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ARTICLE INFO ABSTRACT
Keywords: Study Region: This study focuses on 34 snowy catchments in Southern Quebec, Canada, charac-
Hydrological modeling terized by diverse physiographic and hydrometeorological conditions. The region is particularly
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vulnerable to climate change due to its cold, snow-dominated hydrology and significant seasonal
variability in temperature and precipitation.

Study Focus: The study evaluates future hydroclimatic changes using the Water flow and balance
Simulation Model (WaSiM), a physically based distributed hydrological model. Hydroclimatic
variables, including precipitation, snow water equivalent (SWE), streamflow, evapotranspiration,
soil moisture, and groundwater recharge, were analyzed for reference (1981-2010) and future
(2070-2099) periods.

New Hydrological Insights for the Region: The findings reveal significant shifts from snowfall to
rainfall, reduced snow accumulation, and earlier snowmelt, leading to altered seasonal stream-
flow patterns, increased winter low flows, and earlier peak flows. Groundwater recharge and
evapotranspiration are projected to rise during colder months, while surface runoff is expected to
decline. In addition to analyzing individual variables, the study highlights how climate change
alters the relationships between key hydrological processes, such as those linking groundwater
recharge, soil moisture and evapotranspiration. These interdependencies underscore the impor-
tance of adopting a holistic approach to assess climate change impacts on the water cycle.

1. Introduction

The Earth’s climate system is undergoing rapid changes, primarily driven by human-induced greenhouse gas emissions (Calvin
et al., 2023; Yue and Gao, 2018). These changes have far-reaching implications for hydrological processes, altering water availability
and quality (Gleick, 1989). Understanding the impacts of climate change on hydrology is crucial for effective water resources man-
agement and planning in the face of evolving climatic conditions (Milly et al., 2005; Sivakumar, 2011).

Boreal regions are particularly susceptible to climate change, experiencing rapid shifts in temperature and precipitation patterns,
changing the duration of snow cover. Because they are located at higher latitudes, boreal regions are poised to see higher levels of
warming compared to the world average (Estrada et al., 2021). Several studies have explored the potential impacts of climate change
on hydrology, providing valuable insights into future water resources management. These investigations have projected changes such
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as altered streamflow regimes (Cochand et al., 2019; Gombault et al., 2015; Minville et al., 2008; Riboust and Brissette, 2015; Aygiin
etal., 2020a; Valencia Giraldo et al., 2023), delayed and shortened snow accumulation and melt periods (Novotna et al., 2013; Mudryk
et al., 2018; Cochand et al., 2019; Aygiin et al., 2020a; Nolin et al., 2023; Valencia Giraldo et al., 2023), changes in soil moisture and
groundwater recharge annual patterns (Cochand, 2014; Dubois et al., 2022; Houle et al., 2012; Sulis et al., 2011), and shifts in the
dominant hydrological processes (Gombault et al., 2015; Middelkoop et al., 2001; Novotna et al., 2013; Valencia Giraldo et al., 2023).

While these studies offer valuable insights into the potential impact of climate change on regional hydrology, they also face
limitations in accurately projecting these changes under future conditions. Firstly, many investigations relied on the Coupled Model
Intercomparison Project Phase 5 (CMIP5) models (Taylor et al., 2012), which have since been succeeded by the more advanced Model
Intercomparison Project Phase 6 (CMIP6) models (O’ Neill et al., 2016). Martel et al. (2022) demonstrated that climate change impact
studies using CMIP5 should be repeated with CMIP6 models due to the improvements in processes representation in the new models.
Secondly, the spatial scale of hydrological models used in most of these studies has often been lumped or distributed but conceptual in
nature, limiting their ability to capture local heterogeneity and finer-scale processes (Han et al., 2021; McDonnell et al., 2021).

Accurate representation of processes within hydrological models is vital when evaluating climate change impacts (Kour et al.,
2016; Talbot et al., 2024a). Conceptual models, which simplify complex hydrological processes, often assume parameter stationarity,
which may not hold true under changing climatic conditions (Coron et al., 2014; Duethmann et al., 2020; Milly et al., 2008).
Consequently, adopting physically based models can enhance the representation and robustness of hydrological processes, thereby
improving our ability to assess future hydrological responses to climate change (Devia et al., 2015; Jones et al., 2006; Ludwig et al.,
2009; Poulin et al., 2011; Wilby, 2005).

Recent research has employed advanced models and novel approaches to assess climate change impacts on hydrology, particularly
in regions characterized by snowy conditions. One such model is the grid-based Water flow and balance Simulation Model (WaSiM)
(Schulla, 2021), which has been effectively used to study hydrological responses to climate change across various regions. For instance,
Gadeke et al. (2014) explored uncertainties in hydrological responses in Germany’s Spree River catchment, finding significant vari-
ability due to different downscaling approaches. Bormann and Elfert (2010) evaluated the impacts of land use changes in Northern
Germany, noting that WaSiM performed better in sloped and heterogeneous catchments. Additionally, Jasper et al. (2006) investigated
changes in soil moisture in Switzerland’s Thur river basin, demonstrating WaSiM’s capability in capturing soil moisture dynamics
under changing climatic conditions. In Scotland’s Tarland catchment, lacob et al. (2017) analyzed flood management strategies,
showing how land use changes could mitigate flood risks, further highlighting WaSiM’s versatility.

In Quebec, Canada, WaSiM has been applied to study the hydrological impacts of climate change. Novotnd et al. (2013) examined
water quality in an agricultural watershed, observing increased discharge and related water quality issues. Valencia Giraldo et al.
(2023) used a refined neutral approach to assess the potential hydrological impacts of climate change in Quebec, revealing significant
changes in annual water balances, snow reduction, and differential impacts on low flows. Ricard et al. (2019) explored an alternative
framework of the hydroclimatic modeling chain using asynchronous objective functions to evaluate the effects of climate change on
streamflow distribution. While these studies have made significant contributions to hydrological modeling, they also have certain
limitations. For instance, they did not incorporate the latest advancements in climate modeling, such as the use of CMIP6 models,
which could provide more accurate representations of future climate conditions. Additionally, these studies did not utilize the WaSiM
groundwater module, which is essential for a comprehensive understanding of hydrological processes.

Physically based models such as WaSiM offer a powerful framework for assessing the impacts of climate change on hydrology, as
they account for local heterogeneity and fine-scale processes. This capability is especially valuable in regions like Quebec, where
hydrological dynamics are shaped by complex interactions among temperature, precipitation, and snow cover. In this study, we
applied a multi-variable calibration of WaSiM to evaluate changes across key hydrological variables including rainfall, snowfall, snow
water equivalent, evapotranspiration, soil moisture, surface runoff, and groundwater recharge. The analysis covers 34 catchments
across Quebec, spanning approximately 54,000 square kilometers at a spatial resolution of 250 m. This high-resolution and large-scale
assessment provides a rare and detailed view of how climate change influences both individual processes and the overall functioning of
the water cycle. To our knowledge, while most climate change impact studies using spatially distributed models at high resolution
focus on one or a few catchments (e.g., Gadeke et al., 2014; Bormann and Elfert, 2010; Jasper et al., 2006; Iacob et al., 2017; Novotna
et al., 2013; Valencia Giraldo et al., 2023; Ricard et al., 2019), this work represents one of the most spatially extensive and finely
resolved applications of WaSiM to date. Furthermore, unlike studies that primarily examine streamflow or a limited set of variables,
our approach emphasizes the interconnected nature of hydrological processes and how these relationships evolve under future climate
conditions. By covering a broad range of physiographic and climatic contexts, the study enhances the relevance and applicability of its
findings for guiding adaptive water resource management in cold and snowy environments. Additionally, the methodologies and
insights gained from this study have broader applicability to other regions with similar climatic and hydrological conditions, such as
parts of Europe, North America, and Asia, thereby expanding the scope and relevance of the findings.

2. Materials and methods
2.1. Study area

The data and methods employed in this study, including study area selection, physiographic data, streamflow measurements,
digital elevation model processing, land cover classification, soil type determination, and meteorological data interpolation, are

consistent with those detailed in Talbot et al. (2024a). Readers are encouraged to refer to that publication for comprehensive infor-
mation on data sources, processing techniques, and methodological approaches. A summary is presented in supplementary material.
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The study focuses on 34 catchments located in Southern Quebec, Canada, selected for their diverse physiographic and hydro-
meteorological characteristics. These catchments, which range in area from 525 km? to 6840 km? (Fig. 1), are key components of the
Hydroclimatic Atlas of Southern Québec (2022).

The Koppen climate classification for this region is primarily Dfb (Humid continental mild summer, wet all year), with some areas
classified as Dfc (Subarctic with cool summers and year-round precipitation) (Beck et al., 2018). The region experiences significant
seasonal climate variability (Fig. 2). During the winter months, which typically span from December to February, temperatures drop
significantly, leading to prolonged freezing conditions. Snowfall is prevalent during this period, contributing to a substantial snowpack
that persists throughout much of the season. The spring freshet typically begins between March and June, depending on the catchment
location and local temperatures, as rising temperatures and increasing solar radiation trigger snowmelt and seasonal high flows.

Summer, from June to August, is characterized by warm temperatures and increased evapotranspiration. Average summer tem-
peratures range from 15°C to 20°C. Rainfall remains relatively high during this period, which sustains streamflow despite higher
evapotranspiration rates. However, evapotranspiration in these catchments is primarily energy-limited, meaning that available en-
ergy, rather than water supply, is the main constraint on evaporation and transpiration processes.

Fall, spanning from September to November, marks the transition from warm summer conditions to the onset of winter. Tem-
peratures gradually decrease, and precipitation shifts toward a mix of rain and snow, particularly in higher elevations and northern
catchments.

Key characteristics of the catchments, including area, mean elevation, annual total precipitation, annual extreme daily tempera-
ture, and annual streamflow, are summarized in Table 1.

Selected catchments remain mostly unaffected by the presence of dams and reservoirs, preserving the natural integrity of hy-
drological processes.

The study area encompasses various soil types and land covers. According to Sylvain et al. (2021), sandy loam is the predominant
soil texture, constituting 72 % of the study area, while loam and loamy sand also feature prominently at 12 % and 11 %, respectively.
Land cover patterns reveal that mixed forests cover 38 % of the study area, with coniferous and deciduous forests also each accounting
for 23 % and 22 %, respectively. Crops and water are the only other significant land cover classes, at 6 % and 5 % respectively
(Commission for Environmental Cooperation, 2020; Latifovic et al., 2012).

2.2. Data

2.2.1. Streamflow

This study utilized streamflow data from 1981 to 2010 from the Hydroclimatic Atlas of Southern Québec (2022). It is provided at
the daily timestep and contains some minor periods of missing data. These include winter periods where flows can be affected by ice
cover and ice jams and are therefore heavily biased, explaining their removal from the dataset. Most rivers are natural and unregu-
lated. However, some have small weirs that control upstream sections of the watersheds. The resulting flows are considered
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Fig. 1. Map showing the location of the 34 study catchments within Southern Quebec, Canada. The catchments are highlighted in various colors
representing elevation. The catchment circled in red will be assessed in more details in this study. The inset provides the location of the province of
Quebec in Canada.
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Fig. 2. Monthly average temperature (°C) and total precipitation (mm) for the study area, averaged over the 34 selected catchments. The red line
represents the temperature trend, while the vertical bars indicate total precipitation, which is divided into the proportion falling as rain (dark blue)
and snow (light blue), highlighting the seasonal variability and distinct four-season climate typical of Southern Quebec.

Table 1

Summary characteristics of key attributes for the 34 selected catchments during the period 1995-2009.
Catchment Characteristics Minimum Median Maximum
Area (km?) 525 1185 6840
Mean Elevation (m) 137 365 568
Annual Total Precipitation (mm) 933 1140 1395
Annual Minimum Daily Temperature (°C) -37.7 —-32.4 —27.8
Annual Maximum Daily Temperature (°C) 23.1 26.8 28.6
Annual Streamflow (mm~y’l) 461 629 996

unregulated despite these small deviations.

2.2.2. Digital elevation model

The digital elevation model (DEM) was derived from the NASA Shuttle Radar Topography Mission Global 1 arc second (SRTMGL1)
version 3.0. Hydrological corrections based on provincial data ensured the accurate representation of hydrological networks, with
adjustments made using SAGA GIS software (Conrad et al., 2015). Tanalys software (Schulla, 2021) was used to extract essential
information, including slope, aspect, flow times, and river characteristics, for integration into the WaSiM hydrological model.

2.2.3. Land cover

Land cover data were sourced from the 2015 North American Land Change Monitoring System (NALCMS) 30 m dataset
(Commission for Environmental Cooperation, 2020; Latifovic et al., 2012) and resampled using the nearest neighbor method at a
250 m resolution. Land cover can have a significant impact on hydrological parameters like root distribution, vegetation cover fraction
(VCF), roughness length (Z0), and albedo which, in WaSiM, control processes such as evapotranspiration, runoff, and infiltration.

2.2.4. Soil type

To account for the spatial variability of soil hydraulic properties across the study area, we utilized the SIIGSOL 100 m database
(Sylvain et al., 2021). The SIIGSOL database provides detailed descriptions of the proportions of sand, clay, and silt within the soil
profile (Ministere des Ressources Naturelles et des Forets, 2022). Soil type information was converted to soil texture classes based on
the United States Department of Agriculture (USDA) classification system (Weil and Brady, 2017). Soil hydraulic properties were
imputed from established relationships between soil texture classes and hydraulic parameters. SRTM elevation data was used to ac-
count for soil depth spatial variability. Higher elevations were assumed to have thinner soil thickness, while lower elevations were
considered to have thicker soil. Raster cells with elevations below the 33rd percentile were classified as deep, those above the 66th
percentile as shallow, and the remaining as normal.
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2.2.5. Meteorological data

This study employed meteorological data from the ECMWF Reanalysis v5 (ERA5) dataset (Hersbach et al., 2020), which is known
for its ability to mitigate the shortcomings of observational datasets and has demonstrated its effectiveness in this region (Tarek et al.,
2020). We chose ERA5 due to its comprehensive coverage and reliability, particularly in regions where observational data may be
sparse or inconsistent. Specifically, we focused on total precipitation and mean temperature, using daily temporal resolution, for a
period spanning from 1981 to 2020. Meteorological data were further interpolated for each watershed at the 250 m spatial resolution
used by the model. The interpolation was run directly in WaSiM using the inverse distance weighting (IDW) method as recommended
by Schulla (2021).

2.2.6. Climate projections

As suggested by Martel et al. (2022), who conducted a North America-wide comparison of CMIP5 and CMIP6 climate and hy-
drological projections across over 3000 catchments including our study area, we used projected daily temperature and precipitation
data from CMIP6 models (O’Neill et al., 2016) for both the reference (1981-2010) and future (2070-2099) periods. According to
Martel et al., CMIP6 projections generally indicate warmer and wetter futures, with reduced inter-model spread for both temperature
and precipitation, thereby increasing confidence in the assessment of future hydroclimatic changes. To address and assess the un-
certainty related to the selection of climate models (Arsenault et al., 2020; Lucas-Picher et al., 2021; Minville et al., 2008; Tarek et al.,
2021), an ensemble of 18 climate models was employed, as shown in Table 2.

The multivariate bias correction algorithm (MBCn) (Cannon, 2018) was utilized to correct biases in the climate model simulations.
While MBCn was not independently validated in our study region, its effectiveness has been well documented in the literature. Guo
et al. (2020) and Dieng et al. (2022) both demonstrated that MBCn significantly improves climate model outputs by reducing biases
and preserving inter-variable dependencies across a range of hydroclimatic contexts. This method allows to correct biases in mete-
orological data, while accounting for spatiotemporal interdependencies between variables and preserving changes in quantiles be-
tween the reference and future periods. This was performed on daily total precipitation and mean temperature using the ERA5 data as
the reference data over the period 1981-2010, then applying the transformation to the climate models data over the reference
(1981-2010) and future (2070-2099) periods.

This study utilized climate simulations from the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5), a scenario projecting very high
greenhouse gas emissions with global warming exceeding 4 degrees Celsius by 2100 (Calvin et al., 2023). While some authors argue
that these “hot” models are unrealistic, this remains a subject of much debate in the scientific community (Calvin et al., 2023;
Hausfather et al., 2022). In this study, the SSP5-8.5 models were used to provide a picture of the future climate of the region under the
worst plausible conditions. Fig. 3 shows a consistent increase in future monthly precipitation throughout the year across the catch-
ments and models, especially from November to April. Additionally, temperatures are projected to rise significantly, with an increase
of 5-8 degrees Celsius, consistent with IPCC projections. This trend aligns with expectations for northern latitudes, which are antic-
ipated to warm faster than the global average (Estrada et al., 2021). Fig. 4 presents the spatial distribution of annual mean

Table 2
Global climate models (GCMs) used in the study and their associated institutions.
ID GCM Source Institution
CM1 ACCESS- (Ziehn et al., 2020) Australian Community Climate and Earth System Simulator, Australia
ESM1-5
CM2 CMCC-ESM2 (Lovato et al., Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy
2022)
CcM3 CanESM5 (Swart et al., 2019) Canadian Centre for Climate Modelling and Analysis, Canada
CM4 EC-Earth3 (Doscher et al., European consortium of national meteorological services and research institutes; Spain, Denmark, Italy,
CM5 EC-Earth3-CC 2022) Finland, Germany, Ireland, Portugal, Netherlands, Sweden, Norway, and Belgium.
CM6 EC-Earth3-
Veg-LR
CM7 FGOALS-g3 (Pu et al., 2020) Chinese Academy of Sciences, China
CM8 GFDL-ESM4 (Krasting et al., Geophysical Fluid Dynamics Laboratory, USA
2018)
CM9 INM-CM4-8 (Volodin et al., Institute for Numerical Mathematics, Russia
CM10 INM-CM5-0 2019)
CM11 IPSL-CM6A-LR (Boucher et al., Institut Pierre Simon Laplace, France
2020)
CM12  MIROC6 (Tatebe et al., Japan Agency for Marine-Earth Science and Technology, Japan
2019)
CM13  MPI-ESM1-2- (Mauritsen et al., Max Planck Institute for Meteorology, Germany
HR 2019)
CM14 MPI-ESM1-2-
LR
CM15 MRI-ESM2-0 (Yukimoto et al., Meteorological Research Institute, Japan
2019)
CM16  NESM3 (Cao et al., 2021) Nanjing University of Information Science and Technology, China
CM17  NorESM2-LM (Seland et al., Norwegian Climate Centre, Norway

CM18  NorESM2-MM 2020)
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Fig. 3. Monthly total precipitation and mean temperature for the reference (1981-2010) and future (2070-2099) periods under the Shared So-
cioeconomic Pathway 5-8.5 (SSP585) scenario after bias-correction for the study area, averaged over the selected catchments and 18 climate models
used in the study. The solid lines represent the average monthly mean temperature for the reference (grey) and future (blue dashed line) periods,
while the vertical bars indicate the average monthly total precipitation for the reference (grey) and future (blue) periods.

temperatures and annual total precipitation for the reference period as well as projected changes for the future period.

2.3. WaSiM model

In this study, the WaSiM version 10.06.00 was utilized for hydrological modeling (Schulla, 2021). WaSiM allow to accurately
model key hydrological processes in three dimension through a deterministic and spatially distributed approach (Ricard et al., 2020).
However, WaSiM’s complexity involves the necessity for high-quality input data, which can be seen as a limitation of this model due to
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Fig. 4. Spatial distribution of mean annual temperature (°C) and annual precipitation (mm) across selected catchments: Panel (a) depicts the
reference period (1981-2010) for temperature, while Panel (b) shows projected changes (2070-2099) under the SSP5-8.5 scenario. Panel (c)
displays reference-period precipitation, and Panel (d) illustrates projected changes (%) for the same future period and scenario. Data in panels (a) to
(d) are averages from the 18 climate models used in this study.
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potential data uncertainties and increased computational demands (Beven, 2001; Bloschl and Sivapalan, 1995).

WaSiM is available in two versions: one using the Topmodel approach and another using the Richards equation (Richards, 1931).
We selected the Richards equation version for its physically based simulation of hydraulic head gradients and the integration of soil
properties. This version allows for a more detailed and realistic representation of infiltration and subsurface processes, which is
particularly important for the diverse physiographic and soil conditions across the study catchments. Additionally, the Topmodel
version has been discontinued in newer versions of WaSiM, further supporting the use of the Richards equation approach in this study.
Based on research needs, WaSiM allows the activation of specific sub-models, which can be parallelized to optimize efficiency and
reduce computational demands.

The configuration used for this study included activating the groundwater flow sub-model using the Gauss-Seidel iteration method
and employing the Hamon method for the evapotranspiration sub-model. The remainder of the model configuration mirrors that
described in Talbot et al. (2024a).

2.4. Model calibration

2.4.1. Calibration parameters

The calibration process involved fine-tuning 17 parameters (Table 3), selected based on the recommendations provided in the
WaSiM documentation (Schulla, 2021). The rest of the parameters in the control file were kept at their default values as specified in the
documentation. This calibration approach mirrors configuration GW-RC described in Talbot et al. (2024a). Table 3 was taken from
Talbot et al. (2024a).

2.4.2. Calibration framework

For model calibration, the study employed split-sample test (SST) framework. This widely used approach involves dividing the
available streamflow data into two sets: one for calibrating the model and the other for validating its performance. This method is
particularly useful in hydrology for testing a model’s ability to generalize beyond the conditions under which it was calibrated,
providing a measure of model’s performance and reliability. The calibration period (2000-2009) was chosen based on the availability
of reliable hydrological data, with specific adjustments for certain catchments (Croche: 1995-1999, Petit Saguenay: 1995-1999, and
Sainte-Marguerite Nord-Est: 1992-1996). Similarly, the validation period was set for 1990-1999, except for the Croche (1986-1994),
Petit Saguenay (1986-1994), and Sainte-Marguerite Nord-Est (1986-1991) catchments. A five year spin-up period was performed
before each simulation to allow the model to reach a stable state, limiting the effect of unstable initial conditions on the model’s
performance metrics (Ekmekcioglu et al., 2022).

The optimization algorithm employed for the calibration process was the dynamically dimensioned search (DDS; (Tolson and
Shoemaker, 2007)) algorithm, following the recommendation of Arsenault et al. (2014). This algorithm is specifically designed for
efficiently calibrating complex hydrological models with a large parameter range given a finite computing budget. It dynamically
adapts its search strategy based on the number of evaluations performed and converges accordingly.

The calibration process was divided into two main phases: pre-calibration and calibration. This sequential calibration is designed to
refine the model’s performance progressively. The strategy of starting with a wider parameter space and progressively narrowing it
ensured a comprehensive and targeted calibration, ultimately enhancing the model’s ability to simulate the hydrological dynamics of

Table 3
Parameter description and values used for calibrating WaSiM in each watershed.

No. Code Description Unit Sub-Model Range
1 kp Storage coefficient for surface runoff h Unsaturated zone [1,25]
2 ky Storage coefficient for interflow h Unsaturated zone [1,25]
3 d, Drainage density for interflow m! Unsaturated zone [1,50]
4 QDspow Fraction of surface runoff on snow melt - Unsaturated zone [0.1, 1]
5 co Degree-Day factor mm °C 'd! Snow [0,3]
6 To Temperature limit for snow melt °C Snow [—4, 4]
7 Trys Transition temperature snow/rain °C Snow [—4, 4]
8 Cwn Water storage capacity of snow - Snow [0.1, 0.3]
9 Cyfr Coefficient for refreezing - Snow [0.1, 1]
10 fi summer Summer correction factors for ETP - Evapotranspiration [0.1, 2]
11 fi fanl Fall correction factors for ETP - Evapotranspiration [0.1, 2]
12 fi winter Winter correction factors for ETP - Evapotranspiration [0.1, 2]
13 fi,spring Spring correction factors for ETP - Evapotranspiration [0.1, 2]
14 Krec Recession constant for hydraulic conductivity - Soil table [0.1, 0.99]
15 d3 Soil layer thickness - Soil table [0.8, 1.4]
16 Kol® Colmation of the river links - Input grid [1100]
17 K&y Saturated horizontal conductivity ms! Input grid [0.2, 4]

@Calibration coefficient, ranging from 0.8 to 1.4, is applied to adjust the total soil depth, which is predetermined to be 8 m for shallow, 14 m for
normal, and 20 m for deep soil conditions.

PCalibration coefficient, ranging from 1 to 100, is applied to adjust the colmation grid, which is predetermined to be 1 x 107°.

°A calibration coefficient, ranging from 0.2 to 4, is applied to adjust the saturated horizontal conductivity grid, which is predetermined to be 4 x 10~>
ms L
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the catchments, which is critical for an application in climate change conditions.

A key aspect of this methodology is the inclusion of groundwater recharge in the calibration process, ensuring that both surface and
subsurface hydrological processes are realistically represented. By integrating recharge constraints alongside streamflow, this
approach mitigates equifinality issues and enhances the model’s ability to simulate hydrological dynamics under changing climate
conditions. This multi-variable calibration strategy, as highlighted in Talbot et al. (2024a), represents a key novelty of the study, as it
improves the physical consistency of hydrological simulations, ultimately leading to more robust climate change impact assessments.

2.4.3. Pre-calibration

The pre-calibration involved defining parameter ranges for parameters that mostly impact baseflow (dy, QDspow, Krec, Kol, Kxy).
The pre-calibration involved 200 evaluations using grids with a spatial resolution of 1000 m, followed by 50 evaluations using grids
with a resolution of 250 m. This multi-resolution approach enhances computational efficiency while maintaining reasonable model
performance. Preliminary tests showed that increasing the number of simulations beyond 50 at the finer scale provided negligible
improvements, making further computational expense unnecessary. Similar strategies are commonly used in surrogate modeling to
balance computational demand with model accuracy (Meert et al., 2018).

To ensure realistic groundwater recharge representation, the objective function used during pre-calibration included the Kling-
Gupta Efficiency (KGE) (Kling et al., 2012) as the primary metric, supplemented by constraints on the mean (250 mm yr™') and
standard deviation (80 mm yr™') of annual recharge (Eq. (3)). These recharge benchmarks were established based on regional studies
(Buffin-Bélanger et al., 2015; Carrier et al., 2013; Cloutier et al., 2015, 2013; Comeau et al., 2013; Larocque et al., 2015, 2013; Lefebvre
et al.,, 2015; Rouleau et al., 2013), and broadly reflect recharge conditions in the studied catchments. The inclusion of recharge
constraints helps prevent parameter sets that produce acceptable streamflow simulations but unrealistic groundwater dynamics,
addressing a key limitation in traditional streamflow-only calibrations (Talbot et al., 2024a)

Following the pre-calibration at both spatial resolutions, the resulting parameter sets were used to define new calibration ranges.
Parameters values affecting baseflow (dr, QDSnow, Krec, Kol, Kxy) were adjusted in a range that maintain minimum and maximum
values within + 10 % of the optimal values obtained during pre-calibration. This ensures that recharge dynamics remain physically
consistent while allowing some flexibility in parameter optimization. This two-steps calibration enhances the model’s ability to
simulate the full hydrological cycle, while maintaining groundwater recharge behaviour, making it more reliable for assessing climate
change impacts on both surface and subsurface hydrological processes (Talbot et al., 2024a).

2.4.4. Calibration

The main calibration phase consisted of 1000 evaluations at a 1000-meter resolution, followed by 50 evaluations at a finer 250-
meter resolution for final refinement. This phase was conducted using the adjusted parameter ranges from pre-calibration, employ-
ing a less restrictive objective function (Eq. (4)) to account for uncertainties in recharge estimates. The objective function primarily
emphasized the Kling-Gupta Efficiency (KGE) (Kling et al., 2012), with a weighting of 4 % for the standard deviation of recharge. This
weighting was selected based on preliminary tests, which evaluated different combinations on a test catchment and found that 96 %
for KGE and 4 % for recharge standard deviation provided the best balance between optimizing streamflow performance and
improving the overall representation of hydrological processes. Specifically, this approach helped prevent the model from relying
excessively on interflow to match observed streamflow, thereby allowing for a more physically consistent partitioning between surface
runoff, interflow, and groundwater recharge during spring melt (Talbot et al., 2024a).

Additionally, as the initial recharge estimate of 250 mm yr~' was a broad regional estimate, this approach allowed the model to
adjust recharge rates based on the specific hydrological and climatic characteristics of each catchment.

2.4.5. Performance metric

Calibration metrics were based on a weighted combination of the Kling-Gupta Efficiency (KGE) for streamflow, along with the
mean and standard deviation of annual groundwater recharge. However, only the unweighted KGE for streamflow was used for model
performance assessment and result interpretation, in order to maintain consistency for comparison across catchments and with other
studies. The KGE (Eq. (1)) is a widely used hydrological metric that integrates correlation, variability, and bias, ranging from —coto 1,
with 1 indicating a perfect match between observed and simulated streamflow:

2

2 Osim.
KGE=1— (r—1)2+<’ﬂ—1) i ] 1))

U Oobs ’
obs Hobs

where r is the correlation coefficient, calculated as:
r— Y ii(0i—0)*(5i—9)
V(0 —0)7 + S0, (5 - 5)?

(2

here, O; and S; are the observed and simulated streamflow values for each day, respectively, and O and S are their respective means.
The weights used in the objective function for pre-calibration and calibration were determined through preliminary tests. These
tests involved evaluating different weight combinations on a test catchment to find an optimal balance between achieving high KGE
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and maintaining reasonable variability in groundwater recharge. The chosen weightings provided the best compromise, ensuring that
the model performs well overall while accurately representing groundwater recharge dynamics.
The objective function used for the pre-calibration and calibration are defined in Eq. (3) and Eq. (4) respectively.

Objective function =1 — (0.7 * KGE+0.2 « [, — 0.08] + 0.1 * [Tgm — 0.25] ), 3)
Objective function = 1 — (0.96 * KGE +0.04 * [o,, —0.08]) (€)]

where o, represents the simulated annual recharge standard deviation (m yr™1), 7 is the simulated mean annual recharge (m yr—1)
and KGE is the Kling-Gupta efficiency.

2.5. Climate change assessment

2.5.1. Reference and future period simulations

For all catchments, simulations were performed using meteorological data from ERA5 for the reference period (1981-2010).
Additionally, simulations were conducted using the 18 climate models from CMIP6 for both the reference period (1981-2010) and the
future period (2070-2099). These simulations provided a comprehensive dataset to analyze historical conditions and project future
changes.

2.5.2. Comparison of hydroclimatic variables

A regional comparative analysis was conducted on key hydroclimatic variables under reference and projected conditions and for
ERA5 and CMIP6 data, including precipitation, snowfall, streamflow, surface runoff, interflow, actual evapotranspiration (ETa),
baseflow, groundwater recharge, snow water equivalent (SWE), and soil moisture.

First, annual totals (annual means for soil moisture and annual maximums for SWE) of each variable were compared between ERAS
and CMIP6 simulations for the reference period. This comparison aimed to verify the adequacy of bias correction and the effectiveness
of CMIP6 simulations in representing hydroclimatic variables for the reference period. Next, the relative changes between future and
reference period simulations were calculated using the climate models outputs for both periods. The mean and standard deviation of
these relative changes were computed across all catchments to quantify the overall impact of climate change on hydroclimatic var-
iables across the study area and for the future period. Additionally, a comparative analysis of hydroclimatic variables was performed to
validate the similarities between ERA5 and CMIP6 simulations for the reference period and to assess the differences between future and
reference periods in terms of the timing and magnitude. Furthermore, the contributions of surface runoff, baseflow, interflow, and ETa
to the water cycle were calculated for each climate model for both the reference and future periods. This analysis helped in under-
standing the potential redistribution of water within the hydrological cycle under future climate scenarios.

In addition to the regional analysis, particular emphasis was placed on the Matane catchment due to its representative hydrological
characteristics. Specific comparisons of hydroclimatic variables were conducted at a finer scale for this catchment to provide a more
granular understanding of climate change impacts. The Matane catchment analysis complements the broader regional assessment by
offering insights into localized hydrological responses and variability.

2.5.3. Spatial representation of direction and magnitude of change

A spatial representation of the direction and magnitude of change for multiple hydroclimatic variables was performed using criteria
from the Hydroclimatic Atlas of Southern Québec (2022), outlined in Table 4.

This classification allowed for a detailed spatial analysis, comparing the changes predicted by different climate models and
identifying areas with consistent trends. The spatial analysis focused on hydrological indicators such as streamflow, groundwater
recharge, and SWE, providing a clear visualization of regional impacts.

Table 4
Criteria for determining the direction of change in hydrological variables based on consensus among climate models indicating an increase or
decrease.

Direction of Change Criteria
Highly Probable More than 16 climate models indicate an increase.
Increase
Probable Increase 12-16 climate models indicate an increase.
No Consensus 7-11 climate models indicate an increase or decrease. The lack of consensus may indicate a weak change or widely dispersed climate
models.
Probable Decrease 12-16 climate models indicate a decrease.
Highly Probable More than 16 climate models indicate a decrease.
Decrease
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3. Results
3.1. Model calibration and validation

The model consistently achieved KGE scores above 0.5 across all catchments during both the calibration and validation phases.

During the calibration period, the minimum KGE achieved was 0.637 (Eaton), while the maximum was 0.877 (Matane), with a
median value of 0.803. For the validation period, the minimum KGE was 0.661 (Eaton), the maximum was 0.869 (Bras du Nord), and
the median value was 0.770. These results, including the similarity in KGE values between the calibration and validation periods,
indicate an agreement between the observed and simulated streamflow data, supporting the model reliability for climate change
assessment.

As for volume error, the mean volume error across catchments is —0.71 % (¢ = 2.79) during the calibration period and 1.15 % (¢ =
5.02) during the validation period. Most catchments fall within + 5 % error in both periods. The largest discrepancies are observed for
Eaton and de 1’Achigan, with volume errors around 13 % during validation period (Table S2). Maintaining low volume errors is
important to ensure that the model accurately represents the overall water balance, which is fundamental when analyzing long-term
hydrological changes under future climate scenarios. This low level of error indicates that the model conserves mass effectively and
provides a reliable representation of the overall water balance, which is essential when assessing the magnitude and direction of
hydrological changes under future climate scenarios. The Eaton catchment exhibited the lowest model performance, with a KGE of
0.637 in calibration and 0.661 in validation, making it the only catchment with a calibration KGE below 0.71. The primary limitation
in this catchment was the difficulty in accurately simulating winter flows, as the model exhibited an overly reactive response to
snowmelt events. In this case, snowmelt was rapidly converted into surface runoff, leading to exaggerated flow peaks. This limitation is
related to the WaSiM configuration used in this study. Additionally, the Eaton catchment has a higher proportion of cropland (27 %)
compared to the average across all catchments (8 %). The presence of artificial drainage systems may further alter flow dynamics in
ways that are not fully represented by the model, potentially contributing to the lower performance.

3.2. Regional hydrological changes

3.2.1. Comparative analysis of hydrological changes

This section presents a global overview of hydrological changes across the selected catchments. Table 5 provides a detailed
comparison of various hydroclimatic variables simulated by WaSiM for the reference period (1981-2010), using ERA5 and CMIP6
data, and for the future period (2070-2099) using CMIP6 data only. It presents the mean relative changes, biases and standard de-
viations across the 34 catchments for each simulated variable, quantifying the impact of climate change on the water cycle. The
standard deviation is calculated from the mean relative changes across the 34 catchments. The mean relative change for each
catchment is obtained by averaging the relative changes from all climate models.

The similarity in averaged hydroclimatic variables between the ERA5 and CMIP6 simulations during the reference period indicates
the consistency of the hydrological model and the effectiveness of the bias correction implementation.

Comparing the CMIP6 simulations between the reference and future periods reveals several significant differences. There is a
notable shift in the ratio of snow to rain, with a 36 % increase in rain and a 33 % decrease in snow in the future period. Consequently,
total precipitation rises from 1236 mm in the reference period to 1416 mm in the future, marking a 15 % increase.

Although the annual total streamflow remains similar between the reference and future periods, notable changes occur in the
hydroclimatic variables. Surface runoff decreases by 34 %, while interflow, baseflow, and ETa increase by 24 %, 15 %, and 34 %,
respectively. Groundwater recharge sees a 12 % increase, while snow SWE decreases by 47 % and soil moisture stays constant
(0.21 %).

Fig. 5 presents the annual fluctuation of eight hydroclimatic variables over the reference and future periods for ERA5 and CMIP6
meteorological inputs. Again, the similarity between hydroclimatic variables resulting from simulations driven with ERA5 and CMIP6

Table 5

Comparison of hydroclimatic variables for reference and future periods across all catchments.
Hydroclimatic Variables Unit Reference (1981-2010) Future (2070-2099)

ERA5 CMIP6 Relative Bias (%) CMIP6 Relative change
Mean Std.

Precipitation mm-y~? 1248 1236 —0.98 % 1416 15 % 4%
Rainfall mm-yd 859 850 —1.04 % 1156 36 % 5%
Snowfall mm-y71 389 386 —0.83 % 260 —33% 7 %
Streamflow mm-y ! 661 652 -1.39% 656 0.51 % 4%
Surface Runoff mm-y ! 232 237 1.79 % 156 —34% 12 %
Interflow mm-y71 232 223 —-3.77 % 278 24 % 12%
ETa mm~y71 480 482 0.44 % 645 34 % 5%
Baseflow mm-y 1 194 190 —2.30 % 218 15% 12%
Groundwater Recharge mm-y~! 236 231 —1.96 % 259 12 % 11 %
SWE mm 282 283 0.34 % 149 —47 % 9 %
Soil Moisture - 0.172 0.171 —0.30 % 0.172 0.21 % 1.48 %
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Fig. 5. Comparative analysis of annual dynamics of daily hydroclimatic variables across all catchments. Blue and green bands show the range of
values simulated with CMIP6 data for the reference and future periods, respectively, while the red line represents simulations with ERA5 data for the
reference period. Average simulated values for each period and dataset are shown next to legend symbols in each panel.
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Fig. 6. Distribution of hydroclimatic variables for reference and future periods across eighteen climate models (CM1 to CM18). Panel (a) shows
segmented bars for Interflow (blue), Surface Runoff (green), Baseflow (red), and Evapotranspiration (ETa, yellow), in millimeters per year (mm
yr1). Panels (b) and (c) display pie charts illustrating proportional contributions of each process during the reference and future periods,
respectively.
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datasets, along with the minimal differences between climate models over the reference period, suggests the effectiveness of the bias-
correction method. In contrast, the larger variance observed in the CMIP6 simulations for the future period suggests a higher un-
certainty associated with the climate simulations in the future.

Comparisons between simulations driven by CMIP6 under reference and future periods reveals a noticeable shift in the timing of
seasonal peak flow, moving from May to April, along with an increase in winter flows and a decrease in amplitude of the seasonal peak
flow. Similar shifts also occur in interflow, baseflow, surface runoff, and groundwater recharge. Interflow, groundwater recharge, and
soil moisture all show an increase during the colder months (November to May) and a slight decrease during the warmer months (June
to October). Baseflow follows a similar pattern, with less pronounced decreases during the warmer months. Surface runoff largely
increases between December and April. This change in runoff also coincides with a slight reduction in the amplitude of the peak related
to snowmelt in the spring. Snow water equivalent consistently decreases throughout the year, which is also consistent with the
decrease in snowfall precipitation (-33 %, Table 5). Actual evapotranspiration increases throughout the year, with a more substantial
rise from June to September. This is due to higher temperatures during the summer months when water is no longer stored as ice or
snow. In the boreal forests of the study area, transpiration is minimal in winter and at the end of autumn, and evaporation remains
relatively low due to cold temperatures. However, in summer, higher temperatures increase potential evapotranspiration (ETP),
leading to greater actual evapotranspiration (ETa) as the energy-limited system allows more water to be lost to the atmosphere. The
wider range of values in future period simulations depicted variance related to the climate models.

Fig. 6 presents the contributions of hydroclimatic variables across all climate models for the reference and future periods. The
similarity between climate models for all hydrological processes during the reference period is evident. However, there is increased
variability between climate models in the future period, with surface runoff exhibiting the greatest variability. Figs. 6b and 6¢ reveal
significant changes in the contributions of various processes between the two periods, such as an increase in ETa and interflow, and a
decrease in surface runoff. Baseflow maintains a consistent proportion during both periods. The most notable changes occur in surface
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Fig. 7. Spatial distribution of changes in hydrological indicators and annual peak flow timing. Panels (a) and (b) show expected changes in direction
and magnitude of annual maximum daily flow with a two-year return period. Panels (c) and (d) display expected changes in direction and
magnitude of annual minimum 7-day mean flow. Panels (e) and (f) depict the seasonal distribution of annual peak flow timings during the reference
and future periods, respectively.
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runoff and ETa.

3.2.2. Streamflow

Fig. 7 illustrates the spatial pattern of the direction (increase or decrease) and the magnitude of change for the annual maximum
daily flow with a two-year return period (panels 7a and 7b). Northeastern catchments predominantly exhibit an increase in maximum
flow, while southwestern catchments indicate a decrease. This trend is reflected in the magnitude of changes, with the most southern
and northern catchments displaying the highest magnitudes corresponding to their respective directions. Notably, catchments with the
highest increases are small catchments with steep slopes.

The direction (increase or decrease) and the magnitude of change in the annual minimum 7-day mean flow with a two-year return
period (panels 7c and 7d) indicate that almost all catchments show a decrease in flow, except for four catchments that exhibit a
significant increase in flow magnitude, with three of them located on the North shore of the St-Lawrence River. Southeastern
catchments generally present a higher magnitude of decrease, underscoring a clear spatial trend in the direction and extent of changes
across the study area. Furthermore, many catchments show no consensus between climate models, suggesting variability between
models and/or that the magnitude of change is close to zero leaving higher uncertainty on the potential impact of climate change in
these catchments.

In addition to changes in the magnitude of minimum flows, a shift in the timing of annual minimum 7-day mean flow is also
observed. In the future period, all catchments (except Godbout) experience their minimum flow during the summer. In contrast, for the
reference period, the timing varies, with some catchments exhibiting their minimum flow in winter while others in summer, depending
on the year. Notably, seven out of the 34 catchments show a clear shift from winter to summer minimum flows in the future period.
This change has significant implications for water management, as winter minimum flows are projected to increase due to higher
winter precipitation and reduced snow storage, while summer minimum flows are expected to decline due to increased
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Fig. 8. Spatial distribution of changes in annual groundwater recharge rate, maximum snow water equivalent (SWE), and actual evapotranspiration
rate (ETa). Panels (a) and (b) show expected changes in direction and magnitude of mean annual groundwater recharge rate. Panels (c¢) and (d)
display expected changes in direction and magnitude of annual maximum SWE. Panels (e) and (f) depict expected changes in direction and
magnitude of mean annual ETa rate.
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evapotranspiration during the warm season.

The temporal shifts in annual peak flow (panels 7e and 7 f) highlight a noticeable trend toward earlier peak flows across many
catchments, with a general shift of approximately one month. Catchments with peak flows traditionally occurring in May have shifted
to April, while those with peak flows in April have moved to March. Notably, one southern catchment exhibits a peak flow in February.
On average, the shift in peak flow timing across all catchments is 32 days, with a standard deviation of 8 days, indicating a significant
and consistent temporal adjustment in peak flow timing.

3.2.3. Groundwater recharge, SWE and ETa

Fig. 8 indicate a general increase in groundwater recharge rates (panels 8a and 8b), with most catchments exhibiting an increase
between 12 % and 24 %. There are no discernible spatial patterns in the distribution of these changes. One catchment shows an
unexpected result with a highly probable decrease exceeding 6 %.

The results for the annual maximum SWE (panels 8c and 8d) indicate a clear decrease across all catchments, with magnitudes of
change ranging between —25 % and —62 %. Catchments located in the southern part of the study area tend to exhibit higher mag-
nitudes of decrease, while those further north show relatively lower magnitudes of change. The reduction in SWE is strongly correlated
(r = 0.94) with a 44 % decrease in the average number of consecutive snow days, which drops from 167 days (standard deviation of 20
days) in the reference period to 94 days (standard deviation of 29 days) in the future period. Furthermore, the analysis of correlation
coefficient reveals that higher temperature between December and March will decrease the number of consecutive snow days (r = -
0.89), as expected.

The increase in temperature and precipitation leads to an increase in mean annual ETa across all catchments (panels 8e and 8 f),
with magnitudes of change ranging between 95 and 203 millimeters. This result is expected because the catchments in the study area
are energy-limited, meaning that higher temperatures provide more energy for evapotranspiration, leading to increased ETa. There is
no distinct pattern in the spatial distribution of these changes, indicating that the increase in ETa is widespread and not confined to
specific geographic areas within the study region.

3.3. Case study: Matane catchment

3.3.1. Hydroclimatic variables
The Matane catchment was selected for an in-depth case study analysis due to its representative characteristics of the study area. It
serves as a valuable example for evaluating the impacts of climate change within the context of a snow-dominated catchment. The
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Fig. 9. Seasonal groundwater recharge rates in the Matane catchment, for reference and future periods (top two rows), and their differences
(bottom two rows).
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findings from the Matane catchment generally align with the broader regional patterns observed in the study, confirming its suitability
as a representative case.

For instance, future projections indicate a significant increase in precipitation (42 %) and evapotranspiration (36 %) alongside a
notable decrease in snowfall (-32 %) and snow water equivalent (-47 %). Similar trends were observed for streamflow, baseflow,
interflow, and groundwater recharge, with increases during the colder months.

The Matane catchment also follows the regional trend of earlier seasonal peak flows, increased winter flows, and decreases in
surface runoff during the spring peak period. These shifts in the timing and magnitude of hydrological processes reflect the broader
impacts of climate change on the region’s water cycle. The detailed results for the Matane catchment can be found in supplementary
material, where Table S1 and Fig. S3 provide specific numerical comparisons and graphical representations of the annual dynamics of
hydroclimatic variables.

3.3.2. Spatial variability of hydrological processes at the catchment scale

Fig. 9 shows the spatial distribution of groundwater recharge rates across the four seasons. It highlights the annual fluctuation in
relative changes between the future and reference periods. There is notable spatial variation in groundwater recharge rates, consistent
across both reference and future periods. The most significant spatial variation occurs during spring and summer, with some areas
receiving up to 100 mm of recharge while others receive only 5 mm. Groundwater recharge rates closely follow the spatial variation in
elevation throughout the catchment (Fig. S1 panel a), with higher elevations receiving less groundwater recharge while lower ele-
vations receive more. Conversely, higher elevations received more interflow than lower elevations (Fig. S1).

The relative and absolute comparison allows for a better distinction of spatial and temporal variability and helps identify areas that
are more prone to reductions. When examining the absolute and relative differences between the future and reference periods, winter
and spring exhibit an increase in groundwater recharge rates across most of the catchment. Conversely, summer and autumn show a
mix of increases and decreases, with both seasons predominantly experiencing decreases across the catchment. Spring receives the
most significant absolute increase in groundwater recharge rates, with some areas experiencing increases close to 20 millimeters. In
contrast, autumn sees the most substantial decrease in groundwater recharge rates, with certain parts of the catchment experiencing
decreases of up to 20 millimeters.

Fig. 10 presents the spatial distribution of soil moisture across the four seasons. When comparing soil moisture with the soil type
map of the catchment (Fig. S1 panel b), there is a clear relationship between soil type and soil moisture. Sandy loam soil, which is more
permeable, has the lowest soil moisture levels, around 0.15. Loam soils exhibit soil moisture levels ranging from 0.25 to 0.3, while
sandy clay soils have soil moisture levels between 0.3 and 0.35. Although the variability in soil moisture between seasons is small, it
appears to be greater for the future period compared to the reference period.
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Fig. 10. Seasonal soil moisture in the Matane catchment, for reference and future periods (top two rows), and their differences (bottom two rows).
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In terms of absolute and relative changes between the future and reference periods, winter and spring show an increase in soil
moisture, while summer and autumn exhibit a decrease. These changes are relatively consistent across the entire catchment, with an
absolute change of around 0.03 for all four seasons, depending on the direction of change.

4. Discussion

This study investigates the impacts of climate change on hydrological processes using a spatially distributed and physically based
hydrological model, WaSiM, coupled with climate simulations from the SSP5-8.5, which represents a high greenhouse gas emissions
scenario. The use of bias corrected CMIP6 climate model data for the future period indicates an increase in total precipitation,
particularly pronounced from November to April, along with a significant temperature rise of five to eight degrees Celsius, depending
on the climate model. In the following sections, results will be analyzed in terms of the various hydroclimatic variables.

4.1. Regional hydrological changes

4.1.1. Snow water equivalent

Projected changes in total precipitation indicate a 15 % increase relative to the reference period. However, rising temperatures will
result in a 33 % decrease in snowfall, with more precipitation falling as rain instead of snow. This is in line with the 20 % reduction
found by Nolin et al., (2023) for the Upper Harricana River, but less than the 50 % reduction in snowfall highlighted in Valencia
Giraldo et al. (2023) for the five degrees Celsius warming scenario. This shift leads to a shorter snow accumulation period, with the
average number of consecutive snow days projected to decrease significantly, averaging 94 days (standard deviation of 29 days) in the
future compared to 167 days (standard deviation of 20 days) in the reference period. This 44 % reduction in mean number of snow
days is consistent with the 45 % reduction for the + 6°C scenarios reported by (Valencia Giraldo et al., 2023).

Additionally, the results showed a corresponding decrease in SWE between 25 % and 62 %, representing a 4-11 % reduction in
SWE per °C, depending on the latitude of the catchment. This is less than the 25 %-35 % reduction per °C for the 0-2 °C warming zone
found by (Aygiin et al., 2020b) and the 69 % decrease found by Cochand et al. (2019), but aligns with the 2.5-7.5 % reduction per
decade for Southern Quebec highlighted by Mudryk et al. (2018), and the 43 % reduction found by Novotna et al. (2013).

Catchments in the southern part of the study area show larger decreases in SWE magnitudes (Fig. 8 panel c), whereas those further
north exhibit relatively smaller changes—a trend also present in Mudryk et al. (2018). This reduction in SWE is strongly correlated
with the absolute change in consecutive snow days (r = 0.94). Furthermore, the analysis reveals a strong negative correlation
(r = -0.89) between the absolute change in consecutive snow days and the mean temperature during the months of December to March
in the future period. This suggests that the reduction in consecutive snow days is due to higher temperatures in the southern catch-
ments, bringing them closer to the melting point. Consequently, increases in winter temperatures are a significant factor driving the
reduction in snow days and the decrease in SWE. This occurred despite a significant increase in winter precipitation, indicating that
more precipitation is falling as rain rather than snow.

4.1.2. Actual evapotranspiration

For the reference period, the model produced a mean actual evapotranspiration (ETa) of approximately 480 mm per year, with
higher ETa values observed in the southern catchments of the study region. Although direct observational datasets for ETa are limited,
we compared simulated potential evapotranspiration (ETP) values with publicly available estimates from Natural Resources Canada
(Natural Resources Canada, 2023). The simulated ETP values exhibited a similar spatial pattern, with higher values in the south and
lower values in the north, consistent with expectations based on temperature gradients. The study reveals a change in ETa, increasing
from 95 to 203 millimeters, with no distinct pattern in the spatial variability of these changes across the catchments. This aligns with
results in Valencia Giraldo et al. (2023) under the 6 degrees Celsius warming scenario, and the 96 millimeters increase found by
Novotna et al. (2013). This widespread increase suggests that the factors driving this increase are not localized but affect the entire
study area uniformly. One significant factor contributing to this increase is the rise in temperature, which increases the modelled rate
of potential evapotranspiration. Furthermore, the contribution of ETa to the water cycle is projected to grow substantially. Currently,
ETa accounts for 43 % of the total water cycle. However, according to our simulation, this rate is expected to rise to 50 % in the future.
This trend is also highlighted in Valencia Giraldo et al. (2023) under the 6 degrees Celsius warming scenario. This shift raises questions
on how such increases in evapotranspiration will impact hydrological processes under future conditions. Higher temperatures increase
the potential for water loss through evapotranspiration, leading to a greater proportion of the total precipitation being returned to the
atmosphere rather than contributing to runoff and interflow, ultimately impacting streamflow. Additionally, the increase in total
precipitation combined to shorter winter period could make more water available for evaporation, further contributing to the rise in
ETa.

While this study focuses on ETa, it is important to differentiate it from potential evapotranspiration (ETP), as discussed in other
studies (Dallaire et al., 2021). ETP represents the maximum possible evapotranspiration under ideal conditions, whereas ETa provides
a better approximation of the actual water loss from land surfaces and vegetation.

The focus on ETa in this study is more useful for informing decision-makers about water availability. ETa reflects the actual
conditions in the catchment, considering the availability of water and the specific characteristics of the landscape and vegetation. This
makes ETa a more practical measure for assessing the impacts of climate change on water resources and for developing effective water
management strategies.
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4.1.3. Streamflow

Higher temperatures and increased winter precipitation in the future lead to more precipitation falling as rain rather than snow,
enhancing streamflow from December to April. This change could be associated with earlier and lower peak flow during the year,
shifting by an average of 32 days across all catchments. This shift is less than the three-month shift found by Aygiin et al. (2020b) but
aligns with the worst emission scenario peak discharge shift reported by Cochand et al. (2019) and the results presented by Gombault
et al. (2015) and Minville et al. (2008). The shift in timing of peak flows from spring to earlier in the year is due to the reduced
snowpack and earlier snowmelt, a consequence of rising temperatures.

The maximum daily flow with a 2-year return period shows changes between —26 % and 15 %, with most catchments showing
changes between —9 % and 9 %. These results align with the median decrease of 10-15 % in spring high flows with a 5-year return
period found by Riboust and Brissette (2015). Northern catchments predominantly exhibit an increase in maximum flow, while
southern catchments indicate a decrease, consistent with the findings in the Hydroclimatic Atlas of Southern Québec (2022). The
relative change in maximum flow is correlated with the relative change in SWE (r = 0.76). Southern catchments show a stronger
decrease in high flows due to their significant decrease in SWE. Conversely, northern catchments present a smaller magnitude of
decrease and even an increase in high flows due to a modest reduction in SWE and an increase in total precipitation. Notably,
catchments with the highest increases in streamflow are small northern catchments with steep slopes, where the reduction of SWE was
modest and heavy rain could rapidly reach the outlet.

The minimum 7-day flow with a 2-year return period shows changes between —44-42 %, with most catchments showing changes
between —23 % and 23 %. These results align with the findings in Valencia Giraldo et al. (2023) and the Hydroclimatic Atlas of
Southern Québec (2022). Most southern catchments present a decrease in low flows, while two northern catchments exhibit a strong
increase. For the latter, minimum flows typically occur during the winter low-flow period. With the reduction of SWE and the increase
in rainfall, winter low flows are expected to be less intense, resulting in increased minimum flows during winter. This contrasts with
southern catchments, where low flows occur during the summer months. With the increase in evapotranspiration, it is expected that
summer low flows will decrease. Additionally, the results indicate a shift in the timing of minimum flows, with several catchments
having their annual minimum flow transitioning from winter to summer in the future period. This shift may have significant impli-
cations for water availability particularly in regions where summer low flows are already a limiting factor.

Significant changes are observed across streamflow components for the future period. Annual surface runoff shows a 34 %
decrease, contrasting with the 11-21 % increase found by Gombault et al. (2015). This reduction in surface runoff is linked to
decreased snowfall and snowmelt, consistent with findings in Talbot et al. (2024a). The timing of peak surface runoff shifts earlier in
the year, corresponding with the change in peak flow timing, and an increase in surface runoff is observed from December to April due
to snow melt during these months. Surface runoff’s contribution to hydrological processes decreases from 21 % during the reference
period to 12 % in the future, indicating a reduced role of surface runoff in the overall water cycle.

4.1.4. Soil moisture

Projected changes in soil moisture reflect a nuanced interplay between increased precipitation, temperature rise, and changes in
evapotranspiration rates. For the future, our results show a small increase in soil moisture from December to April and a small decrease
from May to November relative to reference conditions.

In the winter months, increases in soil moisture are primarily driven by higher temperatures and increased precipitation. Higher
temperatures reduce snow cover and soil freezing depth, allowing water to infiltrate the soil more effectively (Lundberg et al., 2016).
This is corroborated by a strong correlation (r = 0.79) between soil moisture absolute change and winter temperature increase, as well
as by the correlation (r = 0.67) with the absolute increase in rainfall during winter. The reduction in soil freezing along with higher
winter precipitation enable more water to be retained in the soil, increasing soil moisture levels during these months.

From May to November, soil moisture decreases. Since the catchments are energy-limited and not water-limited, higher temper-
atures increase the modelled rate of potential evapotranspiration, leading to greater evapotranspiration and a reduction in soil
moisture. The relative decrease in soil moisture is closely related to the relative increase in ETa, with correlation coefficients of 0.81 in
summer and 0.79 in autumn. As temperatures rise, more water is lost through evapotranspiration, reducing the amount of water
available to infiltrate the soil. Sulis et al. (2011) and Houle et al. (2012) found similar patterns in soil moisture variability, with in-
creases during winter and spring and decreases in summer and autumn, influenced by topographic and pedologic characteristics.

In the distributed results for the Matane Catchment, soil moisture values range from 0.1 to 0.35, depending on the area. Soil
moisture levels are closely related to the saturated hydraulic conductivity of the major soil types of each catchment, with a correlation
coefficient r of 0.70. Furthermore, absolute changes in soil moisture and groundwater recharge are positively correlated, with an r
value of 0.71. This relationship underscores the interconnectedness of soil moisture and groundwater recharge processes, particularly
in response to changes in precipitation and evapotranspiration.

4.1.5. Groundwater recharge rate

The annual groundwater recharge rate is projected to increase across most catchments, ranging from 6 % to over 24 %. Temporally,
groundwater recharge rates rise from December to May and decrease from July to November compared to the reference period. This
temporal pattern is influenced by seasonal variations in precipitation, temperature, and evapotranspiration.

In winter and spring, the increase in groundwater recharge is driven by higher precipitation and lower evapotranspiration
compared to the summer months. The higher winter precipitation and reduced soil freezing allow more water to infiltrate and recharge
the groundwater. These findings align with Sulis et al. (2011), who observed similar seasonal variations in the Anglais River basin,
where winter recharge increased by 49 % due to more rain and snowmelt.
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Conversely, in summer and autumn, groundwater recharge rates vary, showing both increases and decreases across the catchments.
Decreases in groundwater recharge during these seasons are closely correlated with increased evapotranspiration rates. As temper-
atures rise, more water is lost to evapotranspiration, reducing the amount available for groundwater recharge. This is supported by a
strong correlation (r = -0.71) between the absolute change in summer ETa and the absolute change in summer recharge. Higher
evapotranspiration rates during summer outweigh the increase in precipitation, leading to a net decrease in groundwater recharge.
Similar trends were noted by Cochand (2014) in the Saint-Charles River watershed, where summer recharge decreased due to
increased evapotranspiration.

For the Matane Catchment, the spatial distribution of groundwater recharge rates varies significantly across the four seasons.
Spring exhibits the largest increase, with some areas experiencing rises of up to 20 millimeters. In contrast, autumn shows the greatest
decrease, with reductions of up to 20 millimeters. These variations are influenced by the catchment’s topography, highlighting the
importance of using high-resolution spatial data in hydrological modeling. Dubois et al. (2022) emphasized the need for detailed
spatial analysis to accurately capture such variations in groundwater recharge. Other studies in cold and humid climates or regions
with snow-dependent hydrology have reported similar patterns of increased winter recharge and decreased summer recharge
(Grinevskiy et al., 2021; Wright and Novakowski, 2020). These studies consistently highlight the significant impact of warmer winters
and increased winter liquid precipitation on enhancing groundwater recharge during colder months, while higher summer temper-
atures and evapotranspiration rates reduce recharge during warmer months.

The spatial variability in groundwater recharge rates is closely linked to elevation. Higher elevations tend to receive less
groundwater recharge, while lower elevations receive more. This is reflected in a mean correlation coefficient r of —0.74 (std = 0.19)
between the future period recharge of each sub-catchments and their corresponding mean elevation.

Interestingly, these findings contrast with those of Lindquist et al. (2019), who observed a positive relationship between
groundwater recharge and elevation, as well as Sulis et al. (2011), who noted that the strongest responses in relative recharge changes
were observed at higher elevations. The discrepancy may be attributable to our specific methodological approach, particularly the soil
thickness separation we incorporated. In our study, higher elevations had thinner soil layers, while lower elevations had thicker soil
layers, potentially influencing recharge rates.

These results emphasize the importance of considering soil thickness in hydrological studies, as it can significantly impact
groundwater recharge dynamics. The differences observed in our study suggest that other research might have overlooked this critical
factor, leading to differing results. These findings highlight the need for a comprehensive representation of physical soil attributes in
hydrological models to better understand and predict groundwater recharge under future climate scenarios.

It is important to critically examine these results and consider that the observed differences might stem from the structural
characteristics of the WaSiM model. The model’s configuration, including the way soil thickness was assigned based on elevation,
might introduce biases that differ from other studies. Therefore, while our findings contribute to the understanding of groundwater
recharge dynamics under future climate scenarios, they also highlight the need for cautious interpretation and further investigation
into the model’s assumptions and configurations.

4.2. Benefits and limitations

This study aims to evaluate the hydrological impacts of climate change using a physically based, spatially distributed hydrological
model (WaSiM) and the latest CMIP6 climate projections. The key objectives include understanding future hydroclimatic conditions,
improving water resources management, and enhancing adaptive strategies.

The primary benefit of using a physically based, spatially distributed model like WaSiM is its ability to capture local heterogeneity
and finer-scale processes. This is particularly important for boreal regions like Quebec, which experience diverse and complex hy-
drological dynamics. The use of multiple General Circulation Models (GCMs) within the CMIP6 framework provides a more
comprehensive representation of potential future climatic conditions, thereby reducing the uncertainty associated with a single model
approach.

Additionally, the use of an advanced bias-correction method, MBCn, enhances the robustness of climate projections by maintaining
inter-variable correlations and spatiotemporal patterns. This approach ensures that the modeled hydrological responses are more
reflective of the actual climatic conditions, thus providing valuable insights for water resources management. By focusing on a high-
resolution spatial and temporal analysis, the study provides detailed insights into the seasonal and spatial variability of hydrological
processes. This level of detail is crucial for understanding how different parts of the catchments will respond to climate change, aiding
in more targeted and effective management practices.

Despite its strengths, this study has limitations that need to be addressed in future research. One limitation is the reliance on a single
Shared Socioeconomic Pathway (SSP) scenario. While this study focused on the worst-case SSP5-8.5 scenario to highlight potential
extreme impacts, incorporating multiple SSP scenarios would provide a more comprehensive view of potential future climatic con-
ditions and their impacts on hydrological processes. Another limitation is the use of only one hydrological model. Although WaSiM is
well-suited for capturing spatiotemporal dynamics, employing multiple hydrological models would provide a more nuanced under-
standing of hydrological responses and reduce model-related uncertainty. However, this approach would significantly increase
computational time and resources.

The calibration of only one set of parameters per catchment introduces additional uncertainty. Despite the model demonstrating
strong validation performance along with the use of an integrated calibration approach that enhances the representation of catchment
hydrological processes (Talbot et al., 2024a), using multiple parameter sets could offer a more comprehensive assessment of the
sensitivity and variability of the hydroclimatic variables. However, this would also cause an increase in computational time and

18



F. Talbot et al. Journal of Hydrology: Regional Studies 59 (2025) 102453

complexity. Furthermore, the spatial and temporal resolution of the model, although effective, may overlook some finer-scale pro-
cesses. Increasing these resolutions could provide more detailed insights, particularly in heterogeneous landscapes and during extreme
short-time meteorological events. Nevertheless, this would also result in increased computational time.

Several methodological choices introduce potential sources of uncertainty in this study. One limitation is the calibration period,
which was restricted to 10 years due to computational constraints. While this period was found to be a good balance between
robustness and feasibility, a longer calibration period could further improve model reliability. Additionally, the WaSiM model
configuration may overestimate surface runoff in some catchments, as observed in the Eaton catchment, characterized by a high
proportion of cropland, where snowmelt-generated runoff was overly reactive. The use of ERA5 data for historical meteorological
inputs instead of alternative reanalysis products is another potential source of bias, as different datasets may influence model forcing
and subsequent simulations. Furthermore, uncertainties stem from the CMIP6 climate models and the bias correction methods applied,
as different models and correction techniques can yield varying hydrological projections. Lastly, the number of evaluations in the
calibration process could also impact model performance, as additional iterations might lead to further parameter refinement. These
factors highlight the inherent uncertainties in climate change impact assessments and emphasize the need for careful interpretation of
results.

This research provides a rare and detailed assessment of climate change impacts on hydrology across 34 catchments in Southern
Quebec, offering valuable insights into how multiple components of the water cycle respond to changing climatic conditions. By
analyzing a wide range of hydrological variables such as rainfall, snowfall, snow water equivalent, evapotranspiration, soil moisture,
surface runoff, and groundwater recharge, this study captures not only the magnitude of individual changes but also the evolving
relationships among these processes. These findings are particularly relevant in cold and snowy regions where hydrological dynamics
are strongly influenced by seasonal shifts and snow-dominated regimes. The observed patterns and interactions across physio-
graphically diverse catchments enhance the generalizability of the results and support more informed adaptation strategies. This
integrated and multi-variable approach reinforces the importance of considering hydrological processes as an interconnected system
rather than in isolation when assessing the impacts of climate change on water resources.

Having spatially distributed results is crucial for identifying regions at risk, understanding hydrological dynamics, and developing
targeted water management strategies. The spatially explicit modeling approach allows for the identification of specific areas that may
be more vulnerable to changes in precipitation, snow cover and depth, soil moisture, and groundwater recharge. This detailed in-
formation can guide the implementation of adaptive measures, such as improving infrastructure resilience, protecting critical habitats,
and ensuring sustainable water supply.

Overall, the hydrological shifts projected in this study will have significant implications for multiple sectors, necessitating adap-
tation strategies to mitigate potential risks. The projected reduction in snowfall will pose significant challenges for ski resorts and the
winter tourism industry, as shorter snow seasons and reduced snow cover may impact their operations and economic viability.
Additionally, increasing evapotranspiration, lower summer low flows, and reduced soil moisture are expected to negatively affect
agricultural productivity, ecosystems, and vegetation sensitive to summer droughts. These changes will likely necessitate improved
irrigation systems and adaptive land management strategies to mitigate the risks associated with drier conditions. At the same time,
higher winter flows may provide some advantages for hydroelectric reservoir management, as water that was historically stored as
snow will now become available earlier in the season. This shift could facilitate reservoir recharge but may also require adjustments in
seasonal storage strategies to ensure long-term water availability. However, more intense winter and spring streamflows could also
lead to an increased risk of flooding, emphasizing the need for enhanced flood mitigation measures and infrastructure adaptations to
manage potential hydrological extremes. Hydrological changes will impact forest management, as shifting soil moisture and tem-
perature conditions affect tree growth and regeneration.

Given these sectoral impacts, studies that assess multiple hydrological processes under climate change scenarios are crucial.
Effective adaptation requires robust quantification of future climate impacts, and hydrological models play a key role in simulating
essential variables such as precipitation, river discharge, groundwater recharge, and evapotranspiration. These projections are
indispensable for anticipating climate change impacts and guiding sustainable water resource and forestry management. For instance,
accurate soil moisture simulations would help optimizing irrigation and maintaining crop yields. Equally, spatially continuous in-
formation on soil moisture could help identifying sites that are more vulnerable to drought which in turn will help refining forest
management strategies under future climate conditions. On the other hand, groundwater recharge modeling is critical for securing
potable water supplies and managing aquifers sustainably, while surface runoff simulations are vital for urban infrastructure planning
and flood prevention.

In addition to these considerations, future research could benefit from a retrospective analysis of historical water balance trends to
detect and attribute past hydrological changes to climate drivers. Linking such observational insights with model projections would
strengthen the understanding of climate change impacts on the water cycle and provide a valuable reference point for validating future
scenarios. Furthermore, incorporating snow-related observations such as snow cover and snow depth into the calibration framework
could improve the representation of key seasonal processes, particularly in snow-dominated catchments. While such integration re-
mains challenging due to limited spatial coverage and the need for validation of satellite-derived products, recent advances in deep
learning approaches (Demil et al., 2025) offer promising alternatives to help reduce these limitations in the future.

5. Conclusion

This study comprehensively assessed the impacts of climate change on hydroclimatic variables in Quebec using a physically based,
spatially distributed hydrological model (WaSiM) and CMIP6 climate projections. The findings reveal significant changes in snow
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water equivalent, evapotranspiration, groundwater recharge, soil moisture, and streamflow dynamics under future climate scenarios.

Key results indicate a considerable increase in total precipitation and temperature, leading to a shift from snowfall to rainfall,
reduced snowpack, and earlier snowmelt. This change is expected to cause a seasonal shift in the timing of peak flows and an increase
in winter minimum flows. Additionally, the study highlights a significant increase in groundwater recharge rates during the winter and
spring months, attributed to higher precipitation and reduced soil freezing.

This research underscores the importance of employing advanced modeling techniques and the latest climate projections to
enhance our understanding of climate change impacts on hydrology. The methodologies and findings are not only pertinent to Quebec
but also applicable to other regions with similar climatic and hydrological conditions, such as parts of Europe, North America, and
Asia. By providing a more accurate and comprehensive assessment of future hydrological changes, this study supports more informed
decision-making and adaptive management practices to mitigate the impacts of climate change on water resources and ecosystems
globally.
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