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Abstract: Surface Water-Groundwater (SW-GW) interaction is a crucial aspect of the hydrological
cycle and requires accurate modeling for reliable predictions. In many basic hydrological models
and calculations, it is common to assume that the water density is constant. However, density-
dependent flow, which accounts for changes in water density, plays a significant role in various
hydrological processes. This study aims to quantify the effects of density-dependent flow on SW-GW
interaction and evaluate the sensitivity of dominant hydrological drivers to density-dependent flow.
Our simulations using the HydroGeoSphere model revealed that neglecting density-dependent
flow in SW-GW interaction can lead to inaccurate estimations of water and solute balances. In
particular, including density-dependent flow in the model yielded more realistic salinity distributions
under gaining river scenarios and captured the gradual expansion of freshwater lenses under losing
river scenarios. The results also indicated that under non-density-dependent flow, more saline
groundwater is exposed to evapotranspiration, resulting in higher solute mass storage and a more
saline unsaturated zone. Further, surface recharge and pumping rates played crucial roles in salinity
distribution. This study highlights the critical importance of incorporating density-dependent flow
in simulations, providing valuable insights for improving the accuracy of predictions and effectively
managing water and solute balances in floodplain aquifers.

Keywords: Surface Water—-Groundwater (SW-GW) interaction; hydrological cycle; density-dependent
flow; HydroGeoSphere model

1. Introduction

Surface Water-Groundwater (SW-GW) interaction is a fundamental component of
the hydrological cycle on the watershed scale. Surface water bodies (e.g., rivers, streams,
lakes, and wetlands) continuously interact with the vadose zone and shallow and deep
groundwater systems. Naturally, surface water and groundwater have different hydraulic
dynamics and quality properties, meaning that one system’s quantity and quality could
potentially affect the other [1]. Therefore, hydrological models must account for this interac-
tion to provide reliable predictions [2,3]. The SW—GW interaction impacts a wide variety of
functions, including biogeochemical cycling and habitats for diverse organisms [4—6], river
ecology [7-10], as well as water, mass, and energy transfer at the catchment scale [11-13].
Furthermore, the SW—-GW interaction plays a role in earth system modeling at continental
and global scales [14,15].

In a hydrologically connected SW-GW system, the flow is determined by the disparity
in hydraulic head between the surface water source and the underground water reservoir
and the permeability of the partially porous sediment layers in the river. The majority
of hydrogeological studies have primarily focused on the issue of groundwater flow by
assuming a constant density of water and attributing the flow solely to pressure variations.
This type of flow is commonly known as hydraulic-dependent flow [2,16,17]. This method
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is frequently employed for studying the behavior of fluid flow and solute dynamics.
However, its reliability is limited to situations where there is no substantial difference in
density between the two domains.

As temperature rises, fluid density decreases, while higher salinity increases fluid
density [18]. Density-dependent (DD) flow, influenced by variations in water density [19],
becomes dominant in significantly saline groundwater, leading to a mixed-convection
formation [20]. This occurs when fluid flow is influenced by both forced and free convection,
typical in scenarios where the non-uniform density distribution under gravity governs
flow. The presence of density contrast complicates flow patterns and velocity fields in the
aquifer [21,22], causing unstable density stratification due to dense saline water over less
dense fresh groundwater [23].

DD flow is crucial in groundwater systems, potentially causing instabilities and
accelerating solute spreading with substantial density contrast. The significance of DD flow
and mass transport extends across various hydrogeological challenges, encompassing issues
such as predicting the destiny of groundwater contaminants [24,25], understanding coastal
hydrogeological processes [26-28], exploring geothermal resources [29-31], and addressing
geological CO, sequestration challenges [32-34]. A comprehensive understanding of this
process is essential for accurate predictions and implementing effective measures to mitigate
and prevent environmental issues.

The implication of DD flow is particularly noticeable when comparing a minor water
density change to hydraulic head gradients. For instance, a subtle density variation of
1kg/m?, only a 0.1% deviation from standard freshwater density (1000 kg/m?), can exert a
comparable influence on water movement as a typical one-meter elevation change over
a one-kilometer distance. Illustratively, a diluted seawater solution with approximately
2 g /L salinity, just 5% of regular seawater, showcases how even minor salinity variations
are crucial for generating DD flow gradients. These gradients can rival the effects of the
common hydraulic head gradients observed in natural settings [35]. Importantly, DD flow,
governed by these subtle density differences, can either occur in isolation or in conjunc-
tion with flow driven by hydraulic forces, highlighting its versatility and significance in
hydrological processes.

While there is growing interest in studying how density affects water flow, we have yet
to fully understand these complex processes [36,37]. The system exhibits strong nonlinearity,
where minimal changes in salinity directly influence density distribution, subsequently
affecting pressure and influencing velocity distribution. The velocity field, governed
by advection, drives solute concentration changes [38]. Eeman et al. [36] investigated
freshwater lens thickness in the presence and absence of density contrast during recharge
above saline water. Their analytical and numerical methods revealed substantial impacts
on lens thickness due to the mass flux ratio and density difference, emphasizing the
overestimation risk when ignoring density differences. Despite the recognized significance
of DD flow as an exchange process, it has not been thoroughly investigated compared to
hydraulic-dependent flow [39].

The interaction between saltwater and freshwater has been explained through two
approaches, namely sharp interface and diffusive interface. The sharp interface assumes a
small transition zone, immiscible fluids, and hydrostatic equilibrium [40,41], and is widely
used for its simplicity [42-45]. However, recent research by Solorzano-Rivas et al. [46]
has demonstrated its tendency to overestimate seawater intrusion and freshwater lens
size. The diffusive interface, accounting for salt’s hydrodynamic dispersion [38], is more
realistic. Fully coupled variable-density flow and advection—dispersion numerical models,
empowered by enhanced computational capabilities and coupling techniques, represent a
new era in solving differential equations for variably saturated subsurface flow and surface
water flow (e.g., SEAWAT [47], HydroGeoSphere (HGS) [48], FEFLOW [49], SUTRA [50],
OpenGeoSys [51]).

Interest has recently been increasing toward DD flow due to its importance in a range
of ecological, environmental, and groundwater management issues. These include concerns
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with landfill sites [52,53], disposal basins and salt lakes [54,55], seawater intrusion [46,56],
and salt accumulation in the unsaturated zone in arid /semi-arid areas [17,57,58]. Despite
advancements in modeling DD flow, numerous ongoing studies, such as those examining
leachate plumes from landfills or conducting tracer tests, still overlook DD flow effects.
This is primarily due to the assumption, either implicitly or explicitly, that these effects are
relatively small when compared to other processes involved in the study [35,38]. Alterna-
tively, some studies employ the “equivalent freshwater head” approach as a step toward
addressing this issue [59-61]. However, this approach can be overly simplistic or even
erroneous, particularly when vertical flow is a focal point.

Over three decades, this has been an ongoing challenge to obtain a unique solution
to accurately predict the quantity of fingers, their spatial distribution, sizes, migration
rates, and pathways. For instance, the studies by Woods and Carey [62] and Van Reeuwijk,
Mathias [63] confirmed the existence of multiple solutions to the classic elder problems.
Highly unstable DD systems are so intricate that expecting a unique solution is seldom
realistic. According to Xie et al. [64], a quantitative stochastic analysis of measurable
macroscopic indicators such as the vertical center of mass, total solute mass, and Sherwood
number (the ratio of the convective mass transfer to the rate of diffusive mass transport)
provides a more reliable explanation for DD flow compared to a microscopic deterministic
approach that considers factors like the number of fingers and the deepest plume front.
Moreover, the injection of ionic or dye tracers, as employed by Harvey and Wagner [65],
measures flow exchange between domains, but the known factors altering water density,
resembling density-driven flow, are often not quantitatively evaluated [39].

Developing numerical models of DD hydrogeologic systems is complex and involves
high uncertainty. Therefore, simplification seems necessary, but the extent of acceptable
simplification and the implications are not always clear. It is unclear how important
each process is and under what conditions they can safely be ignored [35]. While DD
flow is indispensable in certain cases, such as seawater intrusion and the analyses of
salt lakes and landfills, constraints related to process time and resources limit the spatial
scale and resolution for accurate simulations [66]. In certain situations, simplifying the
analysis by excluding DD flow may be feasible. Such conditions could include scenarios
where the salinity contrast is negligible, or where the hydraulic gradient is substantial.
Situations with high rates of recharge, pumping, or evapotranspiration also qualify, as do
cases considering the influence of river dimensions on SW—-GW interactions, large-scale
hydrogeological studies, or those involving periodic anthropogenic variables. However,
the full implications of this simplification in these contexts remain uncertain and require
cautious consideration.

This research aims to investigate the impact of DD flow on SW-GW interactions,
determining when simulations should consider DD flow or when simplified analyses
suffice. The study seeks insights into the extent of DD flow’s influence on the SW-GW
interaction process, focusing on two main objectives as follows: quantifying DD flow effects
on SW-GW interactions and assessing the sensitivity of dominant hydrological drivers to
DD flow. To achieve these goals, various scenarios have been designed to evaluate whether
incorporating DD flow simulations significantly enhances result accuracy. All scenarios will
undergo simulations with and without DD mode, ensuring a comprehensive evaluation of
its influence.

2. Materials and Methods
2.1. Conceptual Model and Scenarios

In this study, our aim was to gain insights into the intricate hydrological processes
within a coastal floodplain environment, specifically focusing on understanding the impacts
of density-dependent flow on the interactions between surface water (SW) and groundwater
(GW) in a riparian setup. To achieve this, we employed a conceptual model designed to
capture the complexities of the system. This model accounts for key factors including
river—floodplain flow regimes, evapotranspiration (ET), surface recharge from rainfall,
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groundwater pumping, and the salinity contrast (Total Dissolved Solids—TDS) between
SW and GW. Our conceptual model is presented as an idealized cross-section perpendicular
to a river and an aquifer, as illustrated in Figure 1. The dimensions of the domain are
20 m, 0.1 m, and 5 m in the X, y, and z directions, respectively. The river is represented in a
rectangular shape with a depth of 1.5 m and a width of 2 m. The investigated hydrological
drivers are outlined in Table 1.

2.0m
4.0m

v

20.0m

Figure 1. The conceptual model of the study case. Fresh surface water and saline groundwater
boundaries are shown in blue and red, respectively. Note that the figure is not drawn to scale.

Table 1. Defined scenarios for each investigated driver.

Hydrological Driver Scenarios
Gaining river hydraulic gradients 0.1%, 0.5%, 0.7% and 1%
Losing river hydraulic gradients 0.1%, 0.2%, 0.4%, 0.5%, 0.6% and 1%
ET rates 2 %, 5 %, 7 % and 10 %
Surface recharge rates 10 %, 25 %, 50 ?, 75 % and 100 %
Pumping rates 0.02 ’%3, 0.03 %3, 0.05 ’%3, 0.1 ’%3 and 0.15 m;
Salinity contrast ratios (GW/SW) 5,10, 50, 100 and 150 times

To investigate the impact of DD flow under varying hydrological conditions, two
distinct scenarios were defined as follows: the gaining river scenario and the losing river
scenario. This approach aims to assess how DD flow influences rivers when they experience
different flow dynamics. In the gaining river scenario, the focus is on situations where
the input of water, including DD flow, exceeds losses due to factors like evaporation and
outflow. Conversely, the losing river scenario explores conditions where water losses
surpass the incoming flows, resulting in diminished river discharge. By analyzing these
contrasting scenarios, a comprehensive understanding of the implications of DD flow on
river systems can be gained under diverse hydrological circumstances.

Table 1 outlines the specific scenarios under investigation, each designed to reflect
the various impacts of these drivers. We employed both DD and NDD flows in our
simulations, resulting in a comprehensive set of seven different scenarios. All simulations
were conducted under steady-state unsaturated flow conditions over a five-year period,
maintaining constant boundary condition values. Given the theoretical nature of this
exploration, we did not subject them a calibration process. Instead, our emphasis was
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on elucidating the relative impacts of DD flow on water and solute balances within the
floodplain aquifer.

2.2. Numerical Model

Given the complexity of the hydrological processes and the need for reliable and
stable numerical methods, the research chose to utilize the HydroGeoSphere (HGS) model
developed by Therrien et al. [48]. HGS is a three-dimensional numerical model that
effectively captures and integrates the dynamics of surface and subsurface flow as well
as solute transport. It employs a modified version of Richards’ equation to describe
the three-dimensional transient subsurface flow in a variably saturated porous medium.
Two relationships, namely van Genuchten [67] and Brooks—Corey [68], were utilized to
calculate the pressure-saturation relationship and relative hydraulic conductivity. The
simulation of surface flow is achieved by employing a two-dimensional depth-averaged
flow equation, which is a diffusion-wave approximation of the Saint Venant equation.
The HGS model offers the following two approaches for coupling surface and subsurface
processes: the common node approach, which ensures hydraulic head continuity between
the two domains, and the dual node approach, which incorporates a first-order exchange
coefficient. Here, the dual node approach was employed. Vegetation transpiration takes
place within the subsurface’s root zone, influenced by factors such as leaf area index (LAI),
nodal water content, and root distribution function (RDF) within a specified extinction
depth. On the other hand, evaporation from both the soil surface and subsurface soil layers
is determined by the nodal water content and an evaporation distribution function (EDF)
across a prescribed extinction depth. The detailed mechanisms of three-dimensional solute
transport in a variably saturated porous matrix have been further elaborated by Therrien
et al. [48].

In this particular study, the HGS model employed the control volume difference el-
ement approach. The initial time step was set to 0.1 days, and a maximum time step of
10 days was used. To solve the non-linear equations for the variably saturated subsurface
flow, surface flow, and solute transport, the model utilized the Newton-Raphson lineariza-
tion method. Several parameters were specified for the Newton iteration process, including
a maximum of 25 iterations, a Jacobian epsilon of 10.0 d—5, an absolute convergence cri-
terion of 1.0 d—5, and a residual convergence criterion of 1.0 d—3. The flow solver had
a maximum iteration limit of 1.0 d-5. Additionally, the Groundwater Modeling System
(GMS) developed by Aquaveo [69] was employed as a postprocessor. The Groundwater
Modelling System (GMS) was used to visualize and interpret the model outputs obtained
from HGS.

2.3. Geometry Grid

The dimensions, boundary conditions, groundwater flow, and salinity dynamics were
assumed to be symmetrical. Therefore, as shown in Figure 2, the geometry grid covers the
left side of the conceptual model. A partially penetrating stream was constructed on the
upper right side of the grid with 1.5 depth and 1 m width. The aquifer was considered an
isotropic homogenous porous media to exclude the effect of heterogeneity and focus on
the role of DD flow. The water table was located at 4 m, creating a 1 m deep unsaturated
zone in the porous media and 0.5 m water depth in the river. It was discretized into
0.2m*0.1 m* 0.2 m grids in X, y, and z directions to balance the required computational
time and efficient spatial representation of the domain. The final geometry grid consisted
of 2652 nodes that formed 1250 elements.
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Figure 2. The geometry grid and boundary conditions of the study case (H = head and C = concentra-
tion). No-flow boundary condition is shown with solid black lines.

2.4. Boundary Conditions

Two types of boundary conditions were implemented in the model as follows: first-
type (Dirichlet) boundaries, where the head or concentration values are prescribed, and
second-type (Neumann) boundaries, where the flow or solute flux values are prescribed.
In the subsurface domain, a first-type (Dirichlet) boundary condition was applied at the
left side of the domain, where a constant head of 4 m was specified. This boundary
condition is depicted in Figure 2. Similarly, the river, 4 m constant head, was imposed
using the first-type (Dirichlet) boundary condition at the top right of the domain. The
first-type (Dirichlet) concentration boundary condition was used to represent the salinity
boundary conditions. Thus, a constant value of 1 was assigned to the left outer boundary
and 0.01 to the river nodes to characterize the saline groundwater and fresh river water,
respectively (Figure 2). The recharge (rainfall) was modeled for the entire model surface
domain using second-type (Neumann) boundary conditions for the defined scenarios. The
ET (Evapotranspiration) scenarios in the model were dynamically simulated by considering
a combination of evaporation and transpiration processes. This was achieved by extracting
water from all the model cells within the specified zone of evaporation and root extinction
depths in both the surface and subsurface flow domains. Moreover, water and solute were
extracted or added as 1D free-surface flow and solute transport through the nodes along the
axis of the well. Details of the types of boundary conditions and the governing equations
can be found in the HGS user manual by Therrien et al. [48].

The initial condition for the scenario simulations was obtained from a long-term
steady-state model run, which was carried out for a duration of 20,000 days to achieve
equilibrium conditions. In this initial model, no hydraulic gradient was imposed (both
surface water and groundwater were at a head of 4 m), and it did not consider factors
such as evapotranspiration (ET), recharge, or pumping. Figure 3 illustrates the initial
condition models for both DD and NDD flow, which were used as the initial conditions for
all subsequent scenarios.

2.5. Parametrization

The subsurface domain was considered as homogenous porous media with sand soil.
The soil properties of the model and unsaturated van Genuchten function parameters [67]
were adopted from Carsel and Parrish [70]. The surface flow domain properties were
adopted from Doble et al. [71]. A function was applied to the surface domain for the ET
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scenarios to represent grass with values from Alaghm et al. [2]. Table 2 summarizes all the
parameters’ values used in this study.
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Figure 3. Initial condition models for NDD and DD. Elements edges are shown with black lines.

Table 2. Parameter values of the model for the numerical model.

Model Parameters Value Units
Hydpraulic conductivity 7.128 md!
Porosity 0.43
Residual water content 0.03
van Genuchten alpha 14.5 m~!
van Genuchten beta 2.68
Longitudinal dispersivity 1 m
Transverse dispersivity 0.5 m
Reference fluid density 1000 Kgm™3
Relative concentration 1025
Free-solution diffusion coefficient 8.64 x 107° m?2d-!
Evaporation extinction depth defined by quadratic decay EDF 1 m
Root depth 0.2 m
Evaporation limiting saturation for Grass (min and max) 0.25 and 0.9
Transpiration extinction depth defined by quadratic decay RDF 0.5 m
Leaf area index (LAI) 0.5 m2 m—2
Transpiration fitting parameter (C1, C2 and C3) 0.5,0and 1
Transpiration limiting saturation parameters (wilting point, 0.07,0.1,0.8
field capacity, oxic limit and anoxid limit) and 0.95
Rill storage height for river and floodplain 0.001 and 0.01 m

3. Results and Discussion
3.1. Initial Condition Model

Upon examining the initial conditions, it was observed that NDD resulted in an
overestimation of the stored solute mass within the domain relative to the DD model, with
values of 1.68 kg and 1.59 kg for NDD and DD (~5.50%), respectively. Additionally, the
NDD model generated a more saline unsaturated zone (z > 4 m) compared to the DD
model, consequently underestimating the extent of the freshwater lens. Figure 4 represents
the distribution of solute mass in both the unsaturated and saturated zones.

The discrepancies observed between the NDD and DD models can be attributed to
the influence of DD flow on the SW-GW interactions. DD flow accounts for the variation
in fluid density due to solute concentration, which, in turn, affects the flow dynamics and
solute transport processes. Neglecting this DD behavior in the NDD model can lead to
significant deviations in the predicted system response. The current findings align with
previous research and emphasize the need to consider DD flow processes in SW-GW
interaction models. Several studies have highlighted the importance of incorporating DD
flow mechanisms in hydrological modeling. For instance, Panday et al. [72] demonstrated
that neglecting the DD effects in groundwater models can result in inaccurate predictions
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of solute transport and contaminant plume evolution. In another study by Torres Martinez
et al. [73], it was found that the inclusion of DD flow improved the accuracy of simulated
groundwater levels and salinity profiles in coastal aquifers. By accurately representing
the effects of solute concentration on fluid density, these models can provide more reli-
able predictions of solute transport, salinity distribution, and the overall behavior of the
subsurface system.

Solute mass in Saturated Zone |

Solute mass in Unsaturated Zone
CONDD

obD

Total solute mass |

0.1 03 05 0.7 09 1.1 1.3 1.5 1.7
SOLUTE MASS (KG)

Figure 4. Simulated stored solute mass for both NDD and DD.

3.2. River—Floodplain Flow Regime

In hydraulically connected river-floodplain systems, the hydraulic gradient plays a
crucial role in controlling the interaction between SW and GW domains. To examine the
influence of DD flow under different flow conditions, two scenarios were defined, namely
gaining river and losing river.

3.2.1. Gaining River

A river is considered gaining when the higher hydraulic gradient is in the floodplain
aquifer, resulting in flow towards the river. In this scenario, the aquifer recharges the
adjacent river through the riverbank or bed. Figures 5 and 6 illustrate the gaining river
scenarios under both DD and NDD, with various hydraulic gradients towards the river.

Figure 5 shows that under NDD, increasing the hydraulic gradient towards the river
from 0.1% to 1% does not significantly impact the salinity distribution. However, recharge
towards the river increases proportionally with the increase in hydraulic gradient, as
indicated by the Darcy velocity vectors.

) Q® nop 1%

5.0

3.0 4.0

Z-axis

10
L

0.0

X-axis X-axis

Figure 5. NDD salinity distribution for gaining river with 0.1% and 1% hydraulic gradients. Darcy
velocity vectors are shown with black arrows where the length is scaled by its magnitude.
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Figure 6. DD salinity distribution for gaining river with (a) 0.1% hydraulic gradients, (b) 0.5%
hydraulic gradients, and (c) 1% hydraulic gradients. Darcy velocity vectors are shown with black
arrows.

Under DD flow (Figure 6), as the hydraulic gradient increases, the floodplain aquifer
evolves into a more saline system. Despite both density and hydraulic forces acting towards
the river, at low hydraulic gradients (0.1% and 0.5%), the freshwater lens sustains to some
extent. This can be attributed to the buoyancy effect that occurs in saline aquifers adjacent
to gaining rivers. Werner and Laattoe [74] discussed this phenomenon and concluded
that the river may simultaneously lose freshwater and gain saltwater. This behavior is
reflected in Figure 6a,b, where mixed convection is observed at specific locations (x = 5-9
and x =7.4-9) for hydraulic gradients of 0.1% and 0.5%, respectively. However, when
the gradient becomes too high (1%), free convection dominates, and the freshwater lens
associated with the gaining river disappears (Figure 6c).

3.2.2. Losing River

The simulations for losing river scenarios are presented in Figure 7, where the head
at the left side of the domain gradually decreases, representing the hydraulic gradient
towards the groundwater aquifer in a losing river.

Under NDD, the solute dynamics significantly differ between the low and high hy-
draulic gradients. When the gradient is less than or equal to 0.5%, NDD overestimates the
solute mass in low hydraulic gradients compared to DD (Figure 7a,c,e). However, when the
gradient exceeds 0.5%, NDD exhibits an underestimation of solute mass (Figure 7g,i). In
contrast, DD captures a more realistic gradual expansion of the freshwater lens, where the
size of the lens increases proportionally with the increase in hydraulic gradient from 0.1%
to 1% (Figure 7b,d,fh,j). The different patterns observed in the dynamics of the freshwater
lens for NDD and DD are shown in Figure 8. As depicted in Figure §, it is evident that
the salinity dynamics under DD are highly sensitive to changes in the hydraulic gradient.
However, it is important to note that NDD requires a hydraulic gradient of at least 0.5% to
observe the initial change in salinity distribution.
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At very low hydraulic gradients under DD (0.1%), the groundwater aquifer recharges
the river through the riverbed, which may seem counterintuitive for a losing river (Figure 7b).
This phenomenon indicates that at no or very low hydraulic gradients, forced convection
governs the solute dynamics rather than free convection. This behavior is reflected in
Figure 9a, which demonstrates the net flux (influx-outflux) at each time-step for the losing
river scenarios. Despite the hydraulic gradient away from the river, when the gradient
is low (0.1% and 0.2%), the net flux is negative (aquifer recharges river). As the gradient
increases, the net flux becomes positive (river recharges aquifer). In contrast, NDD does
not exhibit this dynamic and always shows a balance in flux exchange between the river
and the aquifer.

e NDD 0.1%

@ DD 0.1%

Z-axis
00 10 20 30 4.0 50

Z-axis
00 10 20 30 40 50

4 ] 8 10

[ 2
X-axis
@ nop0.4%

20 30 40 50

Z-axis

Z-axis
00 10 20 30 40 50

X-axis

40 50

3.0
30 40

Z-axis
20

Z-axis
20

10

00

40 50

Z-ais
20 30
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40 50
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30

cranm

Z-axis
20

20

10

05 03 041
| - I I O
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Figure 7. NDD and DD salinity distribution for losing river with different hydraulic gradients (a—j).
Darcy velocity vectors are shown with black arrows where the length is scaled by its magnitude.
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Figure 8. Simulated freshwater lens size (% of total domain) for the defined scenarios.
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Figure 9. Net flux exchange (Influx-Outflux) (a), Mixed-convection depth (b) and saline toe length (c)
for the losing river scenarios under DD.

DD effectively captures the process of fresh water (lighter) overlying saline water
(heavier), resulting in mixed convection. For example, mixed convection can be observed
at z = 2.6 m with a 0.4% gradient, compared to z = 1.8 m under a 1% gradient (Figure 9b).
Moreover, mixed convection results in a longer saline toe under DD compared to NDD,
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where the toe is only attributed to free convection. For instance, the saline toe is 2.8 m for
DD and 2 m for NDD under a 1% hydraulic gradient, as shown in Figure 7ij, respectively.
Overall, it appears that the larger the hydraulic gradient away from the river, the shorter
the saline toe, as reflected in Figure 9c.

The findings from the gaining and losing river scenarios highlight the importance
of considering DD flow in river-floodplain systems. DD flow plays a crucial role in
controlling salinity distribution, the behavior of the freshwater lens, and the dynamics of
solute transport. The observations from this study are consistent with previous research
that emphasizes the significance of DD flow in riverine systems. For example, Yabusaki
et al. [75] discussed the complex behavior of salinity dynamics in river—floodplain systems
and highlighted the interplay between density and hydraulic forces. Their findings support
the results obtained in this study, emphasizing the importance of considering DD processes
for accurate modeling of river—floodplain interactions.

3.3. ET

In arid and semi-arid regions characterized by shallow groundwater tables, evapo-
transpiration (ET) plays a crucial role in soil salinization. To investigate the implications of
DD on the ET process in a shallow floodplain aquifer, a group of scenarios was defined in
this study. As discussed in Section 3.1, the unsaturated zone under NDD flow was more
saline compared to DD. Therefore, under NDD, more saline groundwater was exposed
to ET, as indicated by the root depth (0.2 m) and evaporation depth (1 m) considered in
the simulations. As expected, higher ET rates resulted in a higher amount of stored solute
mass in the domain and a more saline unsaturated zone. Both models (NDD and DD) show
a similar pattern of overall increase in solute mass in the porous media due to constant ET
over the five-year study period (Figure 10).

1.608 - 1.692
1.606 1.691
e 1690
Z 1.689 <
2 1.602 1.688 2
Tf 1.600 1.687 ,é
g - 1.686 £
S 1.598 S
= 1.685 ©
1.596 .
1.594 - 1.683

0 730 1,460 2,190 2,920 3,650
Time (days)

DD 0.002 m/day DD 0.005 m/day
DD 0.007 m/day DD 0.01 m/day
————NDD 0.002 m/day ————NDD 0.005 m/day
————NDD 0.007 m/day ———-NDD 0.01 m/day

Figure 10. Total solute mass stored in the porous media for NDD and DD models with different
ET rates. The left-side vertical axis is for the DD model, and the right-side vertical axis is for the
NDD model.

The impact of ET on solute transport and salinity distribution should be carefully
considered in the management and planning of water resources in arid and semi-arid
regions, as excessive ET rates can exacerbate soil salinization and negatively affect agri-
cultural productivity and ecosystem health. Several studies have investigated the role
of ET in soil salinization processes and its interaction with groundwater dynamics. For
example, Alaghm et al. [16] examined the impact of groundwater declines and increased
ET rates on the mobilization and transport of salinity in semi-arid regions. Their findings
emphasized the importance of considering ET processes when assessing the vulnerability
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of groundwater systems to salinization. Similarly, Liu et al. [76] investigated the influence
of ET on salt accumulation in soils in arid regions, highlighting the need for accurate
modeling of ET processes to effectively manage salinity issues. These findings underscore
the significant role of ET in soil salinization processes, particularly in arid and semi-arid
regions with shallow groundwater tables.

3.4. Recharge

Recharge is a fundamental process through which groundwater aquifers receive
freshwater, and it also affects the transport of solute mass within the aquifer. Recharge
can occur through influx from the riverbank in losing river scenarios (as discussed in
Section 3.2.2) or as surface recharge from rainfall. The impact of recharge on groundwater
salinity dynamics under both NDD and DD simulations is illustrated in Figure 11.
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Figure 11. Simulated salinity distribution for the defined recharge rates (a—f). Darcy velocity vectors
are shown with black arrows where the length is scaled by its magnitude.

The results reveal that salinity dynamics are highly sensitive to surface recharge
rates in both NDD and DD simulations. When a small recharge rate of 0.01 m/day is
applied (Figure 11a,b), a freshwater lens forms under NDD, and the existing freshwater
lens expands under DD. Furthermore, for low recharge rates under NDD, the freshwater
lens is underestimated compared to DD. However, as the recharge rate gradually increases,
the freshwater lens becomes overestimated under NDD compared to DD flow. This is
reflected in Figure 12a, which demonstrates the stored solute mass for both NDD and DD.
As the recharge rate increases, the groundwater aquifer gradually becomes less saline. The
pattern is slightly different for the unsaturated zone, as shown in Figure 12b. There is
a dramatic decrease in solute mass in the unsaturated zone at low recharge rates up to
0.03 m/day, after which it becomes stable. This indicates that a limited amount of solute
mass stored in the unsaturated zone is washed off at the beginning of the recharge process,
and after a certain point, there is no significant amount of solute mass remaining in the
unsaturated zone.
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Figure 12. (a) Total simulated stored solute mass for both NDD and DD. (b) Simulated stored solute
mass for both NDD and DD in the unsaturated zone.

Figure 12 depicts the different water balance dynamic patterns for NDD and DD
under the defined recharge rates. Additionally, Figure 13 illustrates the simulated net flux
(influx—outflux) via the river and groundwater boundary conditions (first-type, Dirichlet).
When simulating under NDD, the net flux is continuously negative (outflux > influx)
and changes linearly with increasing recharge rate. However, the application of surface
recharge under DD generates a significantly different pattern due to the buoyancy effect. At
lower recharge rates, below 0.02 m/day (Figure 12b), forced convection dominates, and a
relatively small, recharged flow floats over the denser, heavier saline groundwater, pushing
it slightly downward and allowing more influx from the river into the aquifer. However,
the net flux remains negative. When the recharge rate becomes large enough, greater than
0.05 m/day, free convection takes over, pushing the denser saline groundwater further
down. This results in more freshwater influx from the river, leading to a positive net flux.

The findings emphasize the significance of recharge rates in influencing groundwater
salinity dynamics and the exchange of water between the river and the aquifer. The
behavior of the net flux, particularly under DD, highlights the complex interplay between
DD flow and the recharge processes. These findings have important implications for
water resource management and salinity control strategies in river-floodplain systems, as
accurate estimation of recharge rates is crucial for understanding the movement of solute
mass and freshwater distribution within the aquifer.

Several studies have investigated the influence of recharge on groundwater salinity
dynamics and the interaction between surface water and groundwater systems. For in-
stance, Moeck et al. [77] conducted a global assessment of groundwater recharge rates and
emphasized the importance of accurate recharge estimation for sustainable groundwater
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management. Additionally, Scanlon et al. [78] investigated the impact of recharge vari-
ability on groundwater salinization in semi-arid regions, highlighting the role of climate
variability and recharge processes in controlling groundwater salinity. Furthermore, the
influence of recharge on solute transport and salinity dynamics in river—floodplain systems
has been studied by various researchers. For example, Zhang et al. [79] examined the
impact of recharge on solute transport in river—floodplain environments and highlighted
the importance of considering recharge processes in modeling studies. Similarly, Costall
et al. [80] investigated the effects of recharge variability on saltwater intrusion in coastal
aquifers, emphasizing the need for accurate representation of recharge rates in numerical
models. These studies, along with the findings of the current study, contribute to our un-
derstanding of the complex interplay among recharge, DD flow, and groundwater salinity
dynamics in river-floodplain systems. They underscore the importance of considering
recharge rates and their spatial and temporal variability when assessing and managing
groundwater resources in arid and semi-arid regions with shallow groundwater tables.
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Figure 13. Simulated net flux under the defined recharge rates for both NDD and DD.

3.5. Pumping

Pumping is a primary method of groundwater extraction and plays a crucial role in
influencing the interaction between the SW and GW domains. Pumping can potentially
alter the flow exchange between a river and the adjacent aquifer, consequently impacting
the salinity dynamics of the groundwater aquifer. The simulated pumping scenarios are
illustrated in Figure 14.

Under DD modeling approaches, the salinity dynamics are highly responsive to
pumping, even at low rates. In contrast, under NDD modeling approaches, the salinity
distribution responds to relatively higher pumping rates, typically larger or equal to
0.05 m3/day. This is evident in Figure 14a,c,e. As soon as the salinity distribution starts
to be influenced by pumping, the NDD model overestimates the extent of the freshwater
lens compared to DD for the same pumping rate, as demonstrated in Figure 14e,f,g h. This
contrasting behavior of the NDD model is observed not only under pumping scenarios but
also under losing river (Section 3.2.2) and recharge (Section 3.4) scenarios.

The size of the freshwater lens proportionally increases as the pumping rate increases.
Under DD, the expansion of the freshwater lens initially occurs horizontally. However,
when the edge of the freshwater lens reaches the location axis of the pump (x = 5 m),
it continues to grow vertically. This demonstrates the significant impact of the pump’s
location on the salinity dynamics of the aquifer.

Simulations conducted under NDD and DD for relatively low pumping rates (less
than 0.1 m3/day) generate significantly different results in terms of both flow patterns
and salinity distributions. However, at high pumping rates, the outcomes become similar.
This can be observed in Figure 14g,h, which show that at high pumping rates, pumping
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becomes the dominant factor shaping the salinity distribution and flow pattern, overriding
the influence of free and forced convections.
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Figure 14. Simulated models for pumping scenarios (a-h). Darcy velocity vectors are shown with

black arrows where the length is scaled by its magnitude.

The findings of this study highlight the importance of considering pumping rates and
their effects on the salinity dynamics and flow patterns in river-aquifer systems. Pumping-
induced changes in the groundwater salinity distribution have implications for water
supply and management, particularly in regions where salinization poses a significant
challenge. The impact of pumping on groundwater salinity dynamics and the interaction
between surface water and groundwater systems has been extensively investigated in
previous studies. Peters et al. [81] conducted a study on the impact of pumping on ground-
water salinization in coastal aquifers and emphasized the need for sustainable pumping
practices to prevent saltwater intrusion. Further, the influence of pumping on flow patterns
and solute transport in river-aquifer systems has been studied by various researchers. Zhu
et al. [82] examined the impact of pumping on flow patterns and contaminant transport in a
riverbank filtration system and emphasized the need for integrated management strategies
to optimize water supply and quality. These findings underscore the need for sustainable
pumping practices and integrated management approaches that consider the spatial and
temporal variability of pumping rates in order to mitigate salinization risks and ensure the
long-term sustainability of groundwater resources.
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3.6. SW-GW Density Contrast

In a porous medium with a non-uniform density distribution, the flow behavior
can be characterized as mixed convection, which is a combination of forced convection
driven by DD processes, and free convection, which is driven by hydraulic gradients. In
a hydraulically connected SW-GW system with a fixed gradient, the flow pattern and
salinity distribution undergo changes as the salinity contrast between the SW and GW
increases. The simulated salinity distributions for various salinity contrast ratio scenarios
are illustrated in Figure 15.
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Figure 15. Simulated models for the salinity contrast scenarios (a-h). Darcy velocity vectors are
shown with black arrows.

When the salinity contrast is low, with the GW being less than 50 times more saline
than the SW, free convection dominates the flow behavior. As a result, the DD and NDD
flow simulations exhibit similar patterns, as shown in Figure 15a,b. However, as the salinity
contrast increases to around 50 times, the influence of forced convection becomes apparent,
leading to a slightly larger freshwater lens. This impact becomes more significant when
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the GW is 100 times or more saline than the SW. Overall, these findings demonstrate that
larger freshwater lenses occur when there is a higher density contrast between freshwater
and saltwater. Moreover, an increase in the salinity contrast results in the expansion of the
mixed convection zone, both horizontally and vertically, as highlighted in Figure 15d,f,h.

The findings of the current study highlight the importance of considering the density
contrast between SW and GW in understanding and managing SW-GW interactions. The
density contrast not only affects the flow patterns and salinity distribution but also plays a
crucial role in the transport of solutes and contaminants in SW-GW systems.

4. Limitations, Implications, and Future Work

Despite the valuable insights gained from our study, it is essential to acknowledge
the inherent limitations. The HydroGeoSphere (HGS) model relies on specific parame-
terizations and simplifications, potentially introducing uncertainties related to geological
variability and aquifer heterogeneity. Our steady-state approach, while informative, may
not fully capture the dynamic nature of riparian systems. Future research should ex-
plore advanced modeling approaches that consider temporal variability and address the
complexities associated with different geological conditions, enhancing the robustness
of predictions.

The implications of our work carry significant weight for real-world applications,
particularly in the realms of water resource management and environmental planning.
Our study, which delves into the intricate dynamics of DD flow on SW-GW interactions,
provides actionable insights that can directly inform decision-making processes. Regions
grappling with salinity issues, such as coastal areas and arid regions, stand to benefit from
the nuanced understanding we have gained. By incorporating the impact of DD processes,
resource managers and policymakers can make more accurate predictions regarding salinity
distribution, groundwater dynamics, and solute transport in river-floodplain systems. This
newfound knowledge holds practical relevance for mitigating salinization risks, optimizing
water supply, and maintaining the long-term sustainability of groundwater resources.
Furthermore, our study paves the way for the development of decision-support systems
that integrate DD considerations, ensuring that real-world strategies are grounded in robust
scientific understanding.

The implications extend beyond the immediate scope of our study, offering a valuable
foundation for addressing salinity challenges in diverse hydrogeological settings and pro-
viding a basis for adaptive strategies in the face of changing climate conditions. Future
research endeavors could focus on integrating our results into decision-support systems for
real-world applications. Exploring the impacts of climate change on SW-GW interactions,
extending the applicability of our model to diverse hydrogeological settings, and develop-
ing guidelines for implementing density-dependent processes in existing models represent
promising avenues for further investigation.

5. Conclusions

This study aimed to investigate the impacts of density-dependent (DD) flow on
surface water-groundwater (SW—GW) interactions and determine the circumstances under
which DD flow should be considered in simulations versus when a simplified analysis
suffices. By incorporating the DD flow component into the modeling framework, we
have demonstrated its significance in accurately predicting hydrological processes. The
comprehensive set of scenarios we designed allowed us to examine the sensitivity of
various hydrological drivers to DD flow. Through these simulations, we identified specific
conditions and circumstances under which DD flow exerts a substantial influence on
SW-GW interactions.

The results of our simulations using the HydroGeoSphere (HGS) model showed the
substantial influence of DD flow on SW-GW interactions. In particular, the non-density-
dependent (NDD) model consistently exhibited an overestimation of stored solute mass
and a more saline unsaturated zone compared to the DD model. This emphasizes the
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importance of considering DD flow processes in hydrological modeling, especially in
scenarios where accurate predictions of solute transport, salinity distribution, and the
overall behavior of the subsurface system are crucial.

Furthermore, the results of this study indicated that simulations should account for
DD flow under specific circumstances, such as in scenarios involving gaining and losing
rivers, evapotranspiration (ET), recharge, and pumping. Under the gaining river scenarios,
the NDD model showed no significant impact on salinity distribution with increasing
hydraulic gradient, while the DD model resulted in a more saline floodplain. For losing
river scenarios, the DD model demonstrated a gradual expansion of the freshwater lens
with increasing hydraulic gradient, while the NDD model did not capture this behavior.
Further, our study findings highlighted that, in scenarios governed by NDD flow, there
is a notable exposure of more saline groundwater to ET. Consequently, this leads to a
heightened accumulation of solute mass within the domain, contributing to a more saline
unsaturated zone. The influence of surface recharge rates on groundwater salinity dynamics
is substantial, showcasing distinct patterns in the formation and expansion of freshwater
lenses when comparing NDD and DD simulations. Moreover, pumping rates emerge as
a critical factor in shaping salinity distribution, notably revealing an overestimation of
the extent of the freshwater lens under NDD compared to DD models, particularly at
equivalent pumping rates. Additionally, the salinity contrast between surface water and
groundwater significantly impacts flow behavior, elucidating larger freshwater lenses in
scenarios characterized by higher salinity contrasts. The discrepancies observed in these
scenarios highlight the limitations of a simplified analysis that neglects DD flow.

By emphasizing the significance of DD flow, our study contributes to advancing the
field and encourages the incorporation of this process into future hydrological modeling
efforts. Better predictions and management of water resources are vital for sustainable
development and effective decision-making in various sectors, such as agriculture, urban
planning, and ecosystem preservation. Continued research in this area will help refine
modeling approaches, enhance our understanding of hydrological processes, and con-
tribute to more sustainable and effective management of water and solute balances in
floodplain aquifers.
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