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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
impaets-of-plausible future drought conditions for an event similar to what occurred in 2021, but under two different warm-
ing scenarios corresponding to increases of 2°C and 3°C in global surface temperatures compared to preindustrial levels. The
storyline is constructed using a scenario-based approachemploys-analogues-, where analogues of the 2021 drought are derived
from a large ensemble of regional climate simulations and combined with simulations generated-produced by a hydrological
model to offer a comprehensive understanding of both climate and hydrological conditions during, and leading up to, these po-
tential future events. Results indicate a further deterioration in river conditions, particularly undera—+if a drought similar to 2021
was accompanied with a 3°C global-temperatureriserise in global temperature. In the hardest-hit areas of the provinceunder-that
seenario;future, low-water levels under-an-event-simitar-to-202+-would-could persist for a month longer and river streamflow
would-could 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. Steryline-approaches-offer

eases-where-impact-indueing-threshelds-are net-well-uandersteod-By linking future river conditions to a real event that affected
Southern Quebec, these-approaches-may-help-storyline approaches have the potential to facilitate discussions on the petential
impacts of climate change on water deficits in the region, particularly in cases where those impact-inducing thresholds are not

well understood.

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
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(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 seasens-season on record (Boulanger et al., 2024).

Hydrological droughts in colder regions are complex phenomena to analyze due to the added interplay of rainfall and 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
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 summer months, coupled with a higher demand due to population growth and anthro-
pogenic climate change, 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
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on this issue in recent years, the implications of 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-yea

oods are frequently used in urban planning and regulatory frameworks. Infrastructures are designed to withstand speci c
thresholds, and maps are produced to indicate which neighbourhoods will be affected and damaged when events exceed then
In contrast, droughts emerge slowly over long periods of time, often remaining undetected in water-rich areas until they are
already severe enough to signi cantly impact human activities and ecosystems. Furthermore, although Quebec has regulation:
regarding water withdrawals, it lacks speci ¢ 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-Voulliéme and Shepherd
2023). Traditional climate change projections evaluate changes in extreme events by examining the potential shifts in the fre-

quency or intensity of events with a speci ed magnitude or probability of occurrence, such as a 100-year drought. These projec-

an event that aIready caused known damages in the past. Storylines have been applied in both climatological and hydrologica
research to effectively illustrate future extreme events such as droughts, oods and storms (Schaller et al., 2020; van der Wiel
etal., 2021; Chan et al., 2022; Gessner et al., 2022; Chan et al., 2023; Liao et al., 2024).
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Storylines can be constructed using various methodologies (Fossa Riglos et al., 2024). Physical climate storylines (PCS)
involve using a climate or weather forecast model to recreate 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). Scenario-based approaches (SBA), on the other hand, do not recreate the event, b
instead search for adequate analogues within a simulated dataset that includes both historical and future climate conditions
(e.g., van der Wiel et al., 2021; Faranda et al., 2023; Liao et al., 2024). This approach thus involves de ning the event of

interest using metrics that can accurately capture its intensity and main characteristics, while also being exible and reliable

drought in Europe, van der Wiel et al. (2021) examined three different types of metrics associated with precipitation de cits:
the average de cit during the most severe drought months (M1), the regression slope of the de cits in the months preceding
the peak de cit (M2) and a temporal regression of the de cit time series (M3). Alternatively, rather than focusing on speci ¢

historical events, SBAs may involve searchimghin large ensembles for unprecedented climate conditions, such as multiple

project thereecent2021 Quebec drought into future climate conditions corresponding to an increase of 2°C and 3°C in global
surface temperatures compared to preindustrial levels. We use a SBA to rst identify adequate analogues of the meteorological
drought using a large ensemble of regional climate simulations. We then investigate the associated hydrological drought by
also making use of a hydrological model to project stream ow data during the drought event, thus also contrasting present
and future hydrological conditions. The data used and the experimental framework are described in Sect. 2, while Sect. 3
presents the 2021 drought event used as reference, as well as its present and future analogues derived from the large ensemt
of simulations. Finally, Sect. 4 examines the potential uses of climate storylines as a 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.

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
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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 ques-
tionnaire was circulated amongst the forty Watershed organizations mandated to assess the current state of the water resour
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 consequences. Through this pr
cess, 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 ou
understanding of past events in speci c complex sectors such as the Quebec Metropolitan area or Lake Saint-Jean.

While this consultation is not the primary focus of the study, it provides valuable insights into the consequences of past
drought events in the province. Consequently, some of the ndings will be discussed to enrich the conversation on the potential
impacts of future droughts. For more details on the methodology and a detailed breakdown of the results, readers are encourage
to refer to Audet et al. (2024) (available in French only) and Appendix D speci cally. 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. Furthe
analysis of meteorological data, presented in the following sections, con rmed 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 ERA5-Land reanalysis (Mufioz Sabater et al., 2021),
which is a reconstruction of surface conditions using a 9 km spatial grid-mesh derived from the ERA5 reanalysis.

Historical stream ow data were obtained from the Hydroclimatological Atlas of Southern Quebec, which covers the period
from 1970 to the present and spans the entire region of Southern Quebec, as seen in Fig. 1 (MELCCFP, 2022b). The datase
is a reconstruction of past hydrology combining six simulations from the HYDROTEL hydrological model driven by gridded
observational temperature and precipitation data. Furthermore, it incorporates observed stream ow measurements througt
an optimal interpolation technique to provide the most accurate estimate of past stream ow 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.

HYDROTEL itself is a physically-based, semi-distributed hydrological model that is operationally employed by the Gov-

ernment of Quebec for stream ow forecasting (Fortin et al., 2001). Unlike conceptual models, which fully rely on empirical
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Figure 1. Experimental framework for the production of the ClimEx Large Ensemble (atmospheric and hydrological simulations). Fifty
realizations from the CanESM2 Large Ensemble are used to drive the CRCM5 regional climate model from 1950 to 2100 using the RCP8.5
emissions scenario. Results are then bias adjusted and used in the HYDROTEL hydrological model to produce stream ow data. The rightmost
gure 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).

relationships and simpli ed 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 in Itration,
runoff, snowmelt or evapotranspiration. However some components, such as subsurface runoff, are still fairly simple in their
representation. The model divides the landscape into computational units called "Relatively Homogeneous Hydrological Units"
(RHHUSs), which are de ned based on land use, soil type, and topographical characteristics such as slope and aspect. In the
con guration used for the Atlas, the average size of RHHUSs is 1%,Korming a hydrological network comprising 28,035
river segments throughout Southern Quebec. Stream ow at each segment is calculated as the sum of upstream contributions an
runoff/lbase ow from neighboring RHHUs. Results are reported for 9,665 river segments, speci cally those with watersheds
larger than 50 krhand not subject to signi cant anthropogenic in uences, such as dams with daily or weekly management
practices. Comprehensive details on model con guration, calibration procedures, and validation results are provided in MEL-
CCFP (2024).

Although six distinct model versions exist, only the "MG24HQ" con guration of HYDROTEL was selected for the present

simulating summer stream ow (MELCCFP, 2024).
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2.3 Experimental framework

ber of climate simulations, as an adequately-sized sample of simulated counterpart events is required to identify appropriate
analogues. The base meteorological data were obtained from the ClimEx Large Ensemble project (www.climex-project.org;
Leduc et al. (2019)), which consists of 50 perturbed simulations produced using the fth-generation Canadian Regional Cli-
mate Model (CRCMS5; Martynov et al. (2013); Sepafoet al. (2013)). The CRCM5 was developed by the ESCER Centre
(Centre pour I'Etude et la Simulation du Climat a I'Echelle Régionalethe Université du Québec & 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 CRCM5 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 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).

HYDROTEL requires daily surface temperature and precipitation data as input. These variables were taken from the CRCM5,
then bias adjusted using a Detrended Quantile Mapping technique (DQM; Gennaretti et al. (2015)). DQM is a variant of quan-
tile mapping that rst removes the trend in the data, typically through a polynomial t (in this case, a fourth-degree polynomial),
after which a correction is applied to the residuals. Speci cally, the residuals are sorted into bins based on their empirical quan-
tiles, and a transfer function is trained on the differences between each bin of the simulated and the reference datasets durin
a common time period. This transfer function is then used to correct the whole simulation. In this study, DQOM was applied to
each day of the year and each grid cell individually, usindl®-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 1C
km grid that covers all of Canada, produced by Natural Resources Canada (Hutchinson et al., 2009). Since ClimEXx is a single
model large ensemble, all 50 simulations were pooled together to construct the transfer function. Finally, for precipitation, the
adjustment method was modi ed to combine DQM with a Generalized 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.

The bias-adjusted temperature and precipitation data were subsequently used as input in HYDROTEL to generate 50 stream
ow simulations covering Southern Quebec from 1955 to 2100 (MELCCFP, 2024). The con guration and calibration of HY-
DROTEL for these simulations are identical to that used for the historical reconstruction described in Sect. 2.2, guaranteeing
that the simulated stream ow are consistent with the reference product. Figure S1 presents a validation of the stream ow driven

by ClimEx during the historical period over a few watersheds.
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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 ¢ 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 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-Serran
et al., 2010; Staudinger et al., 2014). Of these, the Standardized Precipitation Evapotranspiration Index (SPEI; Vicente-Serranc
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 this

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).

SBA storylines are constructed by identifying analogues of a past high-impact event within a large ensemble of simulated
climate data. To facilitate this, it was crucial to ensure that 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 was calibrated independently for each realization and time period (historical and future), ensuring consistent SPEI
value ranges. While preferable for traditional climate change projections, a single calibration of SPEIs during the historical
period only would have complicated nding relevant future events, as those with similar SPEIs to the past would offer little
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new insight — an issue also noted by van der Wiel et al. (2021) with the M3 metric —, while those with lower SPEIs would
be more dif cult to relate to the 2021 drought. Using separate calibrations for the past and future enables the identi cation of
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. As a
physically-based hydrological model, HYDROTEL computes its own PET based on the provided temperature data. The model
con guration used for this study employed the PET de nition provided in McGuinness and Bordne (1972), which takes into
account both temperature and latitude. Therefore, this de nition was also chosen for the computation of SPEIs in order to have

a consistent de nition between the meteorological and hydrological droughts. It is de ned as:
PET[mmday !]= aﬁTa + bﬁ €N

where the coef cienta andb represent empirical valueSg [MJ m-2 day-1] denotes the extraterrestrial solar radiation based
on a solar constant of 1367 W#n stands for the latent heat of vaporization [MJ kg-1] ddndicates the air temperature
[°C]. The values fola = 0:0052andb= 0:0875were adopted, as speci ed by Tanguy et al. (2018).

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,
more importantly, anomalies are similar across both datasets (Fig. S2).

2.4.2 Hydrological drought indicators

Establishing a direct link between low stream ow values and their on-the-ground consequences is challenging, as impact-
inducing 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 ow), 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 insuf cient 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
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 stream ow; 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 t
characterize the exceptional intensity and duration of the 2021 drought (Table 1), as well as the future events, to ensure a
consistent framework for assessing and comparing the potential impacts of climate change on hydrological droughts similar
to 2021. The selected indicators capture key aspects of river conditions, enhancing our understanding of the extreme nature o
the 2021 event across different facets of the hydrological cycle, such as the timing of the low-water season and the minimum

summer ow.
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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 Qj <Quresh » 8i 2f doy;:::;doy+6g ~ doy > 121g 3)

LW Seng =minfdoyj Q; > Qnresh ”~ 8i2fdoy;:::;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, Qgh.as or 7Q2, the threshold
is de ned using data from the historical period only.

The speci ¢ methodology employed to identify analogues within the single-model large ensemble can have a signi cant impact
on the analogues identi ed within the simulated dataset (van der Wiel et al., 2021). In our study, appropriate analogues were
identi ed using a technique similar to the M3 method described in van der Wiel et al. (2021), which used temporal correlation,
but using a series of multiple SPEIs. Indeed, SPEI-3 indices from May through November, along with the SPEI-6 for May and
October, were used as targets during the search for analogues within the ClimEx dataset, alongside a weighting mask to assig
greater 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 whgree@fibited the most
extreme (negative) anomalies. This approach also proved effective for other years with signi cant droughts identi ed within
the 1992-2021 period (Fig. S3).

More precisely, the identi cation of analogues within ClimEx was carried out through the following steps (Fig. 2):

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 ERA5-Land and using 1500 candidates over a 30-year span for ClimEx (50 realizations x 30 years).

2. Apply a weighting mask based on the categories speci ed by McKee et al. (1993) for each SPEI value derived from
ERA5-Land to emphasize lower values, namely:

(&) 1if SPEI -2 (extreme drought)

10



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-

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).
Ndays< 7Q10 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).

LWSstart jend jduration Start date, end date and duration of the low-water se@he 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.

Quam j13a jsoN 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.

14Qmax 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).

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

(c) 0.1 for all other values

3. Calculate a weighted root mean square error (RMSE) for each grid cell within the domain, comparing the SPEI values
from ERA5-Land against each of the 1500 ClimEx candidates.

300 4. Sum the RMSEs for each ClimEx candidate.

11



305

310

Figure 2. The assessment of candidate analogues is performed by comparing various SPEI indicators (columns) between a) ERA5-Land
and c) 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 ERA5-Land

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, evapotran-
spiration and stream ow between the observed 2021 and the 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 stream-
ow indicators will not be biased compared to observations, since nonlinear effects might come into play in both the hydro-
logical 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 thébhedatoe,
hydrological indicatorserthe usedin the storyline— the historical event under +2 and +3°C scenariesvere constructed

by rst calculating the indicators for the 10 best analogues, averaging them over the future and historical time periods sep-
arately, and applying that difference to the observed indicator (Fig. 3). This modi cation was carried out by applying the
relative change as a multiplier for ow-related metrics, whereas an absolute change was applied to metrics measured in days.
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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.

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 veri cations have shown that while the selection of the
best analogues is sensitive to the weighting scheme, and that the average of therfadsgues 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 analogue
(Fig. 4c) replicates the spatial patterns and intensity of the 2021 drought particularly well for key indicatorslike atQ
LWSquration » although it overestimates the freshet volume and spring ow. It also adequately reproduces other indicators such
asQj;a isoN » L\WSgtart jend @Nnd Miays< 7027010, though individual members sometimes provide a more accurate match in
speci c instances. For example, while the best mat@hr{Oilplin Fig. 4b) excels in replicating LW , it ends too early
for LWSenq . The second best matct2¢r8ilplin Fig. 4b) exhibits the opposite issue. Therefore, overall, the average of the
10 best analogues performs adequately well and offers a solid representation of the 2021 drought for the chosen hydrological
indicators (Fig. 4).
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