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Abstract

Groundwater—surface water interactions play a critical role in regulating river temperature
and flow, particularly in northern regions affected by climate change. This study evaluates
the influence of climate warming on groundwater discharge for two rivers in Quebec: the
Sainte-Marguerite River, located in a humid continental zone without permafrost, and the
Berard River, situated in a subpolar continental zone with discontinuous permafrost. Using
two-dimensional hydrothermal modeling supported by field data, the analysis reveals that
climate warming will increase groundwater seepage into both river systems. The effect is
notably more pronounced in permafrost regions, where thawing accelerates subsurface
flow. Model projections indicate that permafrost near the Berard River may vanish by 2040
under high-emission scenarios or by 2070 under low-emission scenarios. This transition
is expected to result in more than a thirtyfold increase in groundwater discharge by the
end of the century. These findings highlight the growing influence of groundwater in
shaping river hydrology under changing climatic conditions and underscore the need to
incorporate subsurface flow dynamics into future water resource management and habitat
conservation strategies in northern environments.

Keywords: aquifer; river; water temperature; seepage rate; permafrost; climate change

1. Introduction

Groundwater (GW) and surface water (SW) are tightly interconnected, and the extent
of their interaction depends on the climate, geological setting, and human activities [1-3].
Changes in the GW system, driven by climate change (e.g., altered precipitation and
recharge patterns) or human interventions (e.g., extraction and contamination), directly
influence the quantity, quality, and temperature of GW-dependent wetlands, lakes, and
rivers [4-7].

Among the complex GW-SW interactions, the contribution of GW to SW through
seepage and upwelling is of particular importance in riverine ecosystems [8-10]. This GW
discharge shapes river hydrology and ecology by influencing chemical composition and
creating stable thermal environments [7,11].

The thermal regime of rivers plays a pivotal role in aquatic ecosystem health, par-
ticularly in regions such as northern Quebec, which hosts abundant Salmonidae species
(brook/lake trout, Arctic char, and Atlantic salmon). Fishing in these rivers supports local
communities and contributes to regional economies through sport fishing [12]. Salmonids
have optimal growth temperatures between 7 °C and 17 °C, while lethal thresholds range
between 25 °C and 27 °C [13-15]. Rising summer river temperatures increase the risk of
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thermal stress, threatening fish survival. Specific river zones act as thermal refuges that
sustain fish populations during warm periods [16,17]. GW discharge through upwelling
or lateral seepage is one of the main sources of such refuges, since the temperature of GW
exhibits less daily and seasonal variability than that of SW [18-21]. Consequently, GW
provides a reliable source of cold water in summer and warm water in winter [22].

In northern environments, the presence of permafrost adds further complexity to GW-
SW dynamics [23,24]. Previous research has demonstrated that permafrost thaw in northern
regions is imminent and will reshape the GW temperature and flow pathways [25-27].
Understanding these processes is of great importance and needs to be better investigated
in permafrost regions such as northern Quebec, which is expected to undergo substantial
environmental change in the coming decades.

Understanding these complex processes requires integrated approaches that explicitly
couple GW flow and thermal dynamics. Combined GW and heat transfer models are
well-established and have been extensively applied to hydrogeological (e.g., [28]) and
geothermal (e.g., [29]) studies and, recently, for the simulation of permafrost evolution
(e.g., [30]). Multidimensional hydrothermal models are valuable tools for assessing GW-
SW interactions and predicting the evolution of aquatic ecosystems under future climatic
conditions, although a limited number of field studies in northern regions hinder calibration
and validation efforts [6,31-33].

The objective of this study was to evaluate the impact of climate change on GW seepage
and its influence on river thermal regimes in northern Quebec, narrowing the gap left by
previous studies with the use of site-specific hydrothermal models. Two sites—one in a
permafrost-free setting and the other in a discontinuous permafrost zone—provided natural
laboratories to conduct this study and draw general conclusions that can be applicable to
permafrost regions. These two natural laboratories were selected because of the baseline
information availability and their relative ease of access. This made field instrumentation,
data acquisition, and, consequently, model development feasible. Using a consistent
methodological approach across both sites—which is a novel practice—enabled a direct
comparison. This approach allowed conclusions to be drawn about the impact of climate
change in two substantially different environments with extended GW-SW interactions.

2. Materials and Methods
2.1. Study Area

The two rivers selected for this study are the Sainte-Marguerite River, located about
12 km from the Sacré-Coeur municipality in the Cote-Nord (North Shore of the St. Lawrence
River) region of the Quebec Province, and the Berard River, which discharges into the
Ungava Bay in the northern village of Tasiujaq in Nunavik, northern Quebec (Figure 1A).
The Sainte-Marguerite River is located in southern Quebec, has no surrounding permafrost,
and is in a continental cold and humid climate. The Berard River is located at the boundary
of continuous (a thick, unbroken layer of frozen ground that covers nearly the entire
landscape) and discontinuous (patches of frozen ground interspersed with areas of unfrozen
ground) permafrost [25] and experiences a continental subpolar climate. The permafrost
is overlain by an active layer (the topmost layer of ground that thaws above 0 °C in
summer and freezes below 0 °C in winter) with a thickness that varies between 2 m and
10 m near the Berard River [25,34,35]. The permafrost base (the deepest point where the
ground temperature remains below 0 °C for two or more consecutive years) is expected
to be around 200 m to 280 m below the ground surface, according to the extrapolation of
recorded ground temperature profiles [36].
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Figure 1. Location of study sites on permafrost distribution map of Quebec Province ((A), from
Ref. [20]) and simplified cross-section view of study sites showing geological units of the Sainte-
Marguerite River (B) and Berard River (C).

Previous studies have identified several sites along the Sainte-Marguerite and Berard
rivers exhibiting substantial GW seepage [19,20]. In this study, one site from each river—
previously documented—was selected for detailed measurement and analysis. The study
site on the Sainte-Marguerite River is located on the main branch, 36 km upstream from
the river mouth (Figure Al in the Appendix A). The study site on the Berard River is
located 5.5 km upstream from the river mouth (Figure A2 in the Appendix A). Based on
1971-2000 climate data for Sacré-Coeur (in the Sainte-Marguerite River watershed), the
annual average air temperature (AT) and the total annual precipitation (TP) were 2.6 °C
and 1002 mm, respectively, while for the same period, the AT in Tasiujaq was —5.9 °C
and the TP was 484 mm [37]. In the studied rivers, Salmonidae, such as arctic char, brook
and sea trout, and Atlantic salmon, have been identified [38,39]. These fish species are
temperature-dependent, and fishing is popular in these rivers, such that studies regarding
water temperature are imperative.

Geology near the study site consists of bedrock outcropping on both sides of the
valley, which is partly filled with Quaternary deposits in the central depression. At the
Sainte-Marguerite River site, the bedrock is made of Mesoproterozoic igneous rocks of
the Grenville Province, overlain by Quaternary sediments consisting of glacial till with a
maximum thickness of 30 m and alluvial sand, sandy silt, and gravel with a 1-30 m thick-
ness [40]. At the Berard River site, the bedrock is made of Paleoproterozoic sedimentary
rocks of the Churchill Province, overlain by Quaternary sediments consisting of glacial
till with a thickness of 1-40 m and alluvial sand, sandy silt, and gravel with a maximum
thickness of 15 m [25,40].
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The topographic elevation difference between the riverbed and the top of nearby
hills is about 200 m for the Sainte-Marguerite River cross-section and 30 m for the Berard
River cross-section. The cross-section at the selected site on both rivers is near-symmetric;
therefore, half of the cross-sections were used for the visualization of geological units
(Figure 1B,C).

2.2. Data Collection

Measurements of the riverbed GW seepage rate (GWSR), water level, and temperature
provide important data for monitoring and measuring GW-SW interactions and to calibrate
and validate models. Shallow piezometers (maximum depth of 2.9 m from the ground
surface) were installed on the riverbank and below the riverbed to monitor the GW level
and temperature at each site. River water levels and temperature were also monitored
over the same period (Figure A3 in the Appendix A). Onset HOBO MX2201 Pendant
temperature sensors (Hoskin Scientific Ltd., Montreal, QC, Canada), with an accuracy of
+0.5 °C, were installed at 0.25 m intervals from zero to two meters below the surface to
record detailed temperature profiles. Solinst Levelogger-M5 water level sensors (Solinst
Canada Ltd, Georgetown, ON, Canada), with an accuracy of +5 mm, were installed in
the piezometers. The water level was recorded for one year (July 2019 to July 2020), and
the temperature was recorded for two years (July 2019 to July 2021). Seepage meters were
also installed in July 2019 and 2020 at different locations on the riverbed to measure the
GWSR to the river at the selected reach for two to three days [41]. It should be mentioned
that the field dataset (2019-2021) was not intended to capture interannual variability, but
rather to provide representative baseline conditions for model calibration of hydraulic and
thermal parameters. While the field data encompass a limited period (1-2 years), these
measurements ensured that the model reproduced the observed GW heads, seepage rates,
and riverbed temperatures at the study sites before long-term predictions from climate
scenarios were made.

2.3. Hydrothermal Modeling Framework

Combined GW flow and heat transfer models considering latent heat effects were
used to solve the flow and energy balance equations of the system. Complex coupling of all
equations in the system was carried out using the COMSOL Multiphysics Software Version
6.0, a finite element software package suitable for a variety of engineering fields [42].

Riverbed temperature (RBT) and GWSR were the main outputs of 2D transient models.
Thermal equilibrium was considered for heat transfer simulations. Thus, RBT was assumed
to be equal to the river water temperature at its deepest location in the river. Long-term
simulations considered varying AT and TP based on climate change scenarios to predict the
RBT and GWSR until the end of the century (2100). Details of these scenarios are presented
in the following section.

Flow in porous media was solved using Darcy’s Law. Heat transfer in the Sainte-
Marguerite River system considered convection and conduction, while latent heat and
phase change were not considered (Figure 2, left) since permafrost is not present and the
AT of the area is always above 0 °C according to climate norms [37]. On the other hand,
permafrost is present around the Berard River, which is highlighted by historical sub-zero
atmospheric temperatures [37], and its thaw due to climate change is of interest. Thus,
latent heat and phase change were considered in the simulations of the Berard River case
study (Figure 2, right).
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Figure 2. Schematization of the flow and heat transfer system in the models.

2.4. Geometry of Subsurface Geology

The porous media zone can be divided into subdomains based on the three present
geological units (Figure 1B,C). The 2D models’ geometries are the same as the study
sites’ topography and stratigraphy, as shown in Figure 1B,C. The Sainte-Marguerite River
model has a total thickness of around 300 m on the left side, reaching the river valley top,
and a thickness of 100 m on the right side below the river center line. The Berard River
model has a thickness of 250 m on the highlands and 220 m thickness below the river
center line.

2.5. Inputs and Parameter Estimation

Ground temperature measurements conducted in this study reached a maximum
depth of approximately 3 m, which could not be used to evaluate the ground temperature
profile and the exact depth of the permafrost top and bottom. However, prior research
conducted near Tasiujaq (e.g., [25,34-36]) allowed us to define an initial ground temperature
profile, as illustrated in Figure 3. Based on this expected temperature profile, an average
yearly ground temperature below 0 °C was found between ~10 m and ~230 m depth,
which should correspond to the depth of the permafrost. The freezing point of previously
gathered soil samples influenced by GW salinity was found to be —2 °C in the vicinity
of Tasiujaq [25]. Thus, —2 °C was considered to be the phase change temperature for
the simulations. Therefore, based on the ground temperature profile and phase change
threshold, the frozen porous media (where the temperature is below —2 °C) are located
between 15 m and 40 m depth for the initial condition (Figure 3). Based on ground-
penetrating radar measurements near Tasiujaq, an ice-rich layer is effectively present
everywhere in the region, even in areas close to the bay [25]. The presence of an ice-rich
layer at a depth of around 15 m and the location of Tasiujaq at the boundary of continuous
and discontinuous permafrost zones in regional permafrost distribution maps (Figure 1A)
provided sufficient justification to consider a continuous permafrost layer with a thickness
of about 25 m in the model of the Berard River.

The hydraulic and thermal properties of the materials were initially set based on the
available literature and field and lab measurements [20,25,41,43-46]. These parameters
were then further refined as the models were calibrated to observed temperatures and the
GWSR from field instrumentation (Tables 1 and 2) [20,41].
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Figure 3. Expected ground temperature profile of the Berard River (based on data from Refs. [25,34-36]).

Table 1. Calibrated model input values for the hydraulic properties of geological units in frozen and
unfrozen conditions.

Unfrozen Hydraulic Frozen Hydraulic

Geological Unit Conductivity (m-s—1) Conductivity (m-s—1) Porosity (-
Alluvial 1x 10~% 1x 1077 0.25
Till 1x 1077 1x 1010 0.35
Bedrock 1x 10710 1x10°13 0.05

Note: An anisotropy factor of 0.1 for vertical hydraulic conductivity was considered (ky = 0.1 ky,).

Table 2. Calibrated model input values for thermal properties of materials/geological units.

. . . Thermal Conductivity Heat Capacity . 3
Material/Geological Unit (W-m-1.K-1) (]-kg—1~K—1) Density (kg-m—3)
Alluvial (Solid) 0.5 300 1500
Till (Solid) 1 500 1300
Bedrock (Solid) 2 1000 2500
Water 0.6 4200 1000
Ice 2.14 2100 920

The properties of the porous media domain were based on frozen and unfrozen
conditions. Only unfrozen conditions were considered for geological units of the Sainte-
Marguerite River since permafrost is not present. However, for the Berard River case, the
hydraulic and thermal properties were introduced as variable and temperature-dependent
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values. In this study, —2 °C was set as the limit where parameters change between respec-
tive frozen/ice (T < —4 °C) to unfrozen/water (T > 0 °C) conditions. The parameter w was
introduced to show the ratio of unfrozen/water to frozen/ice phases. During the phase
change (—4 °C < T < 0 °C), w varies between zero and one depending on temperature
(Equation (1) and Figure A4 in the Appendix A).

1 for T>0
w=1<025xT Value +1 for —-4<T<0 (1)
0 for T< -4

where w is the temperature dependency factor (—), T_Value is a unitless temperature value
(=), and T is temperature (°C), showing the range for selecting the proper w.

During the phase change, the hydraulic conductivity of units was calculated using a
weighted average (based on Ref. [47]), considering the w factor (Equation (2)).

keq = wkyf + (1 — w)k¢ (2)

where k is the hydraulic conductivity (L-t~1). The subscripts uf and f denote unfrozen and
frozen conditions, respectively.

In the frozen condition, permeability should be set to an arbitrary small minimum
value [48]. However, since the model convergence was difficult if the permeability of
two adjacent cells was more than three orders of magnitude different, the arbitrary small
minimum permeability value for each unit in the frozen condition was considered to be
1000 times lower than in the unfrozen condition (Table 1).

Thermal properties of solids for the three porous media units in Table 2 were defined
according to laboratory measurements made in dry conditions. Thermal conductivity and
heat capacity in the model were calculated using a volumetrically weighted arithmetical
mean of the parameters (based on Ref. [47]) for solids, water, and ice, depending on the w
factor (Equations (3) and (4)).

Ceq = e(wpwew + (1 — w)pici) + (1 — €)]pscs 3)

Aeq = e(WAw + (1 —w)Aj) + (1 —¢)As 4)

where c is the specific heat capacity (L2-t=2-T~!), ¢ is the porosity (—), A is the thermal
conductivity (M-L-t=3-T~1), and p is the density (M-L~3). The subscript eq denotes that the
physical variables are calculated by using the volumetrically weighted arithmetical mean
method, considering the temperature-dependent w factor and subscripts i, w, and s denote
ice, water, and solid particles, respectively.

2.6. Boundary Conditions

The right boundary was set along the river’s centerline, assuming symmetry in the
valley, a common simplification in 2D cross-sectional models to reduce computational
time while capturing the essential dynamics of hillslope-river exchange. The left model
boundary was extended to the topographic divide (hilltop), where GW divides are typi-
cally located, justifying the no-flow condition. By including the bedrock unit below the
sedimentary deposits and extending models to the hills on the left side of the models,
no-flow boundaries could be assumed. It would have been difficult to set closer boundaries
due to the lack of field information, such as the measured hydraulic head, which would
allow setting boundaries based on equipotential lines. At the top face, an infiltration rate
was assigned on the ground surface simulating GW recharge from increasing TP based on
climate change scenarios. The riverbed was set to the pervious layer boundary condition,
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which describes a flux through a layer connected to an external fluid source at different
pressures, which are the GW pressure in porous media and the pressure at the bottom of
the river (Figure 4A). The bottom face was considered a no-flow boundary.

Inflow (Recharge @

from precipitation) Pervious
1 layer Outflow

I I
I Ly

No flow No flow || Thermal Thermal
| (symmetry)||Insulation | Insulation
: : (symmetry)
! |
T No flow TGeothermal flux

Figure 4. Boundary conditions of the flow (A) and heat transfer (B) models.

The sides of the heat transfer model were thermal isolation boundary conditions.
The temperature-dependent heat flux boundary condition was applied at the top of the
heat transfer simulations. Inward heat flux at each time step was calculated with variable
ambient temperature (AT) based on climate scenarios, the emissivity of the material, and
the initial temperature of the surface (Equation (A1) in the Appendix A). In addition, 0.99
and 0.98 were considered as the water and soil emissivity factors in this study, respectively
(based on Refs. [49,50]). The bottom face of the model was set to an inward heat flux based
on the estimated geothermal heat flux in the study area. The Sainte-Marguerite River is
located in Grenville Province of the Canadian Shield with a heat flux of 0.033 W-m~2, and
the Berard River is located in Churchill Province with 0.034 W-m~2 heat flux [45]. The
riverbed was set to an outflow boundary condition, which states that the only heat transfer
occurring across the boundary is by convection. This boundary condition ensured no direct
effect of AT on the riverbed and constant GW seepage at its calculated temperature, which
was determined by the physical processes simulated in the model (Figure 4B).

2.7. Initial Conditions

A steady-state simulation was initially performed using the 50-year (1950-2000) aver-
age TP. The result of this steady-state simulation was used for the initial conditions for the
transient simulations, which incorporated climate scenarios covering the 2020-2100 period.
The initial temperature for heat transfer simulations was set to 2 °C for the entire domain of
the Sainte-Marguerite River model. A ground temperature profile (Figure 3) representative
of the average yearly temperature based on available sources [25,34,35] was assigned to
the Berard River model. This temperature profile defined the initial location of frozen
ground/permafrost in the system.

2.8. Mesh

The mesh for 2D models was made of triangular elements with minimum and maximum
dimensions of 25 cm and 25 m, respectively. This resulted in 585 elements for the Sainte-
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Marguerite River and 5745 elements for the Berard River (Figure A5 in the Appendix A).
Different mesh sizes were tested, and models were shown to be mesh-independent.

2.9. Time Step

Yearly time steps were considered since yearly temperature and precipitation increases
from climate models were used as input data for 2D simulations. Five- and ten-year time
steps were also tested and showed similar results with slightly better calculation time.
Using time steps longer than one year but recording the outputs on a yearly basis could
lead to interpolated results. To avoid this and since yearly changes were of interest, the
time step in climate change simulations was set to one year.

2.10. Simulated Scenarios

The long-term climate scenarios in this study were selected based on anticipated
increased AT and TP from Canada’s Coupled Model Intercomparison Project Phase 6
(CMIP6) climate models. Forty-nine climate modeling groups, considering 100 different
climate models, were included in this latest phase of CMIP. The results of these climate
models are openly available from the ClimateData.ca website [37]. Climate models, in
this source, consider three different Representative Concentration Pathways (RCPs) to
provide plausible future scenarios of human emissions patterns. The scenarios are as
follows: RCP8.5—a high global emission scenario representative of a situation with no
measures to limit (mitigate) climate change, RCP4.5—a medium global emission scenario
that includes some mitigation actions, and RCP2.6—a low global emission scenario that
requires strong mitigation actions. In this study, RCP2.6 (low emissions) and RCP8.5
(high emissions) scenarios were selected to represent the lower and upper bounds of
projected climate uncertainty, providing a plausible range of future outcomes. The inter-
mediate RCP4.5 scenario was excluded to streamline the analysis and focus on the most
contrasting futures.

The resulting increases in AT and TP for the Sainte-Marguerite River (Sacré-Coeur)
and Berard River (Tasiujaq) are presented in Figure 5. More details regarding climate
models, including the available inputs, can be found on the ClimateData.ca website. The
AT and TP are almost constant from 1950 to 1990, while from 1990 onward, a positive
increase in AT and TP can be identified for both study sites. To simplify model inputs,
instead of simulated AT and TP from climate models (Figure 5), an extracted linear increase
in AT and TP was used as input in the models. The linear increase rates of AT and TP for
the Sainte-Marguerite and Berard Rivers based on the two selected climate scenarios are
shown in Table 3. These estimated trends were used in the 2D models to simulate changes
in GWSR and RBT from 2020 to 2100.

Table 3. Yearly average annual air temperature and total annual precipitation increase rates based on
low- and high-carbon-emission climate scenarios for the selected rivers.

Scenario RCP2.6 RCP8.5
River AT (°Clyr) TP (mm/yr) AT (°Clyr) TP (mm/yr)
Sainte-Marguerite 0.02 1.00 0.07 2.20

Berard 0.03 0.60 0.09 1.60
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Figure 5. Anticipated average annual air temperature and total annual precipitation for the Sainte-
Marguerite River/Sacré-Coeur ((A) and (B), respectively) and Berard River/Tasiujaq ((C) and (D),
respectively), based on historical models and low- (RCP2.6), medium- (RCP4.5), and high- (RCP8.5)
emission scenarios (based on Ref. [37]).

3. Results
3.1. Sensitivity Analysis and Calibration

Sensitivity analysis was carried out on input parameters for models of both study sites.
At the early stages of the work, different values for the thickness of geological units and
hydraulic conductivity from different sources were used in the models. Some parameters,
like hydraulic conductivity, were changed by more than one or two orders of magnitude to
help select the most representative values and define the models’ properties. At each step
of the sensitivity analysis, only one parameter was changed at a time, and the percentage
of change in simulated RBT and GWSR was assessed. The results revealed that the models
were most sensitive to the hydraulic properties of the alluvial unit. Simulated GWSR
was most sensitive to permeability values, specifically, the permeability of the alluvial
unit, since it has the highest permeability and controls the interaction between GW flow
and the river. GWSR in models with a permafrost unit was also sensitive to the heat
capacity of the unit containing the frozen ground. Heat capacity was found to be the factor
controlling the timing of permafrost thaw and the increase in GW flow due to a change
in the permeability value from the frozen condition to the unfrozen condition. Simulated
RBT was sensitive to changes in permeability, heat capacity, and thermal conductivity of
geological units, considering this order. While permeability and thermal conductivity had
a direct correlation to simulated RBT, heat capacity showed the reverse effect. Figure 6
shows the results of the sensitivity analysis with a 25% change in each input parameter
of the Berard River 2D model as an example.
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Figure 6. Example of sensitivity analysis results showing the effect of parameters on the simulated
RBT of the Berard River.

The calibration of hydraulic and thermal properties was carried out manually and one
by one, starting from the most sensitive to the least sensitive parameter. The simulated and
recorded pressure and temperature of the river were compared to those of GW adjacent
to the river using the installed water level loggers and the GWSR measured with seepage
meters (see Table Al in the Appendix A for the calibration results). The average yearly
GW head recorded by water level loggers was compared to the simulated head by the
model at an early simulation time in 2020 for the same location and depth of investigation
by piezometers (Figures A4 and A5 in the Appendix A). The hydraulic conductivity of
geological units was specifically calibrated using this comparison. After calibration, the
comparison between the observed and simulated GW pressure head showed less than a
15% difference for both models. Another calibration factor was the comparison of GW
and river water temperature to the recorded data. This comparison allowed us to calibrate
the heat capacity of units. At early simulation time (year 2020), the RBT simulated by the
models showed less than a 20% difference compared to the average yearly RBT recorded
by shallow temperature sensors at the study sites.

3.2. Long-Term Climate Change Scenarios

Predictions under climate change scenarios were made following the calibration. For
the baseline year (2020), the Sainte-Marguerite River (without permafrost) showed an
average RBT of 3 °C and a modest GWSR (about 1.3 x 107°). In contrast, the Berard
River (permafrost site) had a colder RBT (—2.2 °C) and strongly reduced GWSR (about
1.3 x 10~®). This initial contrast highlights the role of permafrost in restricting GW-SW
interactions and provides a reference point for interpreting future climate-driven changes.

For the Sainte-Marguerite River case study, the GWSR increased by 5%, and the RBT
increased by 1.4 °C over the period of 2020 to 2100 under the RCP2.6 scenario. Under the
RCP8.5 scenario, the GWSR was 40% and RBT was 3.5 °C higher in 2100 compared to 2020
(Figure 7A,B). However, the simulated GW flowlines do not change significantly over time
under the various climate scenarios (Figure A6 in the Appendix A).
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Figure 7. Simulated riverbed temperature and riverbed groundwater seepage rate of the Sainte-
Marguerite River ((A) and (B), respectively) and Berard River ((C) and (D), respectively) study sites
based on RCP2.6 and RCP8.5 climate scenarios.

Simplified climate change models of the Berard River based on RCP2.6 suggested
linear growth of AT and TP from 2020 to 2100 by about 2 °C and 11%, respectively. Under
the RCP8.5 scenario, the linear increases in AT and TP were about 4 °C and 29%, respectively.
However, according to the 2D models of the Berard River site, the increase in RBT and
GWSR did not follow a linear increase pattern. From 2020 to 2100, the RCP2.6 scenario
was associated with an increase in RBT and GWSR of 0.7 °C and 3749%, respectively,
whereas the RCP8.5 scenario resulted in an increase in RBT and GWSR of 3.2 °C and
3784%, respectively (Figure 7C,D). The simulated GWSR in 2100 for the RCP2.6 and RCP8.5
scenarios was comparable. However, the sudden non-linear increase in GWSR occurred
around 2070 for the RCP2.6 scenario and around 2040 for the RCP8.5 scenario.

Moreover, models of the Berard River study site showed significant changes in the
simulated GW flow system over time according to climate change scenarios (Figure 8).
In Figure 8, arrowheads on the calculated GW flow lines show a specific travel time of
several years, which are always present at the base of the model where the bedrock unit
is located. Dense arrows mean that the GW flow is small, and no arrow means the flow
is fast. At the start of the simulations, in 2020, arrows are present at the top of the model
in unconsolidated deposits. These arrows remain present in 2050 for the RCP2.6 scenario
but not for the high-emission scenario (Figure 8). In Figure 8, the presence of arrows in the
top units of the models coincides with the presence of a —2 °C contour line (green line in
Figure 8), meaning the low flow in unconsolidated deposits is due to the presence of frozen
ground. The earlier increase in GW flow (i.e., disappearance of the green line) in RCP8.5
compared to RCP2.6 can be seen in Figure 8.
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Figure 8. Cross-section view of the Berard River study site showing simulated groundwater flow lines
(black) and ground temperature distribution at different time intervals under RCP8.5 and RCP2.6 scenarios.

4. Discussion
4.1. Limitations and Prospects for Improvement

The 2D models integrate primary processes and are well-constrained by field data
focusing on vertical and lateral cross-valley exchanges. The 2D approach provides a good
understanding of site-specific GW-SW dynamics that is easily visualized. However, the use
of the 2D cross-sectional approach can be considered as a limitation of this study, since it
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does not resolve large-scale three-dimensional regional GW fluxes or lateral tributary in-
flows, which may affect temperature predictions in reaches with complex inflow structures.
Future work involving 3D simulations with additional data along the river systems could
improve predictions, which require more intense data collection.

Only 1-2 years of field measurements were available for calibration. While this short
period cannot represent interannual variability, it provides reliable baseline conditions to
constrain model input parameters. Long-term dynamics were subsequently introduced
through the climate scenarios (RCP2.6 and RCP8.5), which prescribe systematic changes
in air temperature and precipitation. This approach, commonly used in hydrothermal
modeling studies in remote areas, allows for robust projections despite the limited field
monitoring period. Extensive monitoring (5 years) at multiple sites, requiring signifi-
cant financial resources, which were not available for this study, would be beneficial for
improving model calibration, validation, and reliability.

Surface emissivity was considered to be constant over time in this study because
the focus was on long-term (decadal) trends, where seasonal effects are averaged. The
comparison of the simulated average annual ground temperature to recorded values
(for 2019-2021) showed close correlation and justified this simplification. However, the
emissivity index of the ground surface varies seasonally at both study sites due to snow
accumulation in winter [26]. The emissivity of the river surface also changes between warm
and cold seasons as the rivers may be partially or entirely frozen. Thus, the addition of a
variable emissivity could improve the results for future work incorporating simulations
with half a year or even monthly time steps.

AT was used as a model input, considering the yearly increase based on climate change
scenarios. AT was selected as this was sulfficient to evaluate changes over years or decades.
However, the use of maximum and minimum yearly ATs from climate scenarios with a
half-year time step in the models allows for some seasonal representation within the model.
This is expected to be more significant in the case of the Berard River due to the presence of
permafrost and yearly freeze-and-thaw cycles in the model’s top layer, which is the most
permeable with the highest GW flow. However, Evans and Ge [24] showed that under
climate change scenarios, changes in deep permanent permafrost have more effects on GW
systems compared to seasonal changes in frozen ground near the surface. Thus, the use
of yearly time steps without simulating the freezing and thawing near the surface can be
justified, and simulating seasonal changes can be a goal for future work.

In this study, the thaw of permafrost and change from continuous permafrost to its
complete disappearance happened over a duration of a few years (around 2035 to 2040
for the high-emission scenario and around 2065 to 2070 for the low-emission scenario
in Figure 7D). When the thawing of permafrost reaches a stage where the continuity of
permafrost is interrupted, the GW flow system becomes connected to the river. Until
permafrost has not completely disappeared, GW flow around partially frozen ground can
be cooled. Thus, increased GW seepage with low temperature can have a higher impact
on the river’s thermal budget during this period. For future work, the use of adaptive
and smaller time steps is suggested for this period to better pinpoint permafrost thaw and
understand its detailed effects on the river’s thermal budget.

The projections presented are deterministic outcomes based on a single calibrated
model. The primary sources of uncertainty include the simplified climate forcing (linear
trends), model parameters, and 2D model structure. The results should be interpreted as an
illustration of the system’s potential sensitivity and trajectory rather than a precise forecast.
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4.2. Impacts of Climate Change

The baseline comparison between permafrost and non-permafrost rivers underscores
the distinct initial conditions: limited seepage and colder riverbeds in the permafrost setting
(Berard River) versus warmer and more connected systems without permafrost (Sainte-
Marguerite River). These initial differences explain the divergent response between the
non-permafrost and permafrost-affected systems under the same emission scenarios. The
simulations for the Sainte-Marguerite River resulted in an increase in the RBT and GWSR
following a linear growth pattern similar to the applied AT and TP increases. However,
the increase in RBT and GWSR from 2020 to 2100 was not linear for the Berard River.
The non-linearity in GWSR is a direct result of the step change in hydraulic conductivity
as permafrost thaws (Table 1). In contrast, RBT responds more linearly to increasing air
temperature because heat transfer is governed by both conduction and advection, and
the warming signal is strong and continuous, even if the advective component (GWSR)
increases abruptly.

The jump in the GWSR graph for the Berard River (Figure 7D) and the change in the
slope of the RBT graph (Figure 7C) occur at the same time when the ground is no longer
expected to be frozen (no ground with a temperature below —2 °C). According to the
high-emission climate scenario (RCP8.5), the degradation of permafrost starts in 2033, and
after 2041, there is no more frozen ground in the system. Under the low-emission climate
scenario (RCP2.6), the degradation of permafrost starts around 2064, and the frozen layer
is expected to thaw by 2074. The simulated rate of permafrost thaw is in accordance with
global permafrost thaw models, and the complete disappearance of ice-rich and frozen
ground by 2100 has been predicted for other regions in the world [51-54]. The simulated
GWSR with the high-emission scenario (RCP8.5) is almost constant from 2020 to 2035. This
is followed by a quick rise in the GWSR, which occurs in 2035 when the GWSR becomes
more noticeable. In the low-emission scenario (RCP2.6), the GWSR increases almost linearly
from 2020 to 2066, and a sudden increase occurs in 2066. In both the RCP2.6 and RCP8.5
scenarios, the simulated —1 °C contour line moved about 6 m down toward the base of
the model, and the 0 °C contour line moved 6 m up toward the surface from 2020 to 2050
(Figure 8). The thermal state between these two contour lines can be considered as an
indicator of permafrost, where partially frozen ground and ice patches can be present in
the ground. Simulated changes indicate that permafrost thaw occurs both from the top
and the base. The simulated thaw rate from the top and the base of around 10 cm/yr is
at the upper boundary of the thaw rate range estimated by Buteau et al. [55] with a 1D
heat conduction model. The inclusion of GW flow in the models of this study appears
to be the reason for a higher thaw rate when compared to the results obtained with a
1D heat conduction model. Allard et al. [25] simulated the complete thaw of permafrost
from the first 12 m of the ground near Berard River between 2022 and 2030 (depending
on the location) based on RCP8.5. In Allard et al. [25], the thaw of permafrost at locations
further away from the river that are located completely in bedrock occurs faster than those
near the river in unconsolidated sedimentary materials [25]. In contrast, this study found
a higher thaw rate near the river. The seasonal variation in permafrost due to climate
change scenarios is simulated using 1D conceptual heat exchange and energy balance
models of ground containing permafrost in Allard et al. [25], while the GW flow and
convective heat transfer were not considered. In previous 1D models, the timing of thaw at
different locations depends on the thermal conductivity of materials, which is higher for
the bedrock compared to unconsolidated sedimentary materials. The inclusion of GW flow
in 2D models means an increased GW flow near the river, which can accelerate the thaw
rate. This could be a possible reason for the different thaw rate in this study compared to
previous 1D models.
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This work shows that permafrost thaw is expected in the next century around the
Berard River, which would increase GW flow toward the river. This is projected to result in
higher river flow during low-precipitation seasons due to an increase in base flow through
the connection of deeper GW flow pathways to the river in the absence of permafrost [56].
This increase in the GW flow rate may have an impact on riverbed morphology and affect
fish habitats and spawning sites within the river. An increase in GW seepage is expected
to change the vertical temperature profile of the river as the GW temperature is lower
than the river water temperature. The location of known thermal refuges in the river may
change, and they are expected to become more abundant due to increased GW seepage.
The use of thermal refuges and cooling zones produced by GW seepage during extreme
events in summer has been documented before (e.g., [18,57]). A higher number of thermal
refuges and an increased temperature gradient can be beneficial for the survival of the fish
during extreme atmospheric events. Zones with GW seepage may become the only places
where fish can survive in the future, since the average river water temperature can increase
due to anticipated higher ATs in the future, based on climate scenarios [58,59]. Plans for a
controlled flow and temperature during salmon spawning seasons, which were designed
in previous decades on the basis of hydrological and SW studies, may no longer be as
effective as they are today (e.g., [60]). Consequently, studies that include GW models under
climate change scenarios are essential to provide guidelines to update management plans.

Although this study focused on two rivers in Quebec, the projected changes are
consistent with larger-scale modeling studies that anticipate widespread permafrost degra-
dation and increased GW-SW connectivity across the circumpolar north (e.g., [23,51]).
Many high-latitude rivers underlain by permafrost are expected to experience similar
non-linear increases in GW discharge as thawing progresses, fundamentally altering base
flow regimes. Therefore, the site-specific simulations provide insights that are applicable to
broader Arctic/subarctic river systems facing climate warming.

5. Conclusions

This study demonstrates that climate-induced permafrost thaw substantially alters
groundwater—surface water interactions in northern environments. The results of site-
specific hydrothermal modeling of two Quebec rivers—one in a permafrost-free zone and
the other in a permafrost region—reveal a non-linear increase in groundwater discharge
where frozen ground degrades. In the Berard River, groundwater seepage is projected to
rise more than thirtyfold by 2100, coinciding with the complete disappearance of permafrost
under high-emission scenarios. In contrast, the Sainte-Marguerite River, unaffected by
permafrost, exhibits modest and linear increases in the simulated groundwater seepage to
the river and the riverbed temperature.

The inclusion of advective heat transfer in the modeling framework proved essential
for capturing the timing and magnitude of permafrost thaw, highlighting the limitations
of conduction-only approaches. These findings underscore the importance of integrating
groundwater flow and thermal dynamics in climate impact assessments, particularly in
regions undergoing rapid cryospheric changes.

As groundwater becomes a dominant driver of river thermal regimes, its role in
sustaining cold-water fish habitats will intensify. Management strategies must evolve to
reflect this shift, prioritizing the identification and preservation of groundwater-fed thermal
refuges. Future research should expand groundwater-related studies and monitoring efforts
over several years and incorporate seasonal and spatial variability to refine predictions and
support adaptive conservation planning across northern river systems.
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Appendix A
Appendix A.1. Additional Equations

The inward heat flux for the top of 2D heat transfer models is calculated using the
following equation:

Qnet
i = oe(T,, — T2 (A1)

where % (M-L?.t73) is the energy input over time, ¢ is the Stefan-Boltzmann constant
(5.67 x 1078 W-m~1.K™1), ¢ is the surface emissivity (=), T, (T) is the ambient tempera-
ture, and T (T) is the surface temperature.

Appendix A.2. Additional Data

Table Al. Calibration results: the parameters represent average yearly values of the year 2020.

Case Study Parameter Measured Simulated Difference (%)

Ground temperature (°C) 52 49 —4

Sainte-Marguerite River GW head (MASL) 113.6 116.7 3
Riverbed temperature (°C) 49 4.3 —13
Riverbed seepage rate (m>/s) 5.9 x 1077 5.0 x 1077 —14
Ground temperature (°C) 1.1 1.0 —-11
Berard Ri GW head (MASL) 15.4 13.2 —14

crard River Riverbed temperature (°C) -35 —44 19
Riverbed seepage rate (m?/s) 6.4 x 1078 55 x 1078 —13

Note: Average values from multiple field measurement points located near the mod-
eling cross-section were compared to a single point within the cross-section that best
represented the field measurements. Please refer to Figures A4 and A5 to see the field
measurement and calibration points.

Table A2. Measurements of the hydraulic head and water temperature with level-loggers at the
Sainte-Marguerite River study site.

Logger P1 P2 P3 P4 R1 R2
Average yearly
hydraulic head (MASL) 113.54 113.66 113.57 113.38 113.21 113.22
Average yearly water 3.95 422 3.64 10.31 7.58 10.46

temperature (°C)
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Table A3. Measurements of the hydraulic head and water temperature with level-loggers at the
Berard River study site.

Logger P1 P2 P3 P4 P5 Side Channel (SC) Main River (MR)
Average yearly
hydraulic head (MASL) 15.14 15.19 15.32 15.22 14.87 14.97 15.17

Average yearly water

o 1.63 7.34 0.80 8.37 3.69 7.52 4.75
temperature (°C)

Table A4. Measurements of the riverbed seepage rate with installed seepage meters at the Sainte-
Marguerite River study site.

Seepage Meter Riverbed Seepage Rate (m?/s)
S1 3.62 x 1077
S2 3.59 x 1077
S3 5.65 x 1077
S4 3.97 x 1077
S5 3.64 x 1077
S6 8.52 x 1077
S7 1.12 x 10~°
S8 7.55 x 1077

Table A5. Measurements of the riverbed seepage rate with installed seepage meters at the Berard
River study site.

Seepage Meter Riverbed Seepage Rate (m>/s)
S1 3.99 x 1077
S2 4.77x 1078
S3 1.06 x 10~7
Others Inconclusive results

Table A6. Measurements of the ground temperature at different depths with installed temperature
sensors in the ground at the Sainte-Marguerite River study site.

Depth Below Ground Surface (cm) Average Yearly Ground Temperature (°C)
0 6.55
24 6.40
63 5.81
87 5.46
131 5.03

Table A7. Measurements of the ground temperature at different depths with installed temperature
sensors in the ground at the Berard River study site.

Depth Below Ground Surface (cm) Average Yearly Ground Temperature (°C)
9 0.79
25 0.84
45 0.80
72 0.80
100 0.78
129 0.76

157 0.72
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Appendix A.3. Additional Figures

Figure Al. Detailed maps of the study site on the Sainte-Marguerite River in relation to important
land features (A) and a more zoomed in view showing modeling cross-section (B).
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Figure A2. Detailed maps of the study site on the Berard River in relation to important land features
(A) and a more zoomed in view showing modeling cross-section (B).
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