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Abstract. Coastal zones are increasingly acknowledged as
dynamic yet fragile components of global ecosystems amidst
escalating anthropogenic activities and complex land—ocean
interactions. Understanding the interactions between ground-
water and the ocean is crucial for managing submarine
groundwater discharge (SGD) and seawater intrusion (SWI),
vital for coastal ecosystem preservation and water resource
management. This research proposes an integrated model-
ing approach that couples groundwater flow and physical
oceanographic models to accurately simulate coastal-ocean—
groundwater interactions.

In this work, a TELEMAC-3D-based three-dimensional
hydrodynamic model was initially developed to capture ma-
rine conditions with variable salinity and temperature. A
MODFLOW 6 groundwater model was subsequently con-
structed. The models were efficiently coupled using FloPy
and TelApy, enabling precise co-simulation of hydrodynamic
and groundwater systems. Validation of the coupled model
against empirical data confirmed its high fidelity, with errors
within acceptable ranges.

This coupled model employs dynamic boundary con-
ditions, overcoming the limitations of traditional coastal
groundwater models that assume constant salinity. This en-
hancement significantly improves the accuracy and practi-
cality of simulating SGD processes in the coastal ocean.
The bidirectional feedback mechanism within the coupled
model strengthens the analysis of interactions between the
ocean and groundwater systems. It accounts for variations

in the seawater boundary under tidal influence and the re-
ciprocal impact of groundwater dynamics on the hydrody-
namic conditions of nearshore waters. This holistic enhance-
ment bolsters the model’s hydrological simulation capabili-
ties, providing a more comprehensive depiction of the intri-
cate water—salt exchange mechanisms in coastal systems.

1 Introduction

The coastal zone, a critical ecological interface where land
and sea intersect, carries a unique ecological environment
and important functions in the global ecosystem (Turner et
al., 1996). Its dynamic balance is increasingly affected by
human activities and the intensification of land—sea interac-
tions, making it one of the most vibrant and sensitive parts
of the Earth (Ramesh et al., 2015). Faced with the dual
pressures of environmental change and human activities, it
is particularly crucial to deeply understand the interactions
among various parts of the Earth’s water cycle system, es-
pecially in the coastal zone where the ocean and land meet.
Among them, the interaction between the ocean and the ter-
restrial groundwater system, especially seawater intrusion
(SWI) (Kim et al., 2015) and submarine groundwater dis-
charge (SGD) (Lin et al., 2024), has profound impacts on
the hydrological cycle, water resource quality (Santos et al.,
2021), ecosystem health, and global material cycle in the
coastal zone (Cao et al., 2021). Submarine groundwater dis-
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charge (SGD) comprises two components: freshwater SGD
(FSGD) from inland aquifers and recirculated SGD (Wilson)
driven by tidal pumping or wave action (Burnett et al., 2003).

As the phenomenon of seawater intrusion caused by over-
extraction of groundwater intensifies, marine ecosystems are
facing serious threats, manifested as the decline of ecosys-
tems such as bays, estuaries, and coastal wetlands. At the
same time, groundwater pollution (Perumal et al., 2024)
is an urgent problem to be solved, which not only affects
water quality but may also introduce pollutants into the
ocean through the SGD pathway, further deteriorating seawa-
ter quality and causing long-term damage to the ecosystem
(Moore and Joye, 2021). In addition, eutrophication of water
bodies (Dong et al., 2024) and hypoxic events (Wang et al.,
2022) have also become severe challenges facing the current
coastal environment, exacerbating the pressure on aquatic
ecosystems.

In the face of these challenges, researchers are concur-
rently focusing on the interactions between groundwater sys-
tems (Martinez-Pérez et al., 2022) and marine ecosystems
(Ramatlapeng et al., 2021) to deeply analyze the intrinsic
connection between groundwater dynamic changes and ma-
rine ecological problems (Fang et al., 2021). Developing
models that accurately represent the dynamic interactions
between groundwater and ocean systems is essential for a
deeper understanding and better management of these inter-
connected environments.

Although traditional coastal groundwater studies have
considered boundary conditions such as tidal changes and sea
level variations when assessing SWI (Yu et al., 2019), most
research still treats the ocean as a static boundary, overlook-
ing the dynamic impact of ocean dynamics on groundwater
migration rules (Nguyen et al., 2020). Similarly, oceanogra-
phers highly value factors such as waves, tides, and currents
when exploring the interface processes between surface wa-
ter and the ocean. However, they often overlook the potential
contribution of groundwater as an important terrestrial water
source to the chemical composition, thermodynamic state,
and ecosystem functions of the ocean. When constructing
ocean models, the influence of groundwater is typically not
considered (Arévalo-Martinez et al., 2023). Therefore, devel-
oping comprehensive models that can accurately depict these
complex dynamic processes is crucial for effective manage-
ment and quantification of internal processes both in coastal
waters and in coastal aquifers.

Recent interdisciplinary research has clearly pointed out
that relying solely on independent surface water models or
groundwater models is insufficient to fully reveal the es-
sential characteristics of complex hydrological processes in
coastal zones (Arévalo-Martinez et al., 2023). The bidirec-
tional coupling between groundwater and the ocean (Dassar-
gues et al., 1996), including the impact of groundwater on
the marine environment and the feedback effect of ocean dy-
namics on the dynamics of the groundwater system, is not
fully expressed in traditional separate models (Lewandowski
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et al., 2020). Therefore, the development of coupled mod-
els that can simultaneously simulate and integrate the inter-
actions between groundwater and the ocean has become an
urgent task in academic research.

In the practice of constructing ocean—groundwater-
coupled models, researchers have encountered a series of sig-
nificant technical challenges (Haque et al., 2021). First, how
to solve the problem of system scale and dynamic differences
is a key difficulty in integration (Carabin and Dassargues,
1999). When building ocean models, groundwater is usually
not considered and rapid hydrological phenomena such as
tides need to be simulated with high accuracy, which usually
requires a fine spatial grid resolution. In contrast, groundwa-
ter models focus on groundwater flow movement at larger
scales, paying attention to relatively slow hydrological cy-
cles, resulting in prominent problems of mismatched grid
size and timescale. At the same time, achieving synchronous
operation of coupled models on different time frames is also
a daunting task (Yang et al., 2013). Ocean models often track
rapidly changing ocean dynamics on an hourly scale, while
the calculation period of groundwater models may be in days
or weeks. To realistically simulate the interaction between
the two in the actual environment, it is urgent to find effec-
tive means to coordinate the simulation consistency of the
two models at different temporal and spatial scales, to over-
come the aforementioned integration problems, and to en-
sure that the coupled models can accurately describe com-
plex hydrological processes, salinity distribution, pollutant
transport, and nutrient cycling in coastal areas (Liu et al.,
2023). Therefore, beyond resolving spatial and temporal in-
consistencies, it is also essential to refine model structures to
better simulate dynamic boundary conditions and interface
processes.

Against this backdrop, early coupled models, such as that
of Yuan et al. (2011), attempt to integrate surface water and
groundwater interactions in coastal wetlands. However, these
models primarily focused on regional-scale processes and re-
lied on simplified boundary conditions. While they provided
a solid foundation, they lacked the capability to dynamically
adjust salinity and pressure at the land—sea interface under
tidal influence. Later frameworks, such as the HydroGeo-
Sphere (Brunner and Simmons, 2012), improved multi-scale
hydrological simulations but faced challenges in resolving
steep salinity gradients and bidirectional tidal-groundwater
feedback due to computational and parameterization con-
straints. Similarly, coupling surface water models with SU-
TRA (Voss and Provost, 2002) enabled variable-density flow
simulations but often treated the ocean as a static boundary,
overlooking the dynamic interplay between seawater intru-
sion (SWI) and SGD. Despite these advancements, a major
challenge remains in accurately representing the dynamic ex-
change processes at the groundwater—seawater interface.

Recent advancements in coupled modeling have sought
to overcome these limitations. Our TELEMAC-MODFLOW
framework introduces three key innovations to address
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these gaps. First, it dynamically updates boundary salinity
and temperature based on real-time flux direction, allow-
ing the coastal interface to transition between submarine
groundwater discharge (SGD) and seawater intrusion (SWI),
thereby resolving transient mixing zones. Second, it incor-
porates bidirectional feedback between tidal fluctuations and
groundwater flow, ensuring that tidal pumping effects on
SGD rates and nearshore stratification are accurately cap-
tured. Finally, by coupling TELEMAC-3D’s non-hydrostatic
solver with MODFLOW 6’s density-dependent flow module,
the model achieves high-resolution simulation of aquifer—
ocean interactions, crucial for quantifying recirculated SGD
(RSGD).

At the interface between groundwater and seawater, due
to the physical-property differences of the media (seawater
flows in an open marine environment, while groundwater
flows in porous media) and the momentum differences be-
tween seawater and groundwater, the speed of seawater en-
tering groundwater may significantly decrease, while the im-
pact of groundwater entering seawater on the speed of sea-
water may be relatively small (Slomp and Van Cappellen,
2004a). Therefore, when simulating the interaction process
between groundwater and seawater, we may not need to con-
sider the speed changes at the interface in detail. However,
this does not mean that speed has no impact on the inter-
action process between groundwater and seawater. For in-
stance, changes in speed may affect the transport and diffu-
sion of substances, thereby affecting the material exchange
between groundwater and seawater (Michael et al., 2005).

The aim of this study is to propose a coupling method be-
tween an ocean hydrodynamic model and a groundwater flow
model while quantitatively assessing the interaction between
groundwater (GM) and oceanic dynamics (OM). In this re-
search, we constructed a three-dimensional hydrodynamic
model based on TELEMAC-3D (Hervouet, 2007) to simu-
late coastal OM. Simultaneously, a GM using MODFLOW
6 (Hughes et al., 2017) was developed. To facilitate the cou-
pling of these models, we have employed the TelApy library
(Audouin et al., 2017), a Python package designed to inter-
face with TELEMAC, and FloPy (Bakker et al., 2016), a set
of Python modules that provide a powerful means of pre- and
post-processing MODFLOW models. These tools have been
instrumental in enabling a loosely coupled approach, where
the two models exchange information and synchronize their
simulations in an iterative process.

To validate the constructed model, different laboratory ex-
periments published in scientific literature studies have been
simulated to confirm the accuracy and reliability of the cou-
pled ocean and groundwater model. By validating the cou-
pled model at the laboratory scale and further building on
the coupled model under tidal conditions, we aim to en-
sure its robustness and applicability for broader, real-world
scenarios, thus contributing to the advancement of coastal
aquifer research and management. The current model fo-
cuses on groundwater—ocean interactions (e.g., tidal effects
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and SGD) and does not resolve porewater flow processes
such as wave-driven shear flow or sediment—water interface
dynamics (Huettel et al., 2014; Taniguchi et al., 2019).

2 Coupling of numerical groundwater—ocean models
2.1 Groundwater model
2.1.1 MODFLOW 6

MODFLOW 6 is an object-oriented program that facilitates
the integration of multiple models within a single simula-
tion framework (Hughes et al., 2017). This sixth core ver-
sion by the USGS supports independent operation and in-
formation exchange between models, enabling various inter-
actions. The program uses the principle of integrated finite
differences to calculate hydraulic head within a central grid,
which is essential for simulating complex groundwater flow
scenarios, including saltwater intrusion.

In the context of groundwater flow, Darcy’s law is funda-
mental in describing fluid movement. For conditions of vari-
able density, the hydraulic head (V) form of Darcy’s law is
expressed as follows:

¢I=—K0(Vh+p posz), ()
£0

where g represents the specific discharge vector, Ky is the

hydraulic conductivity, p is the local fluid density, pg is the

reference density, g is the acceleration due to gravity, and Vz

is the gradient of elevation.

MODFLOW 6 allows for the simulation of groundwater
flow that accounts for variations in water density without
the need to convert between freshwater head and hydraulic
head. A correction term is added directly to the calculations
based on constant-density flow to reflect the effects of den-
sity changes (Langevin et al., 2020). This enhancement sim-
plifies the simulation process and improves the flexibility and
accuracy in handling complex groundwater flow issues.

2.1.2 Description of MODFLOW API

The MODFLOW API (Hughes et al., 2022) has been in-
strumental in refining the boundary conditions and salin-
ity values within our groundwater model. By leveraging
the API’s basic model interface (BMI) capabilities, we ef-
ficiently adjusted the general head boundary (GHB) package
to simulate dynamic coastal interactions without altering the
source code. This flexibility allowed for precise control over
boundary-head specifications, essential for capturing tidal in-
fluences and sea level adjustments.

Moreover, the seamless integration with the FloPy library
(Bakker et al., 2016) facilitated the coupling of the ground-
water model with an ocean model. Through this integration,
the models exchanged critical data, such as salinity gradi-
ents and head levels, enabling a holistic simulation of the
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groundwater—ocean system. This coupling was pivotal in un-
derstanding the complex interplay between groundwater and
ocean dynamics, particularly in the context of saltwater in-
trusion.

The combined use of MODFLOW API and FloPy stream-
lined the modeling process, providing a robust framework for
analyzing and managing coastal aquifer systems under vary-
ing salinity conditions.

2.2 Ocean model
2.2.1 Description of TELEMAC-3D model

The TELEMAC-3D model, part of the TELEMAC soft-
ware suite (Hervouet, 2007), is a sophisticated computational
fluid dynamics (CFD) tool designed for simulating diverse
aquatic environments. The model accurately captures free-
surface dynamics through the solution of the non-hydrostatic
Navier-Stokes equations, which are expressed as follows:

0
p(—u+u~Vu)=—Vp+Vr—Vhp+Vh~rh

ot
+pfe(k xu) , (2
8w+ v Bz+atz
_— w - w [ J— —_
P o op oz %

where u is the horizontal velocity vector, w is the vertical
velocity, V# is the horizontal gradient operator, ty, is the hor-
izontal stress tensor parameterized using the horizontal eddy
viscosity coefficient, 7, is the vertical turbulent stress param-
eterized using the vertical eddy viscosity coefficient, f. is the
Coriolis parameter, g is the gravitational acceleration, and k
is the vertical unit vector.

To incorporate temperature and salinity into the
TELEMAC-3D model, the fluid density p is modified
as follows:

o =po(1—ar (T —Tp) + Bs (S —S0)), 3)

where o is the thermal expansion coefficient, 8g is the ha-
line contraction coefficient, T is temperature, and S is salin-
ity.

The buoyancy force fi, in the Navier—Stokes equation,
which governs the fluid dynamics, is adjusted to include tem-
perature and salinity effects:

Jo = pog (ar (T —Tp) — Bs (S — So)) . @

Model configuration is streamlined through the use of key-
words in the “.cas” control file, which defines topography,
boundary conditions, and other essential parameters. The
choice of time step is critical for the model’s temporal res-
olution and overall simulation accuracy, ensuring a faithful
representation of the coupled groundwater—ocean system.
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2.2.2 Description of TelApy

TelApy is a Python wrapper for the TELEMAC API that of-
fers precise control over simulations (Audouin et al., 2017).
It enables users to pause simulations, access specific vari-
ables, and modify their values using a Fortran structure called
“instantiation”. By adjusting TELEMAC’s main subroutines,
TelApy allows for step-by-step execution of hydraulic cases.
Python’s versatility, portability, and extensive libraries make
it an ideal tool for driving TELEMAC-MASCARET system
APIs, enhancing simulation control and efficiency.

The development of TelApy addresses the complexity and
accessibility challenges users faced with the Fortran APIL
With TelApy, users can leverage Python’s flexibility and ex-
pandability to simplify the simulation setup and execution
process. The rich library support in Python, such as NumPy
and SciPy, facilitates complex data processing and analysis,
making it a powerful and intuitive tool for researchers and
engineers in hydrological modeling and marine engineering.

2.3 Coupling MODFLOW and TELEMAC
2.3.1 Method overview

In our research, we propose a bidirectional dynamic cou-
pling method that can achieve a close integration of the ocean
model and the groundwater model. Specifically, with the help
of the respective Python interfaces of TELEMAC and MOD-
FLOW (TelApy based on TELEMAC, FloPy based on MOD-
FLOW), we have designed a coordination system that allows
the two models to alternate step-by-step during the simula-
tion process and share necessary boundary condition infor-
mation in real time. This includes parameters such as hy-
draulic head, temperature, and salinity. Although the current
implementation does not include the simulation of solute pol-
lutants, the coupling framework is designed to support the
inclusion of these variables in future studies. This coupling
method aims to enhance the accuracy and reliability of sim-
ulation results by accurately reflecting the interaction of the
ocean—groundwater system.

In simulations of groundwater and seawater interaction,
the traditional Henry problem assumes a constant salinity at
the coastal boundary (Langevin et al., 2020). However, we
opted to refine this setup by designing the coastal boundary
as a combination of a discharge area and a region maintain-
ing seawater salinity. Yang et al. (2013) introduced an adap-
tive salt mass-flux boundary, which adjusts salinity based
on the flow direction. Consequently, at each time step, the
boundary salinity is determined by the flow direction at the
groundwater model’s boundary conditions. The coupling of
the MODFLOW 6 groundwater model and the TELEMAC-
3D ocean model hinges on a bidirectional exchange of hy-
draulic head, salinity, and temperature at the land—sea inter-
face. This dynamic interaction is governed by the direction of
groundwater flux (Q), determined at each time step. When
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QO > 0 (groundwater discharge into the ocean), TELEMAC
adopts MODFLOW: s salinity (Sg) and temperature (Tg) as
boundary conditions. Conversely, during seawater intrusion
(Q < 0), MODFLOW updates its coastal boundaries using
TELEMAC’s outputs (So, To).

In MODFLOW 6, the Groundwater Transport (GWT)
module simulates solute and heat transport via the advection—
dispersion equation (ADE) (Langevin et al., 2020):

%(GC)=V-(9DVC)—V~(qC)+Qs, )

where C represents salinity or temperature, 6 is porosity, D
is the dispersion tensor, ¢ is the Darcy velocity, and Qg de-
notes source/sink terms. The dispersion tensor accounts for
longitudinal (wL) and transverse («T") dispersity, critical for
resolving anisotropic mixing in coastal aquifers.

TELEMAC-3D resolves marine dynamics using the 3D
Navier—Stokes equations coupled with turbulent diffusion
(Hervouet, 2007):

%—i—wVC:V-(vtVCH—S, ©6)
where u is the velocity field, vz is turbulent diffusivity, and
S represents external sources. Horizontal mixing is driven by
grid-scale advection and subgrid turbulence, while vertical
mixing incorporates buoyancy effects through a k — € turbu-
lence closure model. Due to the significant scale disparity
between groundwater Darcy velocities (ranging from 1076
to 107*ms~!) and oceanic flow velocities (on the order of
1072 to 1 ms™"), direct simulation of mass-flux exchange
across the interface is not performed. Instead, salinity and
temperature profiles are implemented as Dirichlet bound-
ary conditions. Subsequently, mixing processes are simulated
through turbulent diffusion within TELEMAC and hydrody-
namic dispersion within MODFLOW. For example, during
groundwater discharge events, the salinity of the discharg-
ing groundwater (SGW) is imposed at TELEMAC’s seabed
boundary, and its subsequent dilution by turbulent mixing
emulates natural dispersion processes, as detailed by Slomp
and Van Cappellen (2004).
Our approach includes different key steps (Fig. 1):

— Step 1. At the start of computation, the model first ob-
tains the state of the marine and groundwater models at
their interfaces, including variables such as water level,
salinity, and temperature. In this step, MODFLOW and
TELEMAC are independently executed to initialize the
hydrodynamic and groundwater systems.

— Step 2. Using the TelApy and FloPy interfaces, the tem-
perature and salinity information of the marine model
is transferred to the corresponding points of the ground-
water model, and the information of the groundwater
model is transferred to the corresponding points of the
marine model. Data synchronization was achieved by
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directly transferring data between grid points that were
spatially coincident in both model domains, with itera-
tive boundary condition updates governed by interface
flow direction.

— Step 3. Single time-step calculations are performed for
the marine and groundwater models. Throughout the
process, we pay special attention to the exchanged vari-
ables, including water level, salinity, and temperature, to
ensure they serve as inputs for the next time step of the
model. These real-time bidirectional exchanges (Step 3)
dynamically couple salinity, temperature, and hydraulic
head, using outputs from one model as inputs for the
other.

2.3.2 Synchronized time-step coupling

We built on the temporal coupling framework developed by
Yuan et al. (2011) for surface water—groundwater interac-
tions and implemented a time-step coupling scheme to model
how marine dynamics and groundwater systems interact us-
ing TELEMAC and MODFLOW. In the coupling tidal case,
the TELEMAC model operated at a high frequency with a
time step of 10s, essential for capturing the rapid fluctua-
tions of tides, particularly critical for accurately reproduc-
ing the hydrodynamic features in regions where tidal en-
ergy is concentrated. Data, including key hydrodynamic vari-
ables such as water levels and flow velocities, were outputted
by the TELEMAC model every 600s (every 10 min), serv-
ing as inputs to update the dynamic boundary conditions of
the coastal region in the MODFLOW model. Despite tra-
ditionally favoring longer time steps, the update frequency
of the MODFLOW model was specifically tuned within our
coupling framework to match the output frequency of the
TELEMAC model, ensuring that the groundwater model
could respond in real time to changes in marine dynam-
ics, accurately reflecting the immediate effects of tides on
groundwater resources. Throughout the 3d simulation pe-
riod, the coupled modeling process iterated continuously: the
TELEMAC model independently ran with a 10s time step
to simulate oceanic processes, transferring its latest dataset
to the MODFLOW model every 600 s, which then promptly
updated its coastal boundary conditions and continued sim-
ulating groundwater flow, maintaining dynamic coordination
and real-time information exchange between the two models.
Time steps and data exchange frequencies were optimized
through iterative sensitivity analysis and repeated testing, en-
suring high synchronization between models while minimiz-
ing errors and maintaining computational efficiency. This ap-
proach achieved a balance between simulation accuracy and
efficiency.
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Figure 1. Flowchart and pseudocode illustrating the process of coupled models.

2.3.3 Integration of salinity-driven hydrostatic
pressure

In our research, the accurate setting of water head conditions
at the land—sea interface has become a focal point, which is
critical for the precision of coupled ocean and groundwater
models. Given that ocean salinity directly influences seawa-
ter density (Fofonoff and Millard, 1983), which in turn af-
fects hydrostatic pressure, we have developed a comprehen-
sive method to obtain vertical salinity profiles at key coastal
boundary locations. By obtaining detailed measurements of
salinity at various depths, we can calculate the density of sea-
water at each level, leading to precise estimations of corre-
sponding hydrostatic pressures. This measure is particularly
crucial for simulating hydrological processes in coastal ar-
eas as it ensures that the boundary conditions received by the
groundwater model accurately reflect real-world hydrostatic
pressures rather than simply water depth.

Hydraulic-head coupling is implemented bidirectionally.
TELEMAC’s tidal water level (htide) is converted to a
density-corrected head for MODFLOW’s General Head
Boundary (GHB):

— 00
hGHB = htide + 2% £~
00

zbed, 7

where psw = p0(1 4+ BS(Socean — S0)) accounts for salinity-
driven hydrostatic pressure. Conversely, MODFLOW'’s
groundwater head (hGW) is integrated into TELEMAC’s
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bottom boundary as a pressure flux:
Pbot = pGW - g - hGW, ®)

where pGW depends on groundwater salinity and tempera-
ture.

The benefits of adopting this method include enhanced
simulation accuracy of groundwater models in coastal re-
gions, allowing them to depict the interactions more realisti-
cally between groundwater and the sea, which is essential for
understanding coastal hydrological processes. This approach
improves the model’s resilience to complex changes in ma-
rine environments, especially estuarine zones where salinity
gradients are pronounced (Dias et al., 2021), capturing finer
details of hydrodynamic characteristics.

3 Model construction, validation, and application

This section evaluates the coupled model through two scenar-
ios: (1) a laboratory-scale validation against controlled sea-
water intrusion experiments (Na et al., 2019) and (2) a field-
scale application simulating tidal-driven SGD and seawater
intrusion. Results are compared to the single model to isolate
coupling effects.

https://doi.org/10.5194/0s-21-1407-2025
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Figure 2. Schematic of the coupled ocean—groundwater model: the
ocean model (TELEMAC-3D) simulating seawater and the ground-
water model (MODFLOW 6) representing a confined aquifer, with
no-flow and constant freshwater head boundary conditions.

3.1 Validation of the coupled ocean—groundwater
model

3.1.1 Laboratory groundwater model construction

Figure 2 illustrates the schematic diagram of the coupled nu-
merical model, where the ocean component is depicted on
the left, the confined aquifer is in the middle, and the fresh-
water head is shown on the right. The model is used to study
the effect of changes in the freshwater head on seawater in-
trusion. A simplified hypothetical three-dimensional model
was constructed based on the confined aquifer at the cen-
ter. The aquifer model extends 1.2 m in length and is 0.35 m
thick, discretized into approximately 4000 rectangular ele-
ments. The model employs no-flow and no-transport bound-
ary conditions at the top and bottom, while the freshwater
boundary (right boundary) is set as a constant head bound-
ary. The coastal boundary (left boundary) is configured as a
general head boundary, utilizing the CHD (Constant Head)
and GHB (General Head Boundary) subroutines (Bakker et
al., 2016) for defining constant and mixed boundaries, re-
spectively. This setup, common in saltwater intrusion models
(Voss and Souza, 1987), allows for the formation of a fresh-
water outflow zone above the saltwater recirculation region.
Comprehensive details on the model parameters can be found
in the work of Na et al. (2019). The model runs for a total of
600 min, with a time interval consistent at 10s.

3.1.2 Laboratory ocean model construction

In the early stage of the research, based on the case of study-
ing the impact of seawater density changes on SWI in the
laboratory (Na et al., 2019), we constructed a coupling model
of ocean and groundwater.

For this study, the ocean model is configured adjacent to
the groundwater model, with the ocean’s surface set at 0.5 m
and the bottom at 0 m, establishing a constant head bound-
ary condition. The model domain incorporates constant head
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boundaries with specified salinity and temperature inputs on
the left side, reflecting the influence of marine inflows. Salin-
ity is fixed at 35 ppt to represent marine conditions, while
temperature follows a constant 20 °C.

Based on the ocean component depicted on the left side of
Fig. 2, we constructed a simplified three-dimensional ocean
model. The ocean model has a length of 0.1 m and a depth of
0.5m and is discretized into approximately 2500 triangular
elements. The top of the model represents a free sea surface
and, since the model is set to have a constant sea level, the left
and right sides are assigned constant heads, while the upper
and lower boundaries are set as fixed interfaces. The model
runs for a total of 600 min, with a time interval consistent
with the groundwater model at 10's.

3.1.3 Result of laboratory-coupled ocean—groundwater
model

We chose published laboratory experiments on seawater in-
trusion as the basis for validation (Na et al., 2019), given
that the validation cases for the coupled model did not pro-
vide information on the marine component. Therefore, we
focused on the groundwater model component during the
validation process. These experiments meticulously recorded
key parameters during the seawater intrusion process, such as
salinity distribution and water level changes. We ran the cou-
pled model using the same initial and boundary conditions as
those specified in the selected case studies and compared our
model output with the experimental data to assess the accu-
racy and reliability of the coupled model.

We compared the laboratory results figures, the numerical
simulation figures published in the article, and the ground-
water results from the coupled model. The validation was
conducted by rigorously comparing the seawater toe loca-
tion, the seawater height, and the time it takes for the model
to reach a steady state.

Figure 3 shows that the coupled model successfully simu-
lated the transient evolution of the saltwater wedge over time
in a 600 min simulation when the water head height at the
land boundary was 0.52m. The simulation results are rela-
tively consistent with the laboratory observation data. This
practical operation not only verifies the technical feasibility
of the new coupled model but also indicates it can accurately
reflect the actual situation.

In this study, the CellBudgetFile module in FloPy was uti-
lized to process the fluxes and flow directions of boundary
units in the groundwater model at each time point during
the entire simulation process. A comparison of the simulated
data for submarine groundwater discharge (SGD) and re-
circulated submarine groundwater discharge (RSGD) across
different time periods in the two models reveals signifi-
cant differences. RSGD is distinct from the broader surface
water—groundwater interactions described by hypokymatic
flow (Wilson et al., 2016). In our classification, RSGD is cat-

Ocean Sci., 21, 1407-1424, 2025



1414 J. Jin et al.: Coupling of numerical groundwater—ocean models

1025

1020

1015

1010

2 position (m)
. )

1005

1000

08 10 12

06
X position (m)

Density: 1000 1013 1015 1017 1019 1021 1023

Experiment 8

Dlstance (m)

Figure 3. The (a) coupling model results in the groundwater part, (b) numerical model results in Na et al. (2019), and (c) laboratory simulation

results.

Table 1. Differences between the coupled model and the single
groundwater model in simulating SGD.

Unit: 1072m3>  SGD FSGD RSGD
Coupled model 3.6 2.8 0.8
Single model 34 2.8 0.6

Table 2. Comparison of coupled/single models and laboratory ex-
periments on SWI toe position and SWI height.

Parameter Laboratory Naet. al., (2019)  Coupled  Single
data numerical model model

SWI toe (m) 0.36 0.41 0.38 0.38

SWI height (m) 0.15 0.17 0.17 0.18

egorized under saline SGD, which refers to discharge with
salinity greater than 5 ppt.

In terms of SGD simulation, the coupled model calcu-
lates an SGD value of 3.6 x 1072 m?, slightly higher than the
3.4 x 1072 m3calculated by the single model (see Table 1).
This suggests the coupled model more accurately reflects the
complex material exchange between seawater and groundwa-
ter, thereby avoiding potential underestimation. For RSGD,
the coupled model yields a value of 7.5 x 1073 m3, which is
up to 17 % higher than the 6.4 x 1073 m> obtained from the
single model. This difference highlights the coupled model’s
superior analytical capability and higher precision in captur-
ing the saltwater recirculation mechanism.

Standalone groundwater validation. The MODFLOW 6
module was validated against Na et al.’s (2019) labora-
tory data, replicating seawater intrusion (SWI) with <5 %
error in toe position (0.38 m simulated vs. 0.36m ob-
served). Coupled system test. A simplified TELEMAC do-
main (0.1 x 0.5 m) was added to Na et al.’s setup. The cou-
pled model maintained SWI accuracy (0.38 m toe position)
while capturing 17 % higher RSGD. This confirms discrep-
ancies arise from realistic coupling, not model errors.

Ocean Sci., 21, 1407-1424, 2025

Traditional single models dealing with seawater intrusion
(SWI) typically impose a constant-salinity boundary condi-
tion, assuming that the salinity at the seawater—groundwater
interface remains unchanged. This simplification overlooks
the fact that freshwater discharge from the aquifer in real-
world environments can reduce salinity at the sea—land inter-
face, potentially leading to an underestimation of the effec-
tive discharge volume of SGD.

In contrast, the coupled model employs dynamic bound-
ary conditions, which overcome this limitation. Within the
framework of the coupled model, the boundary is no longer a
static salinity barrier but becomes a responsive interface that
adjusts with time and environmental conditions. When fresh-
water is discharged into the ocean through the SGD process,
the dynamic boundary can immediately reflect the decrease
in seawater salinity. Conversely, during the RSGD process,
seawater back-infiltration can increase groundwater salinity,
and these changes are accurately captured by the model. This
approach allows the model not only to simulate salinity dis-
tribution more accurately but also to reflect the natural fluctu-
ations in water—salt exchange in coastal waters, thereby im-
proving the realism of the simulation and the accuracy of
SGD and RSGD quantification.

At the same time, the bidirectional feedback mechanism
implemented in the coupled model further enhances this ad-
vantage. It ensures the interaction between the ocean and the
groundwater flow system is not a unidirectional but an inter-
active process. For example, changes in ocean tides not only
affect the position and salinity of the seawater boundary but
also regulate the flow pattern of groundwater; the rise and
fall of groundwater levels can also affect the hydrodynamic
status of the nearshore marine area.

Although the improvement of the coupled model is not
prominent in the basic case, when we introduce the cou-
pled model into dynamic tides, due to its use of dynamic
boundaries and bidirectional feedback mechanisms, the cou-
pled model can help to understand those complex hydrogeo-
chemical processes that are difficult for independent models
to reveal.
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Table 3. Parameters used in the numerical simulations of the
groundwater part.

Parameter Value

Aquifer porosity 0.35
Hydraulic conductivity 5x103ms™!

Saltwater density 1025kg m—3
Saltwater elevation —1m
Freshwater density 1000 kg m~3
Freshwater elevation Om

The coefficient of molecular diffusion 1 x 1079 m2s~!

3.2 Ocean-groundwater model with tidal boundary
3.2.1 Ocean-groundwater model construction

Figure 4 presents a coupled numerical model schematic un-
der tidal boundary conditions, with a sloping ocean on the
left side and a confined aquifer on the right side. The mean
sea level is set at —1 m, while tidal fluctuation ranges from
—2 (low tide) to O m (high tide). The triangular region above
the confined aquifer represents an impermeable clay layer,
preventing vertical flow. This coupled model aims to investi-
gate the dynamics of submarine groundwater discharge and
seawater intrusion under tidal influences.

The groundwater model component is a simplified
three-dimensional structure with dimensions of 100m
(length) x 50 m (width) x Sm (thickness), discretized into
approximately 4000 rectangular elements. No-flow bound-
ary conditions are applied at the top and bottom of the model.
The freshwater boundary (right boundary) is set as a constant
head boundary at 0 m with a water temperature of 10 °C. The
coastal boundary (left side) is set as a general head bound-
ary condition, defined using the Constant Head (CHD) and
General Head Boundary (GHB) subroutines. The basic pa-
rameters used in the current simulation are shown in Table 3.

The ocean model component utilizes the TELEMAC
system, with dimensions of 200m (length) x 50m
(width) x 10m (depth) and is discretized into approxi-
mately 2700 triangular elements. The top of the model
represents the free surface of the sea, where tidal variations
are introduced with a range from —2 to Om. The seabed is
set at —10 m. The left boundary of the domain is specified
with tidal boundary conditions representing the tidal water
level, with salinity set to a constant 35 ppt and temperature
varying sinusoidally from 20 to 25 °C with each tidal state,
to reflect the influence of marine inflow. The right boundary
serves as a fixed boundary, representing the actual coastline,
while still allowing dynamic adjustments based on tidal
fluctuations to capture land—sea interactions.

A salinity of 35 ppt was selected to represent typical con-
ditions in temperate coastal zones, where field and laboratory
studies report salinities of 32-36 ppt in confined aquifers, and
the sinusoidal temperature variation (20-25 °C) reflects di-
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urnal and seasonal fluctuations observed in Mediterranean
shallow coastal waters, driven by solar heating and ground-
water discharge (Na et al., 2019; Nguyen et al., 2020).
These parameter choices align with established mechanisms
of coastal groundwater—ocean interactions, where salinity
gradients, influenced by saltwater wedge penetration via
density-driven flow and temperature-dependent buoyancy
effects, regulate submarine groundwater discharge (SGD)
rates. While the current model prioritizes tidal dynamics with
fixed salinity and idealized temperature cycles, the selected
ranges reflect conditions where both salinity and temperature
significantly impact coastal processes (Michael et al., 2005;
Slomp and Van Cappellen, 2004).

The model operation is divided into two phases: the first
phase (without tidal effects) simulates the system until it
reaches a steady state. This initial phase helps to eliminate
any potential disturbances from the starting conditions and
allows the system to stabilize, establishing a baseline state
where external temporal factors do not influence the results.
The second phase lasts for 72 h, with a time step of 10 min,
and the groundwater model and the ocean model had the
same time step. This two-phase approach allows for a clear
distinction between transient tidal effects and the underlying
groundwater—seawater interactions, ensuring that the model
accurately reflects both the steady-state conditions and the
dynamic impact of tidal forces.

3.2.2 Result of ocean—groundwater model

This study investigates the dynamic interactions between
ocean and groundwater systems particularly focusing on the
salinity distribution and its evolution over time as depicted in
Fig. 5. The upper part of the figure shows a top-down view
of the ocean model, while the lower part presents a side view
of the coupled model.

Initially, the model starts with a distinct salinity gradient,
where the ocean side is characterized by a uniformly high
salinity of 35 (purple), while the adjacent land aquifer is un-
der a pressurized freshwater condition (yellow). This setup
creates a sharp boundary between saltwater and freshwater,
setting the stage for subsequent interactions.

As the system evolves towards equilibrium (Fig. 5b), a sta-
ble salinity distribution emerges, characterized by the forma-
tion of a saltwater wedge that extends from the ocean into
the aquifer. The black lines represent salinity contour lines
(isohalines), showing the gradual transition from freshwa-
ter to saltwater. The dashed red line indicates the saltwater
intrusion front, marking the extent of significant saltwater
penetration. This wedge structure is indicative of the balance
achieved between the ocean’s saline water and the freshwater
outflow driven by submarine groundwater discharge (SGD).
The boundary between the saltwater and freshwater becomes
more defined, showing a delicate balance where freshwater
from the aquifer spreads over the ocean surface and gradu-
ally mixes with seawater.

Ocean Sci., 21, 1407-1424, 2025
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Figure 4. Initial and boundary conditions of the tidal numerical model.

A complete sinusoidal tidal cycle (Fig. 5b—f) is shown
to illustrate the effects of tidal fluctuations on this balance.
The impacts of these fluctuations are clearly visible during
high tide (Fig. 5¢) and low tide (Fig. 5e). During high tide
(Fig. 5b—c), the rising sea level drives more saline water into
the aquifer, causing the saltwater wedge to expand further
inland, as indicated by the increased red area. Correspond-
ingly, the salinity contour lines shift landward, and the salt-
water intrusion front (dashed red line) advances deeper into
the aquifer. Conversely, at low tide, the retreating sea level
allows some saltwater to flow back into the ocean, reducing
the wedge’s inland penetration and allowing the freshwater
in the aquifer to recover. The contour lines shift seaward,
and the saltwater intrusion front retreats towards the coast.
This cyclical process highlights the significant impact of tidal
forces on the salinity dynamics at the sea—land interface.

Additionally, the lag effect of tidal fluctuations on sea-
water intrusion is clearly demonstrated. During high tide
(Fig. 5c), the rising sea level causes the saltwater wedge
to rapidly advance inland. However, it can be observed that
even though the sea level has started to rise, the maximum
extent of the saltwater wedge (indicated by the furthest-
landward position of the intrusion front and the isohalines)
does not immediately reach its peak but takes some time to
fully intrude. Conversely, during low tide (Fig. 5e), when the
sea level drops, the saltwater wedge begins to retreat. How-
ever, the saltwater does not immediately exit the aquifer; in-
stead, it shows a slow withdrawal trend. The saltwater intru-
sion front and contour lines remain relatively landward for
a period even after the tide has started falling. Even after
the sea level has dropped, the saltwater remains within the
aquifer for some time. This phenomenon indicates, despite
the rapid changes in tidal levels, the process of seawater in-
trusion exhibits a certain degree of lag. This reflects the re-
sponse speed of the groundwater system (visualized by the
movement of the isohalines and the intrusion front) being
slower than the changes in sea level.

Like salinity distribution, temperature variations are also
influenced by the dynamics of groundwater discharge (SGD).
Specifically, temperature changes in the upper layer of the
ocean are observed due to SGD. Figure 6 illustrates three dis-
tinct time points, reflecting the impact of submarine ground-
water discharge on ocean temperatures as the tide transitions

Ocean Sci., 21, 1407-1424, 2025

100m

from high to low. The black lines in the figure represent tem-
perature contour lines (isotherms), indicating areas of equal
temperature.

Figure 6a depicts the scenario when the tide is at its high-
est point. At this stage, cooler water from the aquifer spreads
along the land—sea interface to the ocean surface, creating
a distinct cold front that is particularly evident in the upper
layers of the sea. The isotherms are closely spaced near the
discharge point, indicating a sharp temperature gradient be-
tween the cooler discharging groundwater and the warmer
ambient seawater (around 22 °C). With the tide at its peak,
there is maximum seawater coverage, and a large volume of
warmer seawater enters from the left side, resulting in a con-
centrated temperature distribution with a noticeable temper-
ature gradient.

As the tide begins to recede but has not yet reached its
lowest point (Fig. 6b), the colder groundwater discharged is
gradually extending outward due to the decreasing tide, mix-
ing with the surrounding warmer seawater. The isotherms
spread out particularly near the surface and further offshore,
showing the expansion of the cool plume and indicating a
more gradual temperature transition (reduced gradient) as
mixing occurs. This leads to a more uniform temperature dis-
tribution and a reduction in the temperature gradient.

Figure 6c¢ describes the situation when the tide reaches its
lowest point. At this time, the seawater covers the smallest
area, allowing the colder groundwater discharged to accu-
mulate more easily on the ocean surface, awaiting the next
tidal cycle for further mixing. The isotherms show a clear
pool of cooler water concentrated near the seabed interface
and extending towards the surface, with the 22 °C isotherm
pushed further offshore compared to high tide, reflecting the
dominance of SGD outflow at low sea level. This simulates
real-world coastal temperature and salinity dynamics, where
tidal cycles influence the layering of water temperature.

3.2.3 Comparison of the ocean—groundwater model
with the single model

To comprehensively assess the advantages of the coupled
model, this study also separately ran the standalone ocean
model and groundwater model. In the ocean model, a spec-
ified flux-boundary condition was set at the top of the in-
terface between the ocean and the confined aquifer to sim-
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ulate submarine groundwater discharge. In the groundwa-
ter model, a general head boundary (GHB) condition with
a fixed salinity of 35 was applied at the land—sea interface
to simulate interactions between seawater and groundwa-
ter, where the continuous hydraulic gradient drives seepage,
causing freshwater to discharge through the aquifer to the
seabed. By comparing the simulation results of the single
model and the coupled model (Fig. 7), it becomes clearer that
the coupled model can more effectively capture the dynamic
changes in complex environments.

In the ocean top view of Fig. 7, dynamic variations caused
by the interaction between the ocean surface and groundwa-
ter are captured in the coupled model. The arrows on the
ocean surface in the coupled model, which indicate flow
direction and velocity, appear somewhat disordered. This
is due to the complex local flows generated by groundwa-
ter discharge in the coupled model. Unlike a conventional

Ocean Sci., 21, 1407-1424, 2025

ocean model, the coupled model integrates dynamic subma-
rine groundwater discharge (SGD), which induces localized
convection, eddies, and small-scale mixing effects near the
seafloor. This phenomenon indicates the coupled model more
accurately represents the complex conditions found in real-
world environments.

The observed patterns in the figure suggest that regions
with disordered arrows extend towards the ocean due to
groundwater discharge. In the coupled model, the discharge
area is confined to the upper portion of the land—sea interface,
where complex interactions between upwelling groundwater
and seawater create multiple turbulence zones. Within these
areas, flow exhibits irregular and rapidly fluctuating patterns.
The extension of disordered arrow regions toward the ocean
implies that groundwater discharge not only introduces a new
mechanism for material transport into the ocean but also pro-
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Figure 7. Comparison of salinity and velocity between two models from top and vertical views: (a) coupled model, (b) single model,
(c—d) enlarged-detail images, and (e) coupled—single difference image.

vides additional kinetic energy, thereby enhancing mixing
processes in nearshore waters.

In the view on the right side of Fig. 7, it is evident that
more freshwater accumulates at the ocean surface in the cou-
pled model compared to the single model. This is due to the
faster discharge rate and higher volume of groundwater dis-
charge in the coupled model.

In the cross-sectional view of groundwater, Fig. 7a shows
the shape of seawater intrusion in the coupled model, while
Fig. 7b presents the shape in the single groundwater model,
which is comparatively more gradual than that of the cou-
pled model. Using the CellBudgetFile module, we obtained
groundwater flow velocities at the submarine discharge out-
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let for both models. Results show that the discharge velocity
in the coupled model is 30 % higher than in the single model.
Figure 7c and d provide a closer view for further examina-
tion.

In the single model, the land—sea boundary salinity is fixed
at a relatively high level, resulting in higher pressure heads
at the boundary. This reduces the head difference with in-
land areas and slows groundwater flow velocity. This slower
groundwater discharge effectively resists seawater intrusion,
resulting in a more gradual saline wedge shape with a shal-
lower intrusion depth. In contrast, the coupled model incor-
porates a gradation of boundary salinity from the surface to
the bottom, with lower salinity levels in the upper zones and

Ocean Sci., 21, 1407-1424, 2025
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lower pressure heads. This leads to faster groundwater flow.
The increased discharge rate decreases freshwater pressure
and creates a head difference that encourages seawater to ad-
vance inland to fill the gap created by freshwater discharge.
This pressure differential accelerates seawater intrusion into
the aquifer, resulting in a steeper saline wedge and deeper
intrusion depth.

To highlight the differences between the two models,
Fig. 7e presents the salinity difference by subtracting the sin-
gle model’s salinity from the coupled model’s. The most no-
table differences appear near the bottom in the downstream
sloping boundary region (x & 130-150m, z & —4 to —10 m),
where strongly negative values (dark-blue areas) indicate sig-
nificantly lower salinity predicted by the coupled model. This
is primarily due to the real-time salinity and temperature ex-
change at the boundary, which yields a more realistic repre-
sentation of seawater intrusion, particularly the inclined in-
trusion near the bottom. In contrast, the upper and middle
parts of the water column show relatively minor differences
(greenish areas in the figure).

Overall, comparing the shapes of seawater intrusion be-
tween the single and coupled models demonstrates boundary
conditions and discharge rates significantly impact seawater
intrusion patterns. The coupled model provides a more ac-
curate representation of the actual hydrodynamic conditions
at the land—sea interface, offering a more precise perspective
for understanding seawater intrusion mechanisms.

3.2.4 The impact of tides on SGD

The influence of tides on submarine groundwater discharge
(SGD) is significant, characterized by pronounced periodic
variations (Li et al., 2016). Specifically, during high tide,
the increased seawater pressure not only suppresses SGD but
also may even cause seawater to flow back into the aquifer,
exacerbating seawater intrusion. Conversely, during low tide,
as seawater pressure decreases, the discharge of groundwa-
ter into the ocean significantly increases, indicating that SGD
exhibits non-steady-state characteristics (Fang et al., 2021).

In the comparison between the coupled model and the sin-
gle model, we distinguish the types of submarine groundwa-
ter discharge based on salinity. Due to the mixing of fresh-
water and brackish water at the land-sea interface, we sim-
plify the classification by considering water with salinity less
than 5 as freshwater. Our findings show that during a 24 h
steady-state observation and a 72 h tidal fluctuation period,
as illustrated in Table 4, the SGD for the coupled model is
97.5m?>, representing a 17 % increase compared to the single
model’s 83.1 m>. The total amount of freshwater groundwa-
ter discharge (FSGD) is comparable between the two models.
However, the recirculated submarine groundwater discharge
(RSGD) in the coupled model is 39.4 m3, a 54 % increase
over the single model’s 25.6 m>. This indicates RSGD con-
tributes almost entirely to the increase in SGD.
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Table 4. Analysis of submarine groundwater discharge (SGD) in
coupled and single models.

unit: m3 Coupled model ‘ Single model

SGD FSGD RSGD ‘ SGD FSGD RSGD
97.50 58.1 394 ‘ 83.1 57.5 25.6

Table 5. Dynamic variations in submarine groundwater discharge
(SGD) under tidal influence between the coupled model and the
single model.

3.1

unit: 107> m3 s~ Coupled model ‘ Single model

SGD FSGD RSGD ‘ SGD FSGD RSGD
Steady state 25.5 16.8 8.7 | 229 16.7 6.2
High tide 16.7 12.2 4.5 52 5.1 0.1
Middle tide 28.0 17.4 10.6 | 26.1 18.2 7.9
Low tide 46.2 21.3 249 | 464 28.1 18.3

Tidal fluctuations can significantly alter the ratio of RSGD
to FSGD. As shown in Table 4, under tidal influence, the
performances of SGD in coupled models and single mod-
els exhibit significant dynamic variations, with the coupled
model providing a more accurate reflection of the tidally in-
duced groundwater flow characteristics. Under steady-state
conditions, the SGD values for the coupled model and single
model are 25.5 x 107 and 22.9 x 107> m3 s~ respectively.
In the coupled model, FSGD and RSGD are 16.8 x 1075
and 8.7 x 107> m3s~!, while in the single model, they are
16.7 x 107 and 6.2 x 107> m>s~!, respectively. These re-
sults indicate the coupled model captures more recirculated
water flow under steady-state conditions, demonstrating a
closer exchange with oceanic water.

Under the influence of tidal fluctuations, SGD, FSGD, and
RSGD in both coupled and single models exhibit periodic
changes. At high tide, due to the increase in seawater pres-
sure, the SGD values for the coupled model and the single
model decrease to 16.7 x 1075 and 5.2 x 107> m3s~ 1, re-
spectively. During this period, RSGD values significantly de-
cline, with values of 4.5 x 107> m? s~! in the coupled model
and only 0.1 x 107> m?s~! in the single model. This phe-
nomenon suggests seawater pressure suppresses groundwa-
ter discharge at high tide, reducing the flow of recirculated
water and allowing freshwater discharge to dominate.

As tidal levels decline, SGD gradually increases, reach-
ing its maximum value at low tide, where the SGD in the
coupled model and single model rises to 46.2 x 10~> and
46.4 x 1079 m3s~!, respectively. During low tide, RSGD
and FSGD in the coupled model peak at 24.9 x 10~ and
21.3 x 107> m?s~!, respectively, with RSGD slightly ex-
ceeding FSGD. This indicates the decrease in tidal levels
facilitates greater recirculation of seawater into the aquifer,
enhancing the discharge of recirculated water.
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Overall, tidal effects significantly influence the total
amount of SGD and the ratio of FSGD to RSGD, par-
ticularly evident during high and low tide. The coupled
model, by incorporating the dynamic processes of oceanic
and groundwater interactions, can more accurately reflect
the changes in groundwater discharge driven by tidal forces,
including the suppression effects during high tide and the
enhancement effects during low tide. The coupled model
shows an 11.3% increase in total SGD (25.5 x 10~ vs.
22.9 x 107> m?s~!) and 40.3 % higher RSGD (8.7 x 1073
vs. 6.2 x 107> m3s™!) compared to the single model (Ta-
ble 5). These differences exceed typical uncertainty thresh-
olds (10 %) for SGD-driven fluxes, justifying the need for
coupling in dynamic tidal zones. However, in steady-state
systems with minimal oceanic variability, simpler uncoupled
models may suffice. By comparing Phase 1 (steady state,
no tidal forcing) and Phase 2 (transient tidal dynamics),
we quantify the impact of tides on groundwater discharge
and saltwater intrusion. For instance, tidal forcing increases
the average discharge rate from 25.5 x 10~ (Phase 1) to
28.0 x 107> m?s~! (Phase 2), representing a 10 % enhance-
ment (Table 5), and highlights the critical role of cyclic pore-
water exchange in aquifer—ocean interactions.

4 Conclusion

This study innovatively addresses the long-standing chal-
lenge of independently modeling groundwater and ocean
systems by implementing a coupled framework that effec-
tively exchanges data at the land—sea interface. This research
led us to formulate the following pivotal conclusions:

1. This study has developed a coupled model for simu-
lating the interaction between groundwater and ocean
systems. The model’s potential and accuracy have been
preliminarily validated through experimental case stud-
ies, demonstrating its effectiveness in this complex en-
vironmental context. The coupled model successfully
simulated the transient evolution of the saltwater wedge
over time, showing relative consistency with laboratory
observation data, thereby verifying the technical feasi-
bility and accuracy of the model in reflecting actual con-
ditions.

2. The coupled model developed in this study demon-
strates significant advantages in simulating the interac-
tion between groundwater and ocean systems, particu-
larly in dealing with dynamic boundary conditions and
mixing zones in coastal areas. Compared with tradi-
tional single groundwater models, the coupled model
not only captures fluctuations in salinity and tempera-
ture but also specifically considers the effects of mixing
zones that are often overlooked. This integrated sim-
ulation approach allows for more precise definition of
boundary conditions and realistically reflects the hydro-
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geological and geochemical processes at the interface,
thereby enhancing the accuracy and comprehensive-
ness of the simulation. The coupled model’s dynamic
boundary conditions and bidirectional feedback mech-
anisms provide a more accurate reflection of the com-
plex material exchange between seawater and ground-
water, avoiding potential underestimation of effective
discharge volumes.

3. The coupled model employed in this study vividly
illustrates the dispersion of submarine groundwater
discharge (SGD) in the marine environment, offer-
ing a novel perspective on the interactions at the
groundwater—ocean interface. Tidal fluctuations were
found to significantly influence the rate and pattern of
SGD, thereby modulating the input of nutrients and po-
tential contaminants into the ocean, and revealed the
intricate mechanisms of their diffusion, transformation,
and accumulation within marine ecosystems. Moreover,
the dynamic response of the ocean has a substantial im-
pact on the pathways and spatial distribution of SGD,
underscoring the necessity of incorporating an oceano-
graphic viewpoint in studies related to SGD. The cou-
pled model’s ability to simulate the effects of tidal in-
fluences on SGD and seawater intrusion provides a
more accurate understanding of these complex hydro-
geochemical processes.

To build upon the findings of this study and further ad-
vance our understanding of the complex interactions between
groundwater and ocean systems, the following research di-
rections are proposed:

1. Explore how variations in bathymetry and tidal patterns,
as well as different hydraulic conductivities, affect the
dynamics of seawater intrusion (SWI) and submarine
groundwater discharge (SGD). Additionally, investigate
the impact of temperature and salinity changes on the
movement and dispersion of SGD in coastal environ-
ments.

2. Integrate biogeochemical processes into the coupled
model to simulate the chemical transformations that oc-
cur as SGD interacts with the ocean. Develop reactive
transport models that consider the reactions between
groundwater constituents and the marine environment.

3. Apply the coupled model to real-world coastal systems
to validate the model against observed data. Deploy ad-
ditional observational points in both terrestrial and ma-
rine environments to collect critical data for model cali-
bration and validation. Conduct scenario analysis to pre-
dict the impacts of climate change, such as rising sea
levels and increased storm events, on SGD and SWI.

4. Future studies should integrate porewater flow dynam-
ics (e.g., wave-driven advection) to resolve benthic ex-
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change processes, which are essential for understanding
coastal carbon and nutrient cycles.

5. Parameter sensitivity analyses reveal that salinity and
temperature gradients significantly influence coastal dy-
namics. These findings highlight the need for site-
specific parameter calibration in future applications.
Future studies could incorporate systematic sensitivity
analyses to quantify the effects of varying salinity and
temperature on transient SGD and seawater intrusion,
particularly in response to climatic variability.
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