting global average temperature rises of 2°C and 3°C above preindustrial levels. The speci c periods corre-
sponding to the warming levels within each ClimEXx 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 rstinstance 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-Serranc

etal., 2010; Staudinger et al., 2014). Of these, the Standardized Precipitation Evapotranspiration Index (SPEI; Vicente-Serranc



235

240

245

250

255

260

265

et al. (2010)) is a standardized index that measures the deviation of the water budget (difference between precipitation and
evapotranspiratio® P ET) aggregated over a certain number of months (e.g., SRE-&ggregates 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 an
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 thic

analysis. The SPEI is computed by following these steps:

1. Compute the monthly water budgé& ( 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), t 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).
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PET[mmday !]= aETa + b (1)
where the coef cienta andb represent empirical valueSy [MJ m-2 day-1] denotes the extraterrestrial solar radiation based
on a solar constant of 1367 W#mn stands for the latent heat of vaporization [MJ kg-1] dadndicates the air temperature
[°C]. The values form = 0:0052andb= 0:0875were adopted, as speci ed by Tanguy et al. (2018jsde-nition-wasehoesen

Finally, despite the standardization process, it was deemed essential to validate that the anomalies in the water budget wer
similar between the bias-adjusted ClimEx data and ERA5-Land, since the observed and simulated SPEIs are calculated a:
deviations from their respective climatology. Our ndings 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,
moreimportantly, anomalies are similar across both datasets $HER).

2.4.2 Hydrological drought indicators

a crucial role in_Quebecfor_settingwater withdrawalslimits in_a way that they maintainthe health of river ecosystems.
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The low-water season (LWS) described in Table 1 was de ned as the period of the year when stream ow remains below
Qthresh , de ned as:

Qthresh = 6 0:85 6 7Q2 (2)

whereQ is the annual average ow ant2 is the minimum 7-day average ow with a return period of 2 years. The LWS
begins when stream ow is belo®esh for a continuous period of 7 days (after May 1st) and ends when it exceeds the
threshold for 7 continuous days, such that:

LWSgart =minfdoyj Qi <Quresh ™ 8i 2fdoy;:::;doy+6g ~ doy > 1219 3)

LWSeng =minfdoyj Qi > Qnresh  8i 2f doy;:::;doy+6g * doy >LWSgat g 4)

wheredoy is the day of the year.
It should also be noted that when an indicator in Table 1 is de ned using a threshold, SQgh.as or 7Q2, the threshold

is de ned using data from the historical period only.




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

Indicator De nition Use

7 Qmin Minimum 7-day average ow (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 ow' in Que-

Ndays< 7Q 10

LWSstart jend jduration

Qumam j33A jsoN

14Qmax

below a threshold characterized by the minimum 7bec and plays a crucial role in various regulatory func-

day average ow with a return period of 2 yearstions to maintain the health of river ecosystems, in-

(7Q2). cluding setting limits for water withdrawals (Berthot
etal., 2020, 2021).

The total number of days (from May to November)The 7Q10 was originally designed to protect water

below a threshold characterized by the minimum 7quality under the USA Federal Clean Water Act and

day average ow with a return period of 10 yearsrepresents the lowest ow necessary to preserve the

(7Q10). dilution capacity of rivers. This indicator serves here
as a metric for extreme low ow with negative con-
sequences on water quality and ecosystems (Berthot
etal., 2020, 2021).

Start date, end date and duration of the low-water se@ihe start and end dates of the low water season in-

son as de ned by Eq. 2 to 4. uence various activities, including sowing schedules
and sh 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.

Average seasonal ow. The seasonal ow 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.

Maximum 14-day averaged ow. Approximation of the freshet volume, which plays a
signi cant role in groundwater recharge and sh re-

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

areamostaffectedduring the 2021 drought,with a goodcorrelationwith th
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The 1500 possiblecandidategyithin ClimEx for eachperiod (historical, +2°C and +3°C) were then sortedaccordingto

345

350

355

360

365 of the 10 bestanaloguegFig. 4c) replicateghe spatialpatternsandintensity of the 2021 waseheserasdroughtparticularly

excelsin_replicating LWSgtart ,.it endstoo_early for LWSenq .. The secondbestmatch (r2-r8ilpl.in_Fig. 4b) exhibits the

370 oppositeissue Thereforegyerall,theaveragef thefeeusefthisstudy.10 bestanalogueperformsadequatelyvell andoffers

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. 5a-c

14
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average for key hydrological indicators taken from Table 1. Note that the climatological megg«Qf#2 and Riays< 7010

would not be meaningful, since the threshold is by de nition 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 stream ow throughout the province, but especially south of the St. Lawrence River (Fig. 5h). In that area,
which is the most densely populated of Quebec and contains most of the agricultural land, anomalies in summer ow were
as severe as -85% or more compared to the 1992-2021 average, while the rest of the province still faced stream ow at about
50% of the normal rate. The % , indicative of the maximum stress on a stream within a given year, also reached its lowest

15






