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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 hav-
ing abundant water. This study uses a storyline approach to
explore plausible future drought conditions for an event sim-
ilar to what occurred in 2021 but under two different warm-
ing scenarios corresponding to increases of 2 and 3 °C in
global surface temperatures compared to preindustrial levels.
The storyline is constructed using a scenario-based approach,
where analogues of the 2021 drought are derived from a
large ensemble of regional climate simulations and combined
with simulations produced by a hydrological model to offer a
comprehensive understanding of both climate and hydrologi-
cal conditions during and leading up to these potential future
events. Results indicate a further deterioration in river con-
ditions, particularly if a drought similar to that of 2021 were
to be accompanied by a 3 °C rise in global temperature. In
the hardest-hit areas of the province, low water levels could
persist for a month longer, and river streamflow could drop
by an additional 50 %, thus falling short of the threshold re-
quired to maintain the health of ecosystems for an extended
period of time and resulting in significant impacts on ecosys-
tems and human activities. By linking future river conditions
to a real event that affected southern Quebec, storyline ap-
proaches have the potential to facilitate discussions on the
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 (Dubois et al., 2021; Assani, 2023). However, re-
cent years have shown that the region is not impervious to
low-water episodes. For example, Quebec’s agricultural ar-
eas faced moderate to severe drought conditions in 2001 and
2002 and for 8 of the 12 years between 2010 and 2021, with
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 re-
cently, the extreme 2023 wildfire season in northern Quebec
followed one of the driest and warmest seasons on record
(Boulanger et al., 2024).

Hydrological droughts in colder regions are complex phe-
nomena to analyze due to the added interplay of rainfall and
snow-driven recharge. The main factors influencing low wa-
ter levels during summer differ according to the specific char-
acteristics and geographical location of the basin. In Europe,
for example, 50 % of droughts are due to a rainfall deficit,
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while the remaining 50 % (and often the worst) are caused
by a series of other phenomena, either in isolation or in com-
bination, such as warm snow seasons that lead to a lack of
recharge in spring, rainfall deficits that extend into snowfall
deficits, or delayed snowmelt or glacier melt due to cold con-
ditions (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 dom-
inant factors causing them can vary depending on the loca-
tion. In Austria, for example, snowmelt droughts are primar-
ily 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 south-
ern Quebec, the total amount of rainfall after the melting of
the snowpack is generally the main predictor of the inten-
sity of low-water conditions in summer, followed by the total
amount of evapotranspiration (Kinnard et al., 2022). How-
ever, in certain watersheds, other variables, such as the max-
imum snow water equivalent (SWEnx), the date of onset
of melting, and the duration of snowmelt, can explain wa-
ter scarcity to the same extent as evapotranspiration (Kin-
nard 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 de-
crease SWEax 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 tem-
peratures 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 pre-
cipitation is expected to enhance groundwater recharge on
average. However, this will be accompanied by more pro-
nounced 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 fu-
ture (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; Thack-
eray et al., 2019; Charron et al., 2021; MELCCFP, 2022a;
Kinnard et al., 2022).

A decrease in available water during summer months, cou-
pled with a higher demand due to population growth and an-
thropogenic climate change, could exacerbate scarcity, de-
crease water quality, and give rise to conflicts over water us-
age (Mehdi et al., 2015; Furber et al., 2016; Wheaton and
Kulshreshtha, 2017; Osman, 2018; Chilima et al., 2021). De-
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spite some advances with regard to this issue in recent years,
the implications of acute water shortages in Quebec are not
yet well documented or understood, making it difficult to an-
ticipate their consequences, especially for cases of more ex-
treme drought conditions (Charron et al., 2019, 2020; Lev-
eque 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 flood-
ing 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 regu-
latory frameworks. 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 ar-
eas until they are already severe enough to significantly im-
pact 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 pre-
dict the impacts of future severe droughts in Quebec and sim-
ilarly 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 frame-
work for projecting the impacts of future extreme events in
the absence of clear thresholds due to their event-based na-
ture (Shepherd et al., 2018; Shepherd, 2019; Sillmann et al.,
2021; Matte et al., 2022; Baulenas et al., 2023; Caviedes-
Voullieme and Shepherd, 2023). Traditional climate change
projections evaluate changes in extreme events by examin-
ing 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 rely on multi-model
ensembles, where results from multiple climate models are
combined together to provide a robust climate change sig-
nal through ensemble percentiles, as well as a likelihood of
increase or decrease using the level of agreement between
the climate change signal of the individual models. This sta-
tistical framework generally does not try to link indicators
(e.g., the 100-year drought) directly to specific past events. In
contrast, climate storylines can use climate data to construct
plausible future scenarios by modifying real historical events
without having to explicitly specify their likelihood. This ap-
proach offers a way to simplify complex climate information
by projecting how specific events may unfold in the future,
thus linking climate information to familiar stakeholder ex-
periences. It also potentially avoids the need to pinpoint spe-
cific damage-inducing thresholds by constructing the future
scenario based on an event that already caused known dam-
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ages in the past. Storylines have been applied in both clima-
tological and hydrological research to effectively illustrate
future extreme events such as droughts, floods, and storms
(Schaller et al., 2020; van der Wiel et al., 2021; Chan et al.,
2022; Gessner et al., 2022; Chan et al., 2023; Liao et al.,
2024).

Storylines can be constructed using various methodolo-
gies (Fossa Riglos et al., 2024). Physical climate story-
lines (PCSs) involve using a climate or weather forecast
model to recreate a singular high-impact event and to ex-
plore alternative realities, for example, by modifying the
initial conditions or by using a pseudo-global-warming ap-
proach (e.g., Hazeleger et al., 2015; Gessner et al., 2022;
Matte et al., 2022). Scenario-based approaches (SBAs), on
the other hand, do not recreate the event but instead search
for adequate analogues within a simulated dataset that in-
cludes 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 defining the event of interest us-
ing 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 ex-
ample, in their study related to the severe 2018 drought in
Europe, van der Wiel et al. (2021) examined three differ-
ent types of metrics associated with precipitation deficits:
the average deficit during the most severe drought months
(M1), the regression slope of the deficits in the months pre-
ceding the peak deficit (M2), and a temporal regression of
the deficit time series (M3). Alternatively, rather than focus-
ing on specific historical events, SBAs may involve search-
ing within large ensembles for unprecedented climate condi-
tions, such as multiple consecutive dry seasons, to identify
plausible worst-case scenarios to be used for stress-testing
systems (Chan et al., 2023).

The primary objective of this study is to apply a storyline
approach to generate plausible, physically coherent projec-
tions of the 2021 Quebec drought under future climate con-
ditions. Distinguishing itself from most existing research, the
study also incorporates a distributed hydrological model to
simulate hydrological conditions during those events at both
provincial and local scales. These storylines will form the ba-
sis for stakeholder engagement in the project’s second phase,
designed to foster dialogue on the potential impacts of fu-
ture water scarcity in southern Quebec and to explore adap-
tive management strategies. Specifically, we employ a story-
line approach similar to that described in van der Wiel et al.
(2021) to project the 2021 Quebec drought into future cli-
mate conditions corresponding to an increase of 2 and 3 °C
in global surface temperatures compared to preindustrial lev-
els. We use an SBA to first identify adequate analogues of the
meteorological drought using a large ensemble of regional
climate simulations. We then investigate the associated hy-
drological drought by also making use of a hydrological
model to project streamflow data during the drought event,
thus also contrasting present and future hydrological condi-
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tions. The data used and the experimental framework are de-
scribed in Sect. 2, while Sect. 3 presents the 2021 drought
event used as the reference, as well as its present and future
analogues derived from the large ensemble of simulations.
Finally, Sect. 4 examines the potential uses of climate story-
lines as a communication tool for discussing the impacts of
future extreme droughts and presents 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 es-
sential 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, im-
pacts on ecosystems are largely unreported unless they affect
human activities.

Hence, with the objective of enhancing our understanding
of the impacts of previous droughts across the province, a
questionnaire was circulated amongst the 40 watershed or-
ganizations mandated to assess the current state of the wa-
ter resources throughout Quebec. It asked the respondent
to identify up to 10 recent hydrological droughts, classify
their intensity and probable causes, and then list the docu-
mented or perceived socioeconomic and environmental con-
sequences. Through this process, a total of 87 water scarcity
incidents were reported with varying levels of detail with re-
gard to their impacts on human and environmental usage.
To complement this knowledge base, interviews were con-
ducted with select stakeholders to deepen our understanding
of past events in specific 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 findings will be discussed to enrich the conversation re-
garding the potential impacts of future 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 to their Appendix D specifi-
cally. The questionnaire itself is also included in the Supple-
ment, 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
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most severe drought in recent years in southern Quebec. Fur-
ther analysis of meteorological data, presented in the follow-
ing sections, confirmed the severity of the 2021 drought, with
most of the spring, summer, and fall periods experiencing se-
vere 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 ERAS5-Land reanalysis (Mufloz Sabater et al.,
2021), which is a reconstruction of surface conditions using
a 9 km spatial grid mesh derived from the ERAS reanalysis.

Historical streamflow data were obtained from the Hydro-
climatological 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 dataset is a reconstruction of past hydrology combining
six simulations from the HYDROTEL hydrological model
driven by gridded observational temperature and precipita-
tion data. Furthermore, it incorporates observed streamflow
measurements through an optimal interpolation technique to
provide the most accurate estimate of past streamflow con-
ditions across gauged and ungauged watersheds, accounting
for both model and observational uncertainties (Lachance-
Cloutier et al., 2017). Finally, to ensure robustness for un-
gauged river segments, HYDROTEL is calibrated using a re-
gional calibration technique, identifying optimal parameter
sets for each of the six simulations across 70 gauged water-
sheds.

HYDROTEL itself is 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 repre-
sent 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. How-
ever some components, such as subsurface runoff, are still
fairly simple in their representation. The model divides the
landscape into computational units called “relatively homo-
geneous hydrological units” (RHHUSs), which are defined
based on land use, soil type, and topographical character-
istics such as slope and aspect. In the configuration used
for the Atlas, the average size of RHHUS is 11 km?2, form-
ing 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
and/or baseflow from neighbouring RHHUs. Results are re-
ported for 9665 river segments, specifically those with wa-
tersheds larger than 50 km? and not subject to significant an-
thropogenic influences, such as dams with daily or weekly
management practices. Comprehensive details on model con-
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figuration, calibration procedures, and validation results are
provided in MELCCFP (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 showcased the best perfor-
mance in simulating summer streamflow (MELCCFP, 2024).

2.3 Experimental framework

The experimental framework can be seen in Fig. 1. Story-
lines constructed using an SBA approach require a large
number of climate simulations as an adequately sized sam-
ple of simulated counterpart events is required to identify
appropriate analogues. The base meteorological data were
obtained from the ClimEx Large Ensemble project (http:
/Iwww.climex-project.org, last access: 15 September 2025;
Leduc et al., 2019), which consists of 50 perturbed simula-
tions 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 2
I’Echelle Régionale) at the Université du Québec a Mon-
tréal, 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 CRCMS every 6 h for the pe-
riod 1950-2100 (Fig. 1). It used observed radiative forcings
until 2005 and the RCP8.5 emissions scenario afterward (Ri-
ahi et al., 2011). For this experiment, the CRCMS5 grid mesh
was set at a 0.11° horizontal resolution, and winds were spec-
trally nudged from 500 hPa to the model top. For a more de-
tailed description of the models and the setup of the ClimEx
experiment, see Leduc et al. (2019).

HYDROTEL requires daily surface temperature and pre-
cipitation data as input. These variables were taken from the
CRCMS and then bias adjusted using a detrended quantile
mapping technique (DQM; Gennaretti et al., 2015). DQM
is a variant of quantile mapping that first removes the trend
in the data, typically through a polynomial fit (in this case,
a fourth-degree polynomial), after which a correction is ap-
plied to the residuals. Specifically, the residuals are sorted
into bins based on their empirical quantiles, and a transfer
function is 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 +15d
window around each day and separating data into 50 bins.
The reference dataset used for the correction was the NR-
CANmet dataset, a spatially interpolated kriging of station
data on a 10km grid that covers all of Canada, produced by
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Figure 1. Experimental framework for the production of the ClimEx Large Ensemble (atmospheric and hydrological simulations). Fifty
realizations from the CanESM?2 Large Ensemble are used to drive the CRCMS 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 streamflow data. The 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 the 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).

Natural Resources Canada (Hutchinson et al., 2009). Since
ClimEX is a single-model large ensemble, all 50 simulations
were pooled together to construct the transfer function. Fi-
nally, for precipitation, the adjustment method was modified
to combine DQM with a generalized Pareto distribution in
the upper tail of the distribution (Roy et al., 2023). This mod-
ification was added in order to improve the correction of the
most extreme precipitation events compared to using a stan-
dard 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
streamflow simulations covering southern Quebec from 1955
to 2100 (MELCCFP, 2024). The configuration and cali-
bration of HYDROTEL for these simulations are identical
to those used for the historical reconstruction described in
Sect. 2.2, guaranteeing that the simulated streamflow is con-
sistent with the reference product. Figure S1 in the Sup-
plement presents a validation of the streamflow driven by
ClimEx during the historical period over a few watersheds.

Two future periods were selected to investigate the ef-
fects of human-induced climate change on extreme low-
water episodes, specifically targeting global average temper-
ature rises of 2 and 3 °C above preindustrial levels. The spe-
cific periods corresponding to the warming levels within each
ClimEXx realization were determined by using a 30-year cen-
tred moving window to compute global 2 m temperature in-
creases 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.
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2.4 Drought indicators
2.4.1 Meteorological drought indicator

Various metrics have been developed to represent meteoro-
logical 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 et al., 2010) is a standardized index that
measures the deviation of the water budget (difference be-
tween precipitation and evapotranspiration; P-PET) aggre-
gated over a certain number of months (e.g., SPEI-35yG ag-
gregates 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 pro-
vides 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 Au-
gust over 1992-2021), fit a statistical model to the em-
pirical distribution of water budgets and get their prob-
ability of exceedance. Based on suggestions from mul-
tiple studies, a three-parameter log-logistic distribution
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was employed for this step (Stagge et al., 2015; Tam
et al., 2023).

4. Transform the probabilities of exceedance back into 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 simu-
lated climate data. To facilitate this, it was crucial to ensure
that SPEI distributions could be compared across the refer-
ence (observed) climate, to ClimEx during the historical pe-
riod, and to future ClimEx simulations. To address this, the
three-parameter log-logistic distribution was calibrated inde-
pendently for each realization and time period (historical and
future), ensuring consistent SPEI value ranges. While prefer-
able for traditional climate change projections, a single cali-
bration of SPEIs during the historical period only would have
complicated finding relevant future events as those with sim-
ilar SPEISs to the past would offer little new insight, an issue
also noted by van der Wiel et al. (2021) with the M3 met-
ric, while those with lower SPEIs would be more difficult
to relate to the 2021 drought. Using separate calibrations for
the past and future enables the identification of events with a
similar probability and annual progression as 2021 but rela-
tive to their respective climatologies.

Access to potential evapotranspiration (PET) data is re-
quired for calculating the water budget needed for the SPEL
As a physically based hydrological model, HYDROTEL
computes its own PET 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 lat-
itude. Therefore, this definition was also chosen for the com-
putation of SPEISs in order to have a consistent definition be-
tween the meteorological and hydrological droughts. It is de-
fined as follows:

S S
PET [mmd '] =aTOTa+bTO,

where the coefficients a and b represent empirical values,
So (MIm~2d~1) denotes the extraterrestrial solar radiation
based on a solar constant of 1367 W m™2, A stands for the la-
tent heat of vaporization (MJkg™!), and 7, indicates the air
temperature (°C). The values of a = 0.0052 and b = 0.0875
were adopted, as specified by Tanguy et al. (2018).

Finally, despite the standardization process, it was deemed
to be essential to validate that the anomalies in the water bud-
get were similar between the bias-adjusted ClimEx data and
ERAS-Land since the observed and simulated SPEIs are cal-
culated as deviations from their respective climatology. Our
findings indicate that, with the exception of the winter sea-
son, where both datasets are coherent, the water budget in
the bias-adjusted ClimEx data is consistently below that of

ey
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ERAS5-Land. However, more importantly, anomalies are sim-
ilar across both datasets (Fig. S2).

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 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 d average flow),
for instance, plays a crucial role in Quebec for setting water
withdrawal limits in a way that they maintain the health of
river ecosystems. However, that metric has been criticized in
recent years and has been deemed to be insufficient to truly
represent the needs of ecosystems, with ongoing efforts to
replace it with another indicator better suited to represent-
ing the geomorphological conditions of rivers and that is
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 are rarely available, es-
pecially 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 characterize the exceptional intensity and du-
ration 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 hydro-
logical droughts similar to that of 2021. The selected indi-
cators capture key aspects of river conditions, enhancing our
understanding of the extreme nature of the 2021 event across
different facets of the hydrological cycle, such as the timing
of the low-water season and the minimum summer flow.

The low-water season (LWS) described in Table 1 was de-
fined as the period of the year when streamflow remains be-
low Qthresh, defined as follows:

Ouresh = 0 —0.85(0 —7Q2), 2)

where Q is the annual average flow, and 7Q2 is the mini-
mum 7 d average flow with a return period of 2 years. The
LWS begins when streamflow is below Qnyesh for a continu-
ous period of 7d (after 1 May) and ends when it exceeds the
threshold for 7 continuous days, such that

LWSgtart = min{doy | Qi < Qthresh A
Vi € {doy, ..., doy+ 6} A doy > 121}, 3)
LWSeng = min{doy | Q; > Qthresh A
Vi € {doy,...,doy+ 6} A doy > LWSg}, @)
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 Qpresh or 7Q2, the thresh-
old is defined using data from the historical period only.
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Table 1. Indicators used to describe the low-water episode and its consequences.

Indicator Definition Use
7Qmin Minimum 7 d average flow (from May to November). Indicates the highest stress exerted on the stream for a
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 Quebec
below a threshold characterized by the minimum 7 d and plays a crucial role in various regulatory functions
average flow with a return period of 2 years (7Q2). to maintain the health of river ecosystems, including

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
below a threshold characterized by the minimum 7d quality under the USA Federal Clean Water Act and
average flow with a return period of 10 years (7Q10). 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
consequences on water quality and ecosystems
(Berthot et al., 2020, 2021).

LWSgtartjend|duration ~ Start date, end date, and duration of the low-water The start and end dates of the low-water season

season as defined by Eqgs. (2) to (4).

influence 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.

aMAMlJJA|SON Average seasonal flow.

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.

14Qmax Maximum 14 d averaged flow.

Approximation of the freshet volume, which plays a
significant role in groundwater recharge and fish
reproduction (Morales-Marin et al., 2019).

2.5 Construction of the storylines

The specific methodology employed to identify analogues
within the single-model large ensemble can have a signifi-
cant impact on the analogues identified within the simulated
dataset (van der Wiel et al., 2021). In our study, appropriate
analogues were identified 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. In-
deed, 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 assign greater importance to
areas experiencing mild to extreme droughts (see below).
These weights successfully highlighted the area most af-
fected during the 2021 drought, with a good correlation with
the river sections where Q7 exhibited the most extreme
(negative) anomalies. This approach also proved to be ef-
fective for other years, with significant droughts identified
within the 1992-2021 period (Fig. S3).

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

https://doi.org/10.5194/hess-29-4893-2025

1. Calculate the SPEI-3 for all months from May to
November and the SPEI-6 for May and October us-
ing the year 2021 for ERA5-Land and using 1500 can-
didates over a 30-year span for ClimEx (50 realiza-
tions x 30 years).

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

a. 1 if SPEI < —2 (extreme drought),
b. 0.33 if —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 ERAS5-Land against each of the 1500
ClimEx candidates.

4. Sum the RMSE:s for each ClimEx candidate.

The 1500 possible candidates within ClimEx for each pe-
riod (historical, +2 and +3 °C) were then sorted according
to their total RMSEs and cumulated over the spatial domain

Hydrol. Earth Syst. Sci., 29, 4893-4912, 2025
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Figure 2. The assessment of candidate analogues is performed by comparing various SPEI indicators (columns) between (a) ERAS5-Land
and (c¢) 1500 candidates (50 realizations x 30 years) from the ClimEx Large Ensemble. For each candidate (rows in ¢), 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 ERAS-Land.

of HYDROTEL, and the nine SPEI metrics were analyzed
(Fig. 2). The 10 candidates with the lowest total RMSE were
selected as the 10 best analogues to 2021. This step was ac-
complished separately for the historical and the future pe-
riods. Figure S4 presents a validation of the monthly mean
anomalies in precipitation, evapotranspiration, and stream-
flow 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 ad-
justment of ClimEx data does not guarantee that simulated
streamflow indicators will not be biased compared to obser-
vations since nonlinear effects might come into play in both
the hydrological model and the calculation of the hydrolog-
ical 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, the future hydrological indicators used in the story-
line — 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 histor-
ical 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
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the computation of the future hydrological indicators in the
Hydroclimatological Atlas of Southern Quebec (MELCCEFP,
2024).

Figure 4 presents a comparison of the hydrological indica-
tors for the 2021 event for the top-two analogues of 2021 in
the historical period and for the average of the 10 best ana-
logues. Additional verifications have shown that, while the
selection of the best analogues is sensitive to the weighting
scheme and while 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. 4c) replicates the spa-
tial patterns and intensity of the 2021 drought particularly
well for key indicators like 7Qpin or LW Sgyration, although
it overestimates the freshet volume and spring flow. It also
adequately reproduces other indicators such as @HMSON,
LWSstartjend,> and ndays<7Q2(7Q10, though individual members
sometimes provide a more accurate match in specific in-
stances. For example, while the best match (r2-r10ilpl in
Fig. 4b) excels in replicating LW Sy, it ends too early for
LWSeng. The second best match (12-r8ilpl in Fig. 4b) ex-
hibits 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 hy-
drological indicators (Fig. 4).
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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.

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. 5a— (December—May) and Fig. 5d—f (May—October),
whereas Fig. 5g—j depict the differences between 2021 and
the 1992-2021 average for key hydrological indicators taken
from Table 1. Note that the climatological mean of ndays<7Q2
and ngays<7Q10 would not be meaningful since the threshold
is, by definition, exceeded every 2 and 10 years only. There-
fore, these two indicators 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 60d 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 with high
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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 through-
out the province, especially south of the St. Lawrence River
(Fig. 5h). In that area, which is the most densely populated
area 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 nor-
mal rate. The 7Qu;n, indicative of the maximum stress on
a stream within a given year, also reached its lowest 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 d with flow be-
low the environmental threshold (7Q2), with some segments
having over 90 d below this limit (Fig. 5m) and 14 d or more
below the 7Q10 (Fig. 5n).

Anomalies for the end of the low-water season (Fig. 5k)
match the spatial pattern shown in the May—October precip-
itation deficit and the SPEI-6pcT very well (Fig. Se—f). De-
lays of up to a month can be seen in the driest areas, while
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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
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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 on-
set of the LWS, the low-water season was extended by more
than 2 months beyond the usual duration in the areas most
affected by the 2021 drought (Fig. Sh).

The 2021 drought thus resulted in unprecedented hydro-
logical 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 pre-
cipitation that alleviated drought conditions in some parts of
the province, the south shore of the St. Lawrence River re-
mained critically affected, showcasing the vulnerability of
this densely populated and agriculturally important area to
extreme drought events.

3.1.1 Reported environmental consequences

Despite having access to the survey described in Sect. 2.1,
the impacts of 2021 on ecosystems remain mostly local and
anecdotal in nature. This is in line with other studies that
have noted a lack of consistent data collection before, dur-
ing, and after drought periods that could help build causal re-
lationships between low-water episodes and their impacts on
ecosystems (Kovach et al., 2019). However, multiple stake-
holders, especially in the area south of the St. Lawrence
River, either directly acknowledged a decline in water qual-
ity in 2021 or indirectly highlighted this issue by noting
higher treatment costs for municipalities or mass fish mor-
tality events. Furthermore, while only a few watershed orga-
nizations 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 benefit of invasive
alien plant species such as Phragmites australis. This can be
problematic since native aquatic plants often provide crucial
shelter for numerous species of fish and serve as spawning
grounds; thus, their disappearance could lead to reduced fish
populations and biodiversity (Boyer et al., 2009; Plourde-
Lavoie et al., 2017; Hudon et al., 2016; Mejia et al., 2023).
Furthermore, a brief and weak freshet could result in fish be-
ing trapped in the floodplain or having no access to spawning
areas, elevated juvenile fish mortality rates, and the desicca-
tion of fish eggs (Plourde-Lavoie et al., 2017).

3.1.2 Reported socioeconomic consequences

Recent studies, as well as results from the stakeholder sur-
vey, indicate that municipalities and economic sectors in the
southernmost parts of Quebec have become increasingly vul-
nerable 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 drink-
ing water during summer months, even under normal con-
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ditions. 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 an-
other 30 % sourced from groundwater (MELCCFP, 2018).
Although municipalities sourcing their water directly from
the St. Lawrence River did not experience severe water short-
ages in 2021, the St. Lawrence River valley itself, which is
the province’s most densely populated area, with extensive
agricultural lands, is already under significant stress with re-
gard to both surface and groundwater resources (e.g., Carrier
et al., 2013; Larocque et al., 2015). In 2021, municipalities
relying on surface water reported difficulties due to reduced
availability and quality. Many issued boiled-water advisories,
faced increased treatment costs, and imposed non-essential
water use restrictions. One municipality set up a new pump-
ing 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, wash-
ing produce, and irrigation. Notably, 95 % of Quebec’s agri-
cultural land is allocated to field crops and hay, with the ma-
jority 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 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 paddle board-
ing. Poor water quality further restricted swimming (Audet
et al., 2024). While 2021 likely impacted industries such as
pulp and paper production and hydroelectric generation, no
public data on these specific consequences were available.

3.2 Storylines of the 2021 drought under future climate
conditions

Storylines of the 2021 drought under 42 and +3 °C warm-
ing conditions were constructed by modifying the climato-
logical and hydrological indicators computed for the 2021
drought using the analogues found in the ClimEx dataset, as
shown in Fig. 3. Figures 6 and 7 thus resemble Fig. 5 but
illustrate the change in the 2021 drought under the +2 and
+3 °C warming scenarios relative to the historical event. Ad-
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Figure 6. Precipitation (P) and potential evapotranspiration (PET) anomalies under the +2 °C scenario with respect to the 2021 conditions,
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Figure 7. Same as Fig. 6 but for the 43 °C scenario.

ditional comparisons are shown in the Supplement for all hy-
drological indicators (Figs. S6 to S15). Furthermore, Fig. S5
presents monthly mean anomalies in precipitation, evapo-
transpiration, and streamflow for the average of the 10 best
ClimEx analogues during the historical period, under 42 °C,
and under 43 °C for a few watersheds.

The 2021 drought under +2 °C warming conditions shows
arise in winter and spring precipitation compared to the his-
torical 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
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throughout the province (Fig. 6b), resulting in a slight re-
duction 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 that of 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 signif-
icant rainfall in both the eastern and western parts of the
province (not shown). Due to higher temperatures, the future
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scenario also features a substantial increase in evapotranspi-
ration that affects the whole province (Fig. 6e). This leads
to a net deficit in water balance that affects all areas that
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
did contribute to ending the low-water season between late
September and mid-October 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. 6l).

As a result of the drier conditions, the average streamflow
in summer for many river segments shows an additional re-
duction of up to 33 % compared to 2021, although a small im-
provement can be noted in the south and west of the province,
where precipitation is higher than in 2021 (Fig. 6h). The
7Qmin 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 42 °C
scenario, the total number of days below the environmental
flow threshold (n4ays<7Q2) increases by 15 to 30 d for numer-
ous river segments (Fig. 6m).

The 2021 event under +3 °C warming conditions is gen-
erally in agreement with the +2°C scenario but shows
even stronger reductions in streamflow and water availabil-
ity across the province due to rising temperatures and evap-
otranspiration. 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. 7¢c). However, this does not result in a higher 14Qpax,
which remains similar to the historical event (Fig. 7g), poten-
tially 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 un-
der a 43 °C scenario begins 2—4 weeks earlier than in 2021
(mid-May compared to early June) for numerous river sec-
tions 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 sce-
nario, 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
7Qmin metric, which displays a reduction of 33 %—67 % com-
pared to the already low levels of 2021 (Fig. 7i). The rise in
Ndays<7Q2 18 thus very pronounced under the +3 °C scenario,
with some segments experiencing an increase of up to 60d
(Fig. 7m). Given the already high number of days recorded
in 2021, this implies that many rivers could experience up
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to 100 d below the environmental flow threshold, with some
potentially reaching 150 d. Under that scenario, it is particu-
larly concerning that the more severe low-flow metric (7Q10)
is exceeded by most rivers across the province for a duration
of 25 to 60d (Fig. 7n). This would suggest unprecedented
impacts on ecosystems, water quality, and human uses.

Finally, as a consequence of both the decrease in precipi-
tation and the significant rise in evapotranspiration, the LWS
concludes 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). As a result, from both an earlier onset and
a later conclusion of the LWS, there is a total increase of 15 to
45d in the LWS throughout most of the province compared
to 2021 under that scenario (Fig. 71).

4 Discussion

Water availability is a cornerstone of ecological and hu-
man 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, lead-
ing to biodiversity loss and degradation of ecosystem ser-
vices offered by wetlands, rivers, and other aquatic systems
(Parisi et al., 2018; Bond et al., 2019; Mehdi et al., 2015;
Furber et al., 2016; Wheaton and Kulshreshtha, 2017; Os-
man, 2018; Chilima et al., 2021). In turn, the disruption of
these ecological functions diminishes the availability of clean
water for human consumption and agricultural use, com-
pounding the challenges to community well-being. As wa-
ter scarcity intensifies, it creates competition among various
sectors: municipal water supply systems, agriculture, recre-
ational tourism, ecological needs, and more.

There is no universally accepted indicator or threshold
that indicates when water scarcity begins to significantly im-
pact 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 (On-
tario Ministry of Natural Resources et al., 2010), which com-
plicates the assessment of the effects of meteorological and
hydrological droughts on human activities. The Ontarian sys-
tem, which includes regulatory restrictions and actions for
each alert level, provides a framework that would help as-
sess 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 Que-
bec. Although the hydrological indicators used in this study
must be interpreted qualitatively with regard to their causal
relationship with observed impacts, the storyline lens still of-
fers valuable insights into the potential severity of future ex-
treme droughts. Our results indicate that, should a drought
comparable to the 2021 event occur in the future, particu-
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larly under 43 °C warming conditions, water scarcity would
be considerably exacerbated. As noted earlier, with the ex-
ception of freshet volumes, all low-flow indicators suggest
progressively worsening conditions under the projected cli-
mate scenarios. These changes could lead to substantial eco-
logical degradation and a diminished capacity of ecosystems
to provide critical services for human activities. Notably, de-
spite the aforementioned criticisms of the 7Q2 as a mea-
sure of ecosystem needs (Berthot et al., 2020), the increasing
number of days falling below this threshold raises significant
concerns. Extended droughts, coupled with rising tempera-
tures, will not only exacerbate water quality and availability
issues but could also lead to irreversible changes to aquatic
ecosystems, thereby threatening biodiversity and the essen-
tial ecosystem services reliant on stable water conditions.
This situation could further strain municipal water supplies,
agriculture, and other vital sectors, as evidenced by the 2021
drought, which highlighted Quebec’s vulnerability to the im-
pacts of droughts.

In light of the risks posed by climate change and increas-
ingly frequent drought events, the storyline approach of-
fers a valuable framework for understanding, communicat-
ing, and preparing for future droughts in collaboration with
those affected (Caviedes-Voullieme and Shepherd, 2023). In-
deed, stakeholders possess intimate knowledge of their lo-
cal water systems and retain memories of the real impacts
of past events. Storylines can foster dialogue between local
actors and climate scientists by making climate data more
accessible and relevant for decision-making, particularly for
developing effective response measures. Unlike broad, ab-
stract projections like “Future 100-year droughts will be nd
longer”, which can fail to provide concrete insights into the
specifics of what a 100-year drought might entail even in the
current climate, storylines offer more actionable and tangible
scenarios. While the analysis has primarily aimed to enhance
the understanding of future severe drought conditions at the
provincial scale, HYDROTEL’s distributed nature allows for
the tailoring of hydrological indicators to address local-scale
issues. In preparation for a stakeholder workshop planned for
the second phase of the project, additional local data are be-
ing gathered from nearly 20 participants representing gov-
ernmental, municipal, industrial, health, environmental, and
recreo-tourism sectors within a watershed north of the St.
Lawrence River. By integrating their input with the modelled
future events developed in this study, a potential storyline
might read as follows: “A drought similar to the one experi-
enced in 2021 but occurring under a 43 °C global tempera-
ture increase could persist for up to 26 additional days and
lead to a further 30 %—50 % reduction in monthly stream-
flow. This would have severe environmental and socioeco-
nomic consequences. Streamflow would remain below the
environmental flow threshold for over 90 d, more than dou-
ble the 2021 duration, indicating a potentially catastrophic
decline in water quality and biodiversity. Compounding the
crisis, between August and October, the nearby city’s water
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demand could consume up to 75 % of the river’s flow, not
accounting for future consumption increases. Recreational
tourism, a key economic activity in the region, would also
suffer: kayaking restrictions due to insufficient water levels,
which lasted 7d in 2021, could extend to up to 2 months
under such extreme conditions”. This event-based, context-
rich approach allows stakeholders to recognize vulnerabili-
ties by anchoring them to a familiar reference point — the
2021 drought — and projecting plausible future impacts. The
city mentioned above was not concerned about water short-
ages in 2021, but understanding that a future event could
last a month longer and leave barely enough water to meet
even current needs may prompt proactive adaptation plan-
ning, such as bolstering water conservation measures, invest-
ing in infrastructure improvements, exploring alternative wa-
ter sourcing strategies, or developing protocols to avoid con-
flicts between various users. Similarly, confronting certain
water-dependent industries in that watershed with the possi-
bility of future acute water shortages, regardless of existing
water withdrawal agreements, could prove to be eye-opening
and reveal potential vulnerabilities in their profitability or op-
erational resilience.

While stakeholder participation was not carried out in this
initial study, we contend that the storyline method supports
a more collaborative and informed dialogue between stake-
holders, allowing better coordination across sectors such as
water management, urban planning, agriculture, and pub-
lic health by grounding future projections in recent, real-
world examples. To further evaluate this potential, the second
phase, planned for mid-2025, will investigate how storylines
can deliver actionable insights through workshops organized
with stakeholders in select watersheds that experienced sig-
nificant impacts as a result of the 2021 drought.

Limitations

We recognize that there are certain limitations in the current
analysis. The use of a single hydrological model, namely HY-
DROTEL, is one of them. It is well known that using multi-
ple hydrological models provides a better representation of
the uncertainty (Castaneda-Gonzalez et al., 2022). Further-
more, HYDROTEL is primarily geared toward surface wa-
ter dynamics 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 to the
reconstructed streamflow data that leverage observed stream
gauges through optimal interpolation — partially mitigates
this limitation, HYDROTEL cannot reproduce low-flow con-
ditions as well as fully integrated surface—groundwater mod-
els.

Another constraint in simulating future low flows is HY-
DROTEL’s current dependence on a relatively simplistic def-
inition of PET, which relies only on near-surface tempera-
ture and latitude (McGuinness and Bordne, 1972). Although
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other definitions of PET are available in HYDROTEL, they
all rely primarily on temperature. Internal testing has shown
the climate change signal to be relatively insensitive to the se-
lection of PET among the currently available definitions (not
shown), 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 the 2021 drought so that they
could be used to stimulate conversations with stakeholders
about the effects of water scarcity under future climates in
southern Quebec. The constructed scenarios can offer valu-
able insights into potential future conditions and emphasize
the importance of preparedness for water shortages. Addi-
tionally, as outlined in the previous section, these scenarios
lay the groundwork for dialogues regarding the environmen-
tal and socioeconomic repercussions of such an event and
underscore the necessity of implementing robust water man-
agement strategies to ensure the sustainability and resilience
of water resources in Quebec.

Although this study mainly examines water availabil-
ity, 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 (Char-
ron 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 cur-
rently represents 41 % of the province’s water usage (Char-
ron 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 413 % by 2050
and +17 % by 2066. This growth could further strain the al-
ready scarce resources during severe droughts. However, sev-
eral strategies are already being implemented to reduce wa-
ter consumption and bring it closer to the Canadian average,
which might help mitigate part of the increase in demand re-
sulting from population growth in the coming decades (Gov-
ernment of Quebec, 2019).

5 Conclusions

This study used a storyline approach to reflect on the plau-
sible impacts of future severe drought conditions in Quebec
based on the 2021 drought. A series of SPEIs from spring to
fall was used to identify analogous events within a large en-
semble of climate simulations under both 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 one
that occurred in 2021 but which would occur under global
warming scenarios of 42 and +3 °C compared to preindus-
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trial levels. The results indicate a significant deterioration in
river conditions, particularly under a +3 °C temperature rise,
with both an extended duration of low-water conditions and
reduced river flows.

In the absence of clear impact-inducing thresholds but
with documented impacts in 2021, these storylines can pro-
vide a framework for stakeholders to gain a clearer under-
standing of future droughts by linking them to an event that
they are already familiar with. Similarly, storylines can also
help in climate change adaptation planning by building upon
the vulnerabilities identified during historical extreme events.
However, for this to be fully effective, improved systematic
data collection is needed with respect to the impacts of me-
teorological 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 re-
search deficiencies and to generate the data required to shape
effective water management policies.

Lacking a comprehensive understanding of these factors,
the implementation of adaptation strategies could become
significantly more challenging or may even result in mal-
adaptive outcomes (e.g., increasing the reliance on aquifers
without an assessment of how vulnerable they are to ex-
treme droughts). Yet, without measures to improve resilience
against water shortages in Quebec, a region typically abun-
dant in water but lacking adequate regulatory systems to
manage water usage disputes, it is anticipated that various ad-
verse socioeconomic and environmental consequences will
occur. Potential impacts may include a significant reduction
in biological diversity and deterioration of ecosystem ser-
vices, diminished agricultural yields or greater dependence
on irrigation, increased expenses for water purification, a halt
in residential expansion in areas with scarce water resources,
and a rise in disputes over water-related issues.

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. This study thus
lays the groundwork for the second phase of the project,
which will involve stakeholder workshops in a few key wa-
tersheds most affected by the 2021 drought. These work-
shops aim to further explore how storylines can offer action-
able insights into the impacts of acute water shortages and
support preparedness for climate change effects on water re-
sources.
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