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Abstract: The impact of tidal oscillations on groundwater in coastal reclamation land demonstrates
the complex hydrodynamic interaction between seawater and coastal hydrological aquifer systems.
The tidal action not only affects the temporal variability of groundwater levels but also exerts a
significant influence on the groundwater gradients of salinity within the subsurface aquifers. This
study takes the Songmu Area as an example to investigate this ocean–groundwater interaction.
Songmu Area is located on a peninsula with coastal land reclamation in Dalian, China. Field
campaigns were conducted in this area to measure the tidal action and groundwater parameters in a
coastal reclaimed area at artificial backfill layers with pressure and salinity sensors, where the tidal
signal can influence groundwater levels and salinity up to a one-kilometer range of inland. Tidal
changes in the surface of the sea can be broken down into a number of simple, regular harmonic
vibrations, each of which is called a tidal split. The tide and groundwater data were extracted using
an enhanced harmonic analysis method. The fluctuations of groundwater levels and salinity were
decomposed in response to the periodic tidal oscillation. Various constituents of tide attenuation in
the coastal groundwater system were investigated. Our research shows that there is an exponential
reduction in the fluctuating amplitude of groundwater levels and the groundwater salinity as distance
further inland from the coast. The constituents of tide M2 (the period is 12.42 h of semi-diurnal tides,
S2 (the period is 12.00 h of semi-diurnal tides), K1 (the period is 23.93 h of full-diurnal tides), and
O1 (the period is 25.82 h of full-diurnal tides) behave differently for the tidal wave propagation and
salinity variability in the coastal aquifer of reclaimed land. Among those constituents, M2 and S2

exhibit a higher degree of attenuation compared with K1 and O1. Understanding the relationship
between groundwater levels and tidal fluctuations in coastal backfill areas is crucial for effective
groundwater management strategies and mitigating the adverse impacts of seawater intrusion. This
study can serve as a good understanding for assessing the impacts of various mitigation strategies.

Keywords: tidal oscillations; groundwater level; groundwater salinity; land reclamation

1. Introduction

Studies on groundwater systems in the coastal zones under anthropogenic influence
are of significance for the protection of the marine environment and the growth of the
coastal economy. Dynamics in a coastal groundwater system have vital impacts on coastal
water nutrients and pollution, water resource safety, and the geography evolution [1].
The fluctuation of the coastal groundwater table is influenced by various factors such as
precipitation, evaporation, storm surge, water extraction, and tide [2]. The impact of the
rainfall and evapotranspiration on the coastal groundwater system could be within the
time frame of days to months. Our research primarily focuses on the ongoing reactions
of the groundwater table to semi-diurnal and diurnal tidal variations. No storm surge
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was observed in the study area, so the impact of these conditions on the study area has
not been considered. Furthermore, given the absence of pumping wells in the research
region, the influence of pumping on groundwater was not considered. The sustained
exploitation of coastal resources has not only damaged the ecological systems of these
coastal regions but has also led to a range of environmental pollution issues in the marine
environment [3]. Furthermore, oceanic dynamics, such as tidal action, can transport
substances to neighboring groundwater systems, which can affect both regional and global
pollutant exchange [4]. A better understanding of ocean–groundwater interaction in
coastal areas, therefore, provides an important reference for management regarding coastal
construction, aquaculture, industries, and tourism.

The coastal groundwater system within the industrial zone is characterized by rel-
atively high permeability and the fast migration of solute; these dissolved matters have
unique features that differ from those in inland groundwater: (1) they have a large range
of varieties, and (2) their transport is strongly influenced by oceanic dynamics. These dis-
solved matters or pollutants are mainly from two sources: terrigenous matters discharged
from industry activities and oceanic matters transported by tides or storms [5]. Terrestrial
pollutant discharge into the nearshore areas is becoming an increasingly severe global
issue [6]. Traditionally, river discharge was considered the primary source of marine chemi-
cal contaminants, while the direct discharge from groundwater has been a long-neglected
critical factor. The oceanic source generally changes closely with the condition of tidal
propagation. A significant number of field observations and numerical simulation studies
have been conducted, highlighting the role of submarine groundwater discharge as an
essential component of coastal aquifers in dominating the quantity of pollutant discharge
into the sea [7]. Knowledge of the impacts of such oceanic processes on the groundwater
system helps to understand the distribution and transport pattern of industry-oriented
pollutants in coastal groundwater.

In natural conditions, seawater intrusion is a complex hydrogeological phenomenon
driven by the density difference between seawater and freshwater. The occurrence of seawa-
ter intrusion depends upon various geological and hydrodynamic conditions. Geological
conditions serve as the foundational pathways and movement of seawater intrusion. On
the other hand, coastal hydrodynamic conditions act as the dominant controlling factors [8].
During the drought period, with the reduction in the hydraulic gradient, these dynamic
variations alter the existing dynamic equilibrium between seawater and freshwater, thereby
initiating severe seawater intrusion [9].

In addition, tidal action significantly influences groundwater levels, causing fluc-
tuations that correspond with sea-level variations. A comprehensive analysis of how
groundwater levels in sandy beach aquifers are affected by oceanic tidal actions has been
conducted [10,11]. Furthermore, the variations in the water levels of confined aquifers
due to oceanic tides were investigated to estimate their diffusion coefficients. In coastal
aquifers, the groundwater level exhibits periodic fluctuations in response to tidal water
level changes, a phenomenon known as the tidal effect [12]. This effect is particularly pro-
nounced in coastal zones and has substantial implications for groundwater flow systems
and pollutant migration pathways. Groundwater levels fluctuate due to tidal influences,
exhibiting the same periodicity as tidal water levels but with a noticeably smaller ampli-
tude and phase lag [13]. The extent of tidal influence varies significantly across different
types of aquifers; for instance, confined aquifers are less affected by tidal actions compared
to unconfined aquifers when evaluated under similar hydrogeological parameters [14].
Furthermore, periodic sea-level changes also prompt the redistribution of salt in coastal
aquifers. In real-world coastal environments, tides induce relatively rapid seawater circu-
lation in the intertidal zone, accelerating the material exchange between coastal aquifers
and the ocean [15]. In recent years, studies have increasingly focused on the impact of
periodic sea-level changes, such as tides, on seawater intrusion and the hydrodynamic
patterns between seawater and groundwater at the salt–freshwater interface. For instance,
field monitoring and numerical simulations were conducted to study groundwater dy-
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namics in sandy beaches intertidal zones, with a particular focus on vertical hydraulic
gradients and groundwater salinity [16]. Their research indicated that tides provide the
hydrodynamic conditions for groundwater flow and salt transport in nearshore aquifers.
Moreover, tides can induce relatively rapid seawater circulation through the formation
of an Upper Saline Plume [17]. The presence of an “Upper Saline Zone” changes the salt
distribution in nearshore aquifers, reducing the area where groundwater and seawater
exchange, thereby increasing the hydraulic gradient for groundwater discharge into the
ocean. This, in turn, slows down the process of seawater intrusion to some extent [18].
Additionally, tides have a specific impact on the position and shape of the salt–freshwater
interface. Ataie-Ashtiani [19] established a variable-density groundwater model to analyze
the impact of tidal fluctuations on seawater intrusion in unconfined aquifers [19]. Their
findings revealed that tidal movements intensify seawater intrusion inland and increase
the thickness of the salt–freshwater interface. The impact of tides on sloping beaches is
greater than on vertical coasts [20].

The groundwater systems in coastal basins are influenced not only by terrestrial
underground and surface runoff but also are highly susceptible to the effects of land
reclamation activities in the nearshore coastal regions. Coastal reclamation is one of the most
important human activities in the coastal area, with a long history worldwide [21]. In China,
a large number of coastal wetlands have been converted into agricultural land, industrial
land, and urban land to meet the needs of various kinds of industrial development. From
1984 to 2018 alone, in China, coastal wetlands experienced a decrease of approximately
27.9% [22].

Coastal land reclamation can significantly alter the natural hydrodynamics of coastal
areas, particularly in regions where water tables lie below sea level [23]. Coastal backfill
activities can lead to changes in groundwater levels due to an interaction between the
surface water body and groundwater system. These activities can affect the natural flow
of water, leading to either an increase or decrease in groundwater levels [24]. Coastal
backfill activities could disrupt these natural processes and result in more anomalous fluc-
tuations [25]. Land reclamation can further exacerbate the problem of seawater intrusion,
which increases salinity levels in groundwater. This is particularly problematic during the
dry season when groundwater salinity can reach peak levels [26]. Furthermore, coastal
backfill activities can also alter the natural tidal influences on groundwater discharge,
causing variations in both the quantity and quality of submarine groundwater discharge
into coastal wetlands [27].

This study takes the Songmu Area as an example to investigate this ocean–groundwater
interaction. Songmu Area is located on a peninsula with coastal land reclamation in Dalian,
China. Field campaigns were conducted in this area to measure the tidal action, groundwa-
ter parameters, and associated salinity in a coastal reclaimed area with artificial backfill
layers for industry purposes. Due to the insufficiently characterized nature of coastal
land backfill areas, the overall significance of submarine groundwater discharge and its
consequential influence on coastal groundwater levels and salt transport is potentially
underestimated. This study helps fill this gap by analyzing the effects of coastal backfill
and associated hydrogeologic processes in coastal land reclamation regions. By employ-
ing a combination of field observations and data analyses, this study aims to provide a
good understanding of how coastal backfilling acts as a modifier of natural hydrogeologi-
cal conditions. Specifically, this research paper focuses on quantifying the alterations in
groundwater flow dynamics and evaluating the shifts in salinity patterns. The findings
of this study not only contribute to the understanding of a coastal groundwater system
but are also crucial for effective water resource management, land use planning, and
environmental protection.
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2. Materials and Methods
2.1. Study Area

The study site is located in Dalian, Liaoning, China, along the northern coast of
Bohai Bay. Geographically, the study site coordinates range between longitude 121◦42′

and 121◦45′ E and latitude 39◦23′ and 39◦27′ N, as illustrated in Figure 1a. The site was
originally formed by coastal sedimentary deposition along the coastline. Since 2014, a series
of land reclamation projects have been undertaken in this area, initiating foundational
infrastructure development for the industrial zone. Analysis of historical satellite imagery
of the site reveals a considerable extent of land reclamation activities from 2014 to 2021.
Among them, it can be seen that the backfill project was basically completed in 2018. Post-
reclamation, the distribution of the backfill area within the study site is roughly delineated
by the yellow polygonal area, as shown in Figure 1b. The reclamation projects extended
the original shoreline by approximately 8.3 km, generating a new shoreline of about 13 km,
as illustrated in Figure 1b.
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The primary reclaimed land covers an area of 8.3 km2. The backfill depths ranged from
1.0 to 7.5 m, with an average thickness of approximately 4 m. The backfill material primarily
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consisted of loamy soil and gravel, with limestone being the predominant component of
the gravel.

The study site could be characterized by distinct seasonal variations. Specifically, the
climate exhibits minimal precipitation in the spring, elevated humidity, and rainfall accom-
panied by slightly higher temperatures in the summer. The annual average temperature
ranges from 8.3 to 10.3 ◦C. The average annual precipitation is approximately 650 mm. A
significant proportion of this precipitation, approximately 60% to 70%, occurred from June
to August. The tide in this study site is an irregular semi-diurnal tide, with the M2 division
being the main component, and shows reciprocal flow characteristics [28].

2.2. The Lithology of the Field Site

Within the study site, the stratigraphy of the backfill and original natural formations
from the surface downward consists of the following layers, as shown in Figure 2:
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backfill area.

Backfill material: It predominantly consists of a mixture of clay and broken limestone
gravel, with particle sizes ranging from 0.2 cm to 6.0 cm and a gravel content of 15% to 70%.
It is distributed throughout the site. The thickness is also between 2.0 m and 7.2 m.

Silt: Exhibiting grey to grey-black colors, this layer is saturated in a soft to partially
fluid plastic state. It contains minor amounts of biological shell fragments and unevenly
mixed sand. The upper part of this layer has a higher moisture content than the lower part.
It is widely distributed throughout the study site. The layer’s buried depth varies from
6.0 m to 19.0 m, and its exposed thickness is between 5.1 m and 11.8 m.

Silty Clay: This layer exhibits a yellow-brown color and is in a plastic to partially
soft plastic state. The layer’s buried depth varies from 12.0 m to 20.0 m, and its exposed
thickness is between 2.0 m and 4.7 m.

The backfill area is primarily located in the western part of the study site, and its
aquifers predominantly consist of Quaternary Holocene artificial backfill layers. The
groundwater level in depth ranges from 1.9 m to 21.8 m.

During the land reclamation process, seawater was encapsulated within the strata of
the backfill area. The groundwater in this layer is a mixture of seawater and terrestrial
groundwater. The aquifers in the backfill area are chiefly artificial backfill layers and coarse
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sand layers, and the water yield is uneven, with single well discharge rates ranging from
30 to 500 m3/day. Backfill soil is much more permeable than silt, and backfilling enhances
the influence of tides on groundwater fluctuations.

2.3. Field Measurement
2.3.1. The Distribution of Groundwater Monitoring Wells

Monitoring wells are strategically situated on the site. A network of monitoring
wells has been installed. A total of 22 monitoring wells have been established. Of these,
three monitoring wells are located in the area of the original topography. The remaining
19 monitoring locations are situated in the backfills area. These monitoring wells were
more evenly distributed along the roadside in the study area, allowing us to better observe
the changes in groundwater in the study area both horizontally and vertically. The selected
wells are representative of the studied groundwater system, located at various distances
from the coastline. The specific locations of these wells are elaborated in Figure 3, which
provides a planar representation of the groundwater monitoring well network.
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2.3.2. The Construction of the Groundwater Monitoring Wells and the
Groundwater Measurement

The groundwater monitoring wells were designed and constructed to satisfy the
requirement of the site groundwater measurement [29]. As shown in Figure 4a, the well
casing is made of PVC, where the casing material is chemically inert to prevent any reactions
with the groundwater. The well screen is a perforated section of the casing that allows
water to enter the well while keeping out sediment. The annular space is filled with a filter
material like coarse sand, sealed with bentonite and cement grout to prevent surface water
from entering the well. The filter material is washed quartz sand with a particle size of
1–2 mm. Above ground, a wellhead is installed in order to avoid unauthorized access and
to protect the well from surface contaminants. The logging of the drilling bore is essential
in the construction of groundwater monitoring wells. As drilling progresses, the types of
soil encountered are recorded. This lithological log helps in understanding the subsurface
geology and aids in the design of the well, particularly the placement of the well screen, as
shown in Figure 4b.
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2.3.3. The Measurement of the Groundwater Level and Salinity

We monitored the salinity of seawater near the backfill, which spatially varies from
25.5 PSU to 28 PSU. The monthly measurement of water table and salinity at the ground-
water monitoring wells was carried out from 2021 to 2023. Monthly data provide us with
background information about the condition of groundwater flow field at the site, such
as the primary flow direction and the water depth. Our focus in this study is to observe
the impact of tides on groundwater, and the major tidal period is 12–24 h, so our 15 min
monitoring frequency is adequate to capture these variations. In addition, inside the well,
the high-frequency measurement of water level loggers is installed. From March 2023 to
May 2023, the tides and groundwater monitoring wells with distances of 100 m, 550 m, and
1070 m to the coastline were continuously monitored with a data logger. The changes in
water level and salinity were recorded. The data logger of Seametrics@ (Kent, WA, USA)
for the long-term monitoring of groundwater levels was used in our field monitoring wells,
along with a barometer to filter out atmospheric effects. The data logger of Seametrics
(The model number of the data logger is CT2X Smart Sensor) is a microprocessor-based
submersible electrical conductivity/temperature sensor with built-in data logging. This
device stores the records of electrical conductivity and temperature. The temperature
measurement accuracy is 0.25 ◦C, ranging from –5◦ to 40 ◦C. The pressure measurement ac-
curacy is 0.005 mH2O, and the range is 0–10 mH2O. The accuracy of electrical conductivity
measurement is 0.088 PSU, with a measuring range of 2–42 PSU. For YSI, temperature is
measured from –5 to 70 ◦C with a resolution of 0.1 ◦C and an accuracy of 0.2 ◦C. Salinity is
calculated by electrical conductivity and temperature. The measurement range is 0–70 PSU,
and the resolution is 0.01 PSU. The log data were set at a frequency of 15 min intervals. The
sensors installed in the monitoring wells are capable of measuring parameters of water
pressure (psi), salinity (PSU), and temperature (◦C). The measurement of salinity uses the
conductivity method. The salinity value of the measured water sample was calculated
using the conductivity ratio of the measured water sample to the salinity reference material
and temperature compensation. The data logger of Seametrics@ and YSI@ (Yellow Springs,
OH, USA) instrument for the groundwater measurement are shown in Figure 5a,b. The
hydrogeological slug test is applied to determine the hydraulic conductivity of the backfill
aquifer at the monitoring well [30]. Hydraulic conductivity is a measure of how easily water
can move through pore spaces [31,32]. It provides valuable information for groundwater
flow studies. As soon as the slug was inserted into the groundwater monitoring wells, a
data logger was placed in the bores to monitor the changes in water level in a 5 s interval
for logging all the data. The slug test was terminated when the water level returned to
its initial level or after a predetermined period, as shown in Figure 5c. With regard to the
hydrogeological field test, the slug test involves suddenly changing the water level in a
well and then monitoring the rate at which the water level returns to its original position.
This sudden change can be achieved by adding a slug into the well. In terms of the process
of falling and rising head, the water level in the well was monitored by the pressure sensor
for the slug test in this study. The Bouwer and Rice method was applied to analyze the
data and calculate the hydraulic conductivity of the aquifer [33]. The measured hydraulic
conductivity is around 4 m/day.
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3. Results and Discussion
3.1. The Distribution of the Groundwater Level and Salinity

In the study site, the recharge into shallow groundwater system is primarily from
precipitation infiltration. In contrast, the shallow groundwater in the backfill area is influ-
enced by two main factors, which are atmospheric precipitation and potential seawater
influx during high tides. Upon receiving atmospheric precipitation, the study site exhibits
horizontal water movement, which is influenced by factors such as terrain, lithology, and
other geological features. The general flow trend of groundwater at different depths is
from the land towards the coastal areas, ultimately discharging into the ocean, as shown
in Figure 6a. In the coastal regions of the study site, there is a heightened susceptibility to
seawater intrusion, leading to frequent interactions between groundwater and seawater,
as shown in Figure 6b. This recurrent interchange results in elevated levels of chloride
ions in the groundwater system. The phenomenon is particularly concerning as it poses
a risk to both the ecological balance of the area and the quality of available groundwa-
ter resources. Elevated chloride levels can have detrimental effects on local flora and
fauna, as well as compromise the usability of groundwater for agricultural and domestic
purposes. Understanding the dynamics of this chloride enrichment is crucial for imple-
menting effective groundwater management strategies and mitigating the adverse impacts
of seawater intrusion.
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3.2. The Effect of Tide on the Groundwater Level

In the coastal backfill area, the influence of oceanic tides causes periodic back-and-
forth movement of groundwater within the tidal zone. The dynamics of groundwater
levels are intricately linked with tidal fluctuations. The tidal forces exert a significant
influence on the groundwater levels in these areas. During high tide, the groundwater
level often rises due to increased hydrostatic pressure from the sea. Conversely, during low
tide, the groundwater level tends to decrease, as shown in Figure 7. This periodic ebb and
flow create a dynamic hydrological environment that can affect various aspects, such as
groundwater salinity.
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3.3. The Effect of Tide on the Groundwater Salinity

The ebb and flow of tides induce a complex oscillatory behavior in groundwater
salinity. These oscillations are not merely transient phenomena but can have lasting
impacts on the hydrogeochemical profile of the aquifer. During high tide, the increased
hydrostatic pressure and elevated sea levels facilitate the intrusion of saline water into the
aquifer, causing a noticeable spike in groundwater salinity. This is often more pronounced
in coastal backfill regions with higher permeability, where the saline water can infiltrate
more deeply and rapidly.

Conversely, during the low tide period, the reduced sea level and hydrostatic pressure
allow for a natural flushing mechanism. This leads to a decrease in salinity levels as less
saline and, often fresher, groundwater displaces the intruded seawater. This hydrodynamic
process was observed at our study site, as shown in Figure 8. The fluctuation range
of the tidal water level is roughly between 7.5 m and 10.0 m, the average amplitude is
2.25 m, the fluctuation range of seawater salinity is approximately 25.5–28 PSU, and the
average amplitude is 2.25 PSU. The fluctuation of groundwater salinity range during the
observation period is roughly 4.25–7.5 PSU, and the amplitude is 0.25 PSU. The tide serves
as the hydrodynamic condition facilitating the interaction between seawater and subsurface
freshwater. The tidal cycles lead to periodic fluctuations in groundwater level. However,
the extent to which this flushing occurs can be influenced by various factors such as the
aquifer’s geological characteristics, existing groundwater flow patterns, and the presence
of any barriers to flow, like clay layers or anthropogenic structures.
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3.4. Harmonic Analysis for Tide Influence on Groundwater Level and Salinity

Understanding these oscillations requires a multi-faceted approach that includes
continuous monitoring of hydrogeological analysis. In the disciplines of tidology and
oceanography, tidal signals produced by astronomical forces include many diurnal, semidi-
urnal, and other components of longer and shorter periods [34]. Each of these components
is represented as a cosinusoidal wave over a temporal sequence and is referred to as a
“tidal constituent” within the field.

Harmonic analysis is then executed on each of these temporally resolved datasets.
With the tidal harmonic analysis, complex fluctuations are described by simple harmonic
motions of several major amplitudes. The process of tidal harmonization analysis to solve
the tidal amplitude and delay angle is essentially least squares fitting. In the tidal harmonic
analysis model, the water level is considered to be the result of a linear superposition
of a series of cosine functions, each of which represent a tidal split, and the arctangent
function is implemented in MATLAB. This enables the deconstruction of the recorded
oscillations; consequently, this analytical approach enabled the determination of the am-
plitude and phase lag for each of the dominant tidal constituents [35]. Of particular note,
the M2 tidal constituent could be accurately characterized to be referred to in groundwater
hydrology [36].

Harmonic analysis in the context of studying tidal oscillations, groundwater levels, or
salinity variations generally involves decomposing a complex time series [37]. The basic
formula for a single harmonic component is:

y(t) = A(cos2π f t +∅) (1)

where:

• y(t) is the value of the time series at time t;
• A is the amplitude of the oscillation;
• f is the frequency of the oscillation;
• ∅ is the phase angle or phase offset;
• t is the time.

When dealing with multiple harmonic components [38], such as those found in com-
plex tidal oscillations, the formula can extend to:

y(t) = A0 +
N

∑
n=1

[Ancos (2π fnt +∅n)] (2)

Here:

• A0 is a constant term;
• N is the total number of harmonic components considered;
• An is the amplitude of the nth harmonic component;
• fn is the frequency of the nth harmonic component;
• ∅n is the phase angle of the nth harmonic component.

The purpose of harmonic analysis is to determine the set of An, fn, and ∅n that
could best fit the observed data. The harmonic analyses applied to the discrete temporal
sequences aim to quantify the amplitudes and phases of groundwater variation and major
tidal constituents within the observed data [39]. Due to the constantly changing positions
of the Moon and celestial bodies, their distance from the Earth is continuously changing,
so the movement of the Moon relative to the Earth is very complex. Their motion has so
many cycles, and there are long and short periods in the same kind of cycle. According to
the principle of small amplitude wave superposition, the vibration of the complex cycle
of tidal waves can be represented by the sum of simple harmonic vibrations caused by a
series of individual forces. The four main tides are M2, S2, K1, and O1, and their periods
are 12.42 h, 12.00 h, 23.93 h, and 25.82 h, respectively. These four main tides are extracted
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from the original data, which are about as similar as 90% to the original measured tide
data, as shown in Figure 9. Utilizing harmonic analysis, the composite waveforms in these
records were decomposed in relation to specific periodicities that are well established in
astronomical data. Data spanning a 63-day interval, from 19 March 2023 to 22 May 2023,
encompassing both tidal and groundwater level records, were collected and subsequently
segregated into their individual tidal constituents [40].
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Through this process, the amplitude and phase lags of the M2 tidal constituent are de-
termined not only for the observed sea-level changes but also for the correlated oscillations
in groundwater levels and salinity. The M2 tide propagates through the hydrogeological
system, influencing the temporal patterns in groundwater levels and salinity concentrations,
as shown in Figure 10. The propagation of tidal signals within porous media experiences
retardation and attenuation, characterized by a reduction in amplitude and a delay in
phase. The propagation of both groundwater level and salinity exhibits lagging attributes.
Moreover, the velocity of hydraulic pressure propagation through porous media is faster
than that of solute transport.

The amplitude of the groundwater level oscillation diminishes with increasing distance
from the coast, signifying a reduced tidal influence [41]. The attenuation ratio is applied to
characterize the diminishing amplitude of groundwater level. This ratio is calculated as the
proportion between the tidal amplitude and the corresponding groundwater level at the
monitoring wells. The higher the attenuation ratio, the more significantly the associated
groundwater fluctuations are reduced. The attenuation ratio for the salinity is considered in
this study as well. The approach of the least squares method is used to find the best-fitting
curve to the calculated set of attenuation ratios at different wells. Exponential functions are
obtained to optimize the best-fitting parameters. All the R squares are higher than 95%.

Three monitoring wells, with three distinct distances to the coast, are taken into
account to evaluate this coastal aquifer. The tidal signal can influence groundwater levels
and salinity up to a one-kilometer range of inland according to the field observation from
these wells. As shown in Figure 11a, constituents of M2 and S2 experience significant
attenuation for the groundwater level at three different wells, where the distances of
three monitoring wells to the coast are 100 m, 550 m, and 1070 m, respectively. And the
exponential decay coefficients are all above 3.0. Comparably, the constituents of K1 and O1
illustrate a relatively lower attenuation ratio, where the exponential decay coefficients are
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around 2.5. We found that the amplitude of the groundwater salinity is also exponentially
decreased in these monitoring wells, as shown in Figure 11b. The overall exponential
decay coefficients of groundwater salinity are not as high as that of groundwater level,
but similarly, the constituents of M2 and S2 of groundwater salinity also exhibit a large
attenuation compared with that of K1 and O1. The harmonic analysis reveals how the
impact of the various constituents of M2, S2, K1, and O1 attenuates with distance from the
coastal line and modifies the oscillatory behavior of both groundwater levels and salinity
with the specified decay coefficients.
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The observed groundwater level and salinity data were filtered and processed, and the
main tidal constituents of M2, S2, K1, and O1 were extracted. The phase lag compared with
the tide is taken to calculate the phase difference between the water level and the salinity,
respectively. The response of groundwater level and salinity to tidal fluctuations has a
phase difference, and the phase difference increases with the increase in distance from the
coastline. At the same well, the response of salinity is slower than that of groundwater level,
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and, in general, the phase lag of the semidiurnal tide is faster than that of the diurnal tide,
as shown in Table 1. In a coastal groundwater aquifer, the time lag between tidal variations
and the response in coastal groundwater levels is influenced by several factors, such as
aquifer properties, magnitude of the tidal fluctuation, and distance from the coast [42].
In the beach aquifer 50 m away from the shoreline, the time lags for hydraulic head and
salinity fluctuations could be around 2 h and 2.5 h, respectively [43]. Regarding the coastal
silt aquifer, a few meters away from the tidal creek, the time lag for the salinity could be
up to 4 h [44]. The data in Table 1 indicate the delay in the response of each tidal level and
salinity at varying distances from the shoreline. Conversely, the table depicted in Figure 11
presents the exponential decay coefficient derived from fitting the decline ratio curve of
groundwater level and salinity relative to the distance from the coast. Similarly, the phase
lag of salinity shows a temporal delay, indicating a slower response time distance further
from the coast, depending on the hydraulic conductivity and other hydrogeological factors
influencing the transport of saline water moving into the aquifer.
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Table 1. The result of the harmonic analysis for both groundwater level and salinity at different wells.

Phase Lag: (h) Constituents
of Tide

Well (100 m
to Coastline)

Well (550 m
to Coastline)

Well (1070 m
to Coastline)

Water level

M2 7.2 7.4 16.4
S2 7.1 8.7 12.2
K1 11.9 12.0 12.9
O1 12.7 13.3 26.9

Salinity

M2 14.1 13.4 15.6
S2 13.1 16.5 12.7
K1 25.2 47.7 39.1
O1 27.3 35.3 45.3

4. Conclusions

The impact of tidal oscillations on groundwater levels in coastal reclamation areas
presents a complex hydrodynamic interaction between seawater and coastal hydrolog-
ical aquifer systems. The variation in the tide not only affects the temporal variability
of groundwater levels but also exerts a significant influence on the salinity gradients
within the subsurface aquifers. Understanding these relationships is crucial for effectively
mitigating the risks associated with coastal reclamation, such as saltwater intrusion into
freshwater reserves.

The key research findings of this study:

(1) Our research shows that there is an exponential reduction in the fluctuating amplitude
of groundwater levels and the groundwater salinity as distance further inland from
the coast;

(2) The semi-diurnal tides M2 and S2 in the propagation process of groundwater system
are faster than that of full-diurnal tides K1 and O1, and the amplitude attenuation rate
is lower than that of K1 and O1.

(3) The intrusion process in high-permeable zones can be remarkably fast, driven by
tidal oscillations and facilitated by the backfill material. Tidal signals can influence
groundwater levels and salinity up to a one-kilometer range of inland.

Understanding the relationship between groundwater levels and tidal fluctuations in
coastal backfill areas is crucial for effective water resource management and environmental
protection. This coastal land reclamation poses both challenges and opportunities for
sustainable development in these human-changing landscapes. This study provides a good
understanding for assessing the impacts of various mitigation strategies.
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