Hindawi
Geoﬂuids
Volume 2019, Article ID 6193134, 9 pages
https://doi.org/10.1155/2019/6193134

Research Article
The Dynamics of Sea Tide-Induced Fluctuations of Groundwater
Level and Freshwater-Saltwater Interface in Coastal Aquifers:
Laboratory Experiments and Numerical Modeling
Elad Levanon,1,2 Haim Gvirtzman,1 Yoseph Yechieli,2,3 Imri Oz,1,2 Elad Ben-Zur,1
and Eyal Shalev 2
1

Institute of Earth Sciences, The Hebrew University of Jerusalem, Edmond J. Safra Campus, Givat Ram, Jerusalem 91904, Israel
Geological Survey of Israel (GSI), 32 Yesha’ayahu Leibowitz St., Jerusalem 9692100, Israel
3
Department of Environmental Hydrology & Microbiology, Zuckerberg Institute for Water Research, Ben-Gurion University of
the Negev, Sede Boqer 8499000, Israel
2

Correspondence should be addressed to Eyal Shalev; eyal@gsi.gov.il
Received 17 April 2019; Accepted 17 July 2019; Published 5 August 2019
Guest Editor: Christopher J. Russoniello
Copyright © 2019 Elad Levanon et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Laboratory experiments were conducted in a vertical, two-dimensional, rectangular ﬂow tank, simulating the response of a phreatic
coastal aquifer to a sea tide. Imposed sinusoidal ﬂuctuations of the saltwater level at one side of the ﬂow tank caused three types of
ﬂuctuations: (a) hydraulic head throughout the aquifer, (b) saturation degree within the capillary fringe, and (c) salt concentration
surrounding the freshwater-saltwater interface (FSI), all recorded by head, saturation, and salinity sensors, respectively. Signiﬁcant
time lags were observed both in the saturation degree within the unsaturated zone and in the salinity within the FSI. All measured
values, recorded by the three types of sensors, were simulated and reproduced using a numerical model. The calibrated model was
used for mapping the time lags throughout the aquifer. It was found that the time lag of saturation ﬂuctuations within the
unsaturated zone increased upward from the groundwater level as the unsaturated hydraulic conductivity decreased. Similarly,
the time lag of salinity ﬂuctuations within the FSI increased downward, with distance from the groundwater level. We interpret
the low hydraulic conductivity at the capillary zone as the source of attenuation of both saturation and salinity, because both are
controlled by the vertical advection of the whole freshwater body. This advection is signiﬁcantly slower compared to the
dynamics of pressure diﬀusion. The uniqueness of this study is that it provides quantitative data on the attenuation at the
capillary zone and its eﬀect on the salinity time lag in coastal aquifer systems.

1. Introduction
Seawater intrusion into coastal aquifers is of a global concern
due to salinization of production wells (e.g., [1, 2]). The
transition zone between the fresh groundwater that ﬂows
seaward and the saline seawater beneath that penetrates
inland is referred to as the freshwater-saltwater interface
(FSI). The two water bodies are in a dynamic equilibrium
that is inﬂuenced by hydrodynamic processes such as sea
tide oscillations and pumping [3, 4].
Sea tide oscillations inﬂuence both the groundwater level
(GWL) and the location of the FSI in coastal aquifers. They
induce groundwater level ﬂuctuations with a periodicity

similar to tidal periodicity [5, 6], as well as salinity ﬂuctuations within the FSI [4, 7, 8]. GWL ﬂuctuations in an unconﬁned aquifer subjected to low-frequency tidal oscillations are
signiﬁcantly aﬀected by the capillary eﬀect. Parlange and
Brutsaert [9] showed that the capillary pressure above the
water table varies as a consequence of GWL ﬂuctuations.
Nielsen and Perrochet [10] and Werner and Lockington
[11] found a signiﬁcant eﬀect of the capillary fringe and the
hysteresis phenomenon, on GWL ﬂuctuations in an unconﬁned aquifer subjected to tidal oscillations. Cartwright et al.
[12] showed the inﬂuence of water table shallowness on
water table wave dispersion. Kong et al. [13, 14] used analytical solutions and numerical models to show that unsaturated
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ﬂow above the water table inﬂuences the amplitude of the
GWL ﬂuctuations and the lag of GWL ﬂuctuations behind
the sea level.
The depth and width of the FSI are directly inﬂuenced by
the groundwater head ﬂuctuations; thus, the FSI itself
ﬂuctuates due to sea level oscillations as well [1, 7, 15].
Ataie-Ashtiani et al. [3] showed theoretically that the sea tide
widens the FSI and forces the sea water to intrude further
inland. Kim et al. [8] found that the FSI and the water table
in Kimje, Korea, ﬂuctuate with a tidal periodicity. Levanon
et al. [16] demonstrated that the GWL and the FSI ﬂuctuations in the coastal aquifer of Israel are composed of the same
tidal constituents as the tide wave in the Mediterranean Sea.
Heiss and Michael [17] conducted a ﬁeld study and numerical model and showed that the size of the mixing zone varied
over the spring-neap tidal cycle. They also showed that tidal
amplitude signiﬁcantly aﬀects the ﬂow of fresh and saline
groundwater toward the sea. Pool et al. [18] quantify tidal
impacts on solute mixing and spreading in the FSI using a
numerical model and showed that the key parameters
controlling the shape and location of the FSI are the tidal
amplitude, the tidal period, and the hydraulic diﬀusivity.
Levanon et al. [19, 20] suggested that the tidal eﬀect on
the groundwater system comprises two main processes: (1)
tidal forcing at the sea ﬂoor boundary and (2) attenuation
at the groundwater level due to capillary eﬀect. They showed
that even though the pressure head wave propagation into
the aquifer is relatively fast, the actual movement of the freshwater body, which is reﬂected by ﬂuctuations of GWL and
the salinity in the FSI, is slower since it is controlled by the
unsaturated hydraulic conductivity within the capillary
fringe. Up to date, this thesis was shown to occur by a ﬁeld
study, in which the horizontal time lags of both head and
salinity were measured across the aquifer using wells. However, the actual delay within the unsaturated zone and the
vertical time lag that progress downwards all the way to the
FSI was not shown in the ﬁeld. This can be examined in a
controlled laboratory setup, where it is easier to quantify
the vertical time lags and unsaturated processes.
The use of physical models provides an ideal setup
for conceptualization, visualization, and measurement of
groundwater ﬂow and solute transport through an aquifer
[21]. Physical models have been used in a variety of groundwater studies for describing diﬀerent phenomena, such as
density-driven groundwater ﬂow, saltwater intrusion, and
transport of solutes and contaminants (e.g., [22–25]). Physical models were also used to show the eﬀect of sea tides on
the residence time of a plume that originated at the sea that
inﬁltrates into the aquifer downwards during high tides and
back to the sea during low tides [26–28]. However, in these
experiments, the positions of the FSI were not established
and monitored. The physical model in this study provides a
better understanding of the dynamics in phreatic coastal
aquifers subjected to sea tide inﬂuence including the FSI,
water level, and saturation.
The objective of this paper is to investigate the importance of the unsaturated ﬂow properties within the capillary fringe on the tidal dynamics of both the FSI and the
water table ﬂuctuations by controlled laboratory experi-
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ments and numerical modeling. While in previous studies
[19, 20] only the horizontal time lag induced by the sea
tide was analyzed at the ﬁeld scale, in this study, the
vertical development of the time lag is displayed; thus, a
more complete picture of the tidal dynamics in coastal
aquifers is achieved.

2. Methods
2.1. Laboratory Setup. Laboratory experiments were conducted in a vertical, rectangular (100 cm long, 50 cm high,
and 3 cm wide) ﬂow tank made of Plexiglas, simulating a
phreatic cross-shore coastal aquifer (Figure 1). The narrow
width of the ﬂow tank ensures that the problem examined
could be deﬁned as two-dimensional, with negligible alongshore processes. It is divided into three distinct chambers: a
central ﬂow chamber that serves as an aquifer and contains
the porous medium and two side chambers ﬁlled with water,
which deﬁne the boundary conditions during the experiments. The left chamber represents the saltwater boundary
at the seaside, and the right chamber represents the inland
freshwater boundary of the regional aquifer. These side
chambers are separated from the main chamber by a ﬁne
net that prevents the passage of granular material.
The initial and boundary conditions during the experiment are deﬁned by the water levels at the side chambers.
At the right boundary, freshwater is pumped from the
supply reservoir into an overﬂow bottle connected to the
right chamber. At the left boundary, the saltwater is
pumped from another supply reservoir directly into the
left chamber. The water level at the right boundary is
higher than that at the left one; thus, an initial hydraulic
gradient is formed, and the water ﬂows through the
porous medium from right to left simulating a seaward
ﬂow. The overﬂow at the left boundary is diluted sea water
as a result of mixing between the freshwater and the saltwater which occurs along the ﬂow paths in the FSI. The
overﬂow pipe at the left chamber is connected to a
computer-controlled engine that enables quasitidal ﬂuctuations of the saltwater at the left boundary, which deﬁne
the boundary condition at the seaside. The amplitude
and the wavelength of the sinusoidal tidal wave are deﬁnable by the engine (changing vertical velocities and the
time intervals for each velocity). The tidal wave used in
the experiments is harmonic with constant amplitude.
During all the experiments, the water levels at the boundaries were kept lower than 35 cm (Figure 1), in order to
enable an unsaturated zone above the water table and to
avoid problems that truncation of this area may create
[29]. The freshwater in the experiment is colorless tap
water, and the saline water is prepared by dissolving NaCl
in tap water and adding commercial red food dye (AmeriColor Ltd.). The density of the saline water was 1.027 gr cm-3,
the same as the average density of the eastern Mediterranean
Sea. The sand used in the experiments is silica grains which
were sieved to a diameter range of 800-1,300 μm. In preexperiment treatment, it was washed with distilled water to
remove dust and clay minerals and with HCl acid to remove
the oxide coatings of the quartz grains. The horizontal

Geoﬂuids

3
Saltwater
chamber

Main chamber porous media

Freshwater
chamber
a2

Overflow
collector
Overflow
bottle

50 cm

a1

Freshwater
overflow
collection and
supply reservoir

3 cm

Saltwater
supply
reservoir

100 cm
(a)

50 cm
P1
40

WC1
WC2

P4
WC4
WL2

WC3

WL1

30

P3

P2

13

20

9
7 8

10

30
28
26

0
0

10

50

20

Water content sensor
Piezometer
Water level sensor

30

40

50
cm

60

Electrodes:
Fresh water
High diluted seawater

70

80

90

100

Low diluted seawater
Seawater

(b)

Figure 1: (a) The laboratory setup scheme. The main ﬂow chamber simulates the aquifer, and the two side chambers create the boundary
conditions during the experiments. The left chamber represents the saltwater boundary at the seaside, and the right chamber represents
the inland freshwater boundary of the regional aquifer. (b) A picture of the laboratory aquifer. 168 electrodes are placed for in situ voltage
measurements, which are equivalent to the salinity of the water. The electrodes, whose numbers are written, are discussed in the text. Four
sensors of water content (WC1-WC4) are placed in the capillary zone above the water level. Four piezometers (P1-P4) are located a few
centimeters below the water table at diﬀerent distances from the left boundary. Two divers (WL1-WL2) are placed in the water chambers.

permeability was calculated from a simple steady state experiment where the hydraulic heads were constant at both ends
and a freshwater was ﬂowing from the high hydraulic head at
the left boundary to the low hydraulic head at the right
boundary, using the equation K = 2QL/ h21 − h22 . The
porosity was measured by dividing the weight of the sand
to the volume of the tank. The values of the parameters
are given in Table 1.
The monitoring setup during the experiments includes
several measurement systems (Figure 1(b)): (1) 168
electrodes placed at the back side of the ﬂow tank for in situ
voltage measurements, which are equivalent to the salinity of

the water. The data from the electrodes is collected using
LabVIEW software (National Instruments Ltd.); (2) two
water level sensors (PA-36XW, Keller Ltd.) located at the side
chambers; (3) four water content sensors (EC-5; Decagon
Devices Inc.) placed in the capillary zone above the water
level; and (4) six piezometers located a few centimeters below
the water table at diﬀerent distances from the left boundary.
In four of these piezometers (P1-P4 in Figure 1), a thin ﬁlm
of red oil is added on top of the water column in order to
allow easier monitoring of the changes in the water level. A
high-resolution video camera (50 frames per second) records
the piezometers, and the data is converted to numerical data
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Table 1: Parameters used for the numerical simulations. Measured values were quantiﬁed in a speciﬁc test. Calibrated values were assessed
during the numerical modeling.
Parameter

Value

Source

K horizontal
K vertical
Anisotropy (K v /K h )

1,500 m day
1,350 m day-1
0.9

Measured
Calibrated
Calibrated

Longitudinal dispersivity
Transverse dispersivity

0.2 cm
0.02 cm

Calibrated
Calibrated

Right boundary

H initial
Amplitude

31.85 cm
0.35 cm

Input
Input

Left boundary

H initial
Amplitude

31.5 cm
3 cm

Input
Input

Water

Saltwater
Freshwater

39,000 mg L-1
20 mg L-1

Input
Input

Van Genuchten drying

Alpha
N

11.8 m-1

Measured

9

Measured

Van Genuchten wetting

Alpha
N

18 m-1

Measured

7.5

Measured

Porosity
Speciﬁc storage

0.38
0.0001 m-1

Measured
Calibrated

Hydraulic conductivity

Dispersivity

Soil properties

using image processing. In addition, a pressure sensor measured the barometric pressure in the laboratory during the
experiment for barometric compensation of the pressure
measurements at the boundaries.
2.2. Estimation of the Unsaturated Zone Characters. Unsaturated ﬂow is an important factor in coastal aquifers under
tidal inﬂuence (e.g., [11, 13, 30]). To evaluate the unsaturated
properties of the sand used in the ﬂow tank experiments, a
preexperiment was conducted, in which the volumetric water
content was measured under diﬀerent conditions of capillary
tension. Evaluation of the unsaturated characters of the sand
is important for a few reasons. First, it helps plan the location
of the water content sensors in the experiments. Second,
according to the retention curve, the experiment is designed
so that a fully unsaturated zone will develop, and third, it is
important for the calibration of the numerical model.
Two sensors of water content were located just above the
water table in a wide column full of sand. An overﬂow bottle
placed on an elevator was connected to the bottom of the
column, which enabled changes of its water level. The water
level in the tank was lowered stepwise until residual water
content was measured. Then, the water level was raised gradually, in an opposite process, to its initial height. In each step,
the system was static for 10-15 minutes to allow full drainage
or ﬁlling of the porous medium. The retention curve of the
drying process is diﬀerent from that of the wetting process
due to hysteresis (Figure 2). The air entry value for the drying
process is located at ~5 cm above the water table, and for the
wetting, it is located at ~3 cm. The residual water content of
the sand is relatively low, only 0.025, due to the high level
of the sieving. The saturated water content (equal to the
porosity) is 0.38 for the drying process. However, for the wet-
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ting process, it was found to be 0.35, probably as a consequence of some trapped air.
The retention curve is quantitatively described by [31]:
θ ψ = θr +

θs − θr
1 + αψ n

m

,

1

where θ (-) is the volumetric water content, ψ (L) is the capillary tension, θs (-) and θr (-) are the saturated and residual
volumetric water content, respectively, and α (L-1), m (-),
and n (-) are empirical constants, where m = 1‐ 1/n .
By ﬁtting the retention curve (equation 1) to the experimental results, the empirical unsaturated parameters for the
drying and wetting processes were calibrated. The values
for α are 11.8 m-1 and 18 m-1 and for n are 9 and 7.5 for the
drying and wetting processes, respectively (Figure 2). These
values were used in the numerical model (Table 1).
2.3. Numerical Model. Numerical simulation of the laboratory experiments is conducted using the FEFLOW code, a
ﬁnite-element simulator that solves the coupled variable density groundwater ﬂow and solute transport equations [32]. In
the case of tide-induced ﬂuctuations, both saturated and
unsaturated ﬂows are involved. The general equation for
saturated-unsaturated ﬂow, derived from the conservation
of ﬂuid mass, for variable densities is [32, 33]
SSs + ne

∂S ∂h
= ∇ · K θ μr ∇ h + ρr Z ,
∂φ ∂t

2

where S (-) is the saturation degree; Ss (L-1) is the speciﬁc
storage coeﬃcient; ne (-) is the eﬀective porosity; φ (L) is
the pressure head; h (L) is the fresh groundwater hydraulic
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Figure 2: Drying and wetting retention curves of the sand used in
experiments. The locations of the water content sensors, WC1 and
WC2, are shown in Figure 1.

head; t (T) is the time; K θ (L T-1) is the hydraulic conductivity; μr = μ0 /μ, where μr (-) is the relative viscosity of
the ﬂuid, μ (M L-1 T-1) is the viscosity of water, and μ0
(M L-1 T-1) is the water viscosity at the standard state; ρr =
ρ‐ρ0 /ρ0 , where ρr (-) is the relative density, ρ (M L-3) is
the ﬂuid density, and ρ0 (M L-3) is the density at the standard
state; and Z is the vertical vector unit [0,0,1].
The conservation of solute mass may be written as [1]
3

where C (M L-3) is the ﬂuid concentration, D (L2 T-1) is the
dispersion-diﬀusion coeﬃcient, and q (L T-1) is Darcy’s
velocity of the ﬂuid. The coupling between the solute transport equation and the ﬂow equation is through equations of
state for the ﬂuid’s density and viscosity.
The dimensions of the numerical cross-section are the
same as the laboratory ﬂow tank—a length of 100 cm and a
height of 50 cm. A mesh with 228,090 elements and 114,752
nodes is used with reﬁnement near the FSI in order to
increase the stability of the numerical scheme and the accuracy of the model (Figure 3). The hydraulic heads at the left
and right boundaries are deﬁned as a tidal time series, based
on the water level ﬂuctuations that were measured during the
experiment at the side chambers. The equation which deﬁnes
these time series is
h t = hi + A cos ωt ,

39,000 mg/l

Figure 3: A numerical simulation of the steady state salinity
distribution used as initial conditions. Boundary conditions are
shown as well.

0.4

Water content (−)

∂C
q
= ∇ · D∇C − ∇C,
∂t
ne

0

4

where h is the hydraulic head (L), t is time (T), hi (L) is the
initial hydraulic head, A (L) is the tidal amplitude, and ω
(Rad T-1) is the angular frequency of the tidal wave. The
amplitudes of the left and right boundaries are 3 cm and
0.4 cm, respectively, and the wavelength is 15 minutes, in
accordance with the laboratory experiment. At this frequency, the hysteresis eﬀect is very small [34]. In addition,
no-ﬂow boundaries are deﬁned at the cross-section base.
Salinity on the sea side is 39,000 mg L-1 (based on the density

and the temperature of the saline water in the laboratory),
and on the right boundary is 20 mg L-1. Table 1 summarizes
the parameters used in the numerical model. The calibration
process is detailed below.
2.4. Cross-Correlation. In order to quantitatively analyze the
time lags between sea level ﬂuctuations, salinity, water
level, and saturation in the aquifer, a cross-correlation
analysis was applied on both laboratory and numerical
model results. Such analysis provides information about
the correlation between input and output time series,
along with its signiﬁcance. Details about the application
of the cross-correlation analysis to coastal aquifer systems
can be found in Levanon et al. [20].

3. Results
3.1. Laboratory Experiments. Snapshots from one of the tidal
cycles are presented in Figure 4, along with the comparable
numerical results. The FSI moves forward and backward
under the inﬂuence of the tidal ﬂuctuations at the left boundary (see Supplementary Materials (available here) for a video
of the full dynamic process of the experiment). At its maximum penetration, the FSI toe reaches 39 cm from the left
boundary (Figure 4(b)), and at its minimum, it reaches
30 cm (Figure 4(d)). The maximum and minimum penetration distances of the FSI toe lag a few minutes behind
the high and low tides (i.e., maximum and minimum
water levels at the left boundary, Figures 4(a) and 4(c)).
The signiﬁcant diﬀerence between the salinity distributions
at high and low tides is in the contact area with the left
boundary, where at the high tide the saline water is higher
than at the low tide.
3.1.1. Horizontal Eﬀect. With sampling frequency of 20 msec,
no time lag has been detected between the water level at
P1, which is located 18 cm from the left boundary, and
the water level at P4, which is located 80 cm from the left
boundary (Figure 5). This is attributed to the fast pressure head wave propagation into the aquifer which is
controlled by the high diﬀusivity (K S /SS ) of the aquifer
[20]. There is also no lag between the salinity at electrodes which are at the same depth but at diﬀerent
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Figure 4: Four stages of a typical sinusoidal wave, each includes a snapshot of the laboratory experiment at A and the appropriate modeling
result at B. Black arrows at the modeling snapshots represent the velocity vectors.

distances from the left boundary (electrodes #7 and #8 in
Figure 5). However, the ﬂuctuations of the salinity lag
signiﬁcantly after those of the water level. This lag
between the water level and the salinity is related to vertical ﬂow which is considered next.

3.1.2. Vertical Eﬀect. On the other hand, there is a signiﬁcant
lag between sensors that are vertically aligned. Within the
unsaturated zone, above the water table, the upper water
content sensor (WC1) lags behind the lower water content
sensor (WC2) and they both lag behind the sea level
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ﬂuctuations (Figure 6). The salinity at the FSI (electrode #28)
lags behind both water content sensors. All these sensors are
aligned vertically 18 cm from the left boundary. This vertical
time lag trend exists also within the FSI where the lower electrode #9 also lags behind the upper electrode #13 (Figure 7).
The mechanism for the vertical lag in saturation and salinity
will be further discussed later.
3.2. Numerical Model. The hydraulic parameters (Table 1)
used in the numerical simulations were calibrated to
achieve a reasonable ﬁtting between the experimental and
modeled salinities (Figures 4 and 8). Even in the controlled
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whose location is shown in Figure 1(b)) lags behind both water
content sensors. These three sensors align vertically.
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environment of this experiment, there is some heterogeneity in the packing of the sand and some uncertainties in
the measurements. Therefore, there is no attempt here to
numerically reproduce the laboratory experiments exactly.
Nevertheless, it helps to understand the mechanism responsible for the lags of the saturation and salinity. Based on the
numerical simulation results, cross-correlation analysis was
used to evaluate the correlation and the time lag between
the sea level as an input and salinity and saturation as
outputs.
In locations where the salinity and saturation are inﬂuenced by the sea tide, the lag after the sea level ﬂuctuations
is calculated using cross-correlation (Figure 9). Changes in
salinity are observed only close to the FSI, and changes in
saturation are observed only above the water level. In these
locations, it is possible to calculate time lags. Because of the
speciﬁc Van Genuchten parameters in this experiment, the
signiﬁcant drop in the saturation occurs about 9 cm above
the water level. As a result, the unsaturated hydraulic conductivity also drops in this elevation and causes a signiﬁcant lag for water content ﬂuctuations. This lag of ﬂow is
transmitted to deeper parts of the aquifer and causes a lag
of the salinity ﬂuctuations around the FSI (Figure 9). The
horizontal lag of the system to the imposed horizontal
boundary condition is negligible because the pressure signal
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is transmitted rapidly through the cross-section whereas the
vertical lag of the saturation and salinity is signiﬁcant
because it is related to the actual advection of the water.

4. Discussion
Usually, the use of a small-scale laboratory setup has a limitation due to the downscaling problem in time and space.
However, such a laboratory physical setup can provide actual
results that can verify the outcome of hydrological simulation
in a place where no ﬁeld data can be obtained for such
veriﬁcation. Thus, the laboratory results can have great
advantages which help in understanding the hydrodynamic
processes involved in tidal inﬂuence on the coastal aquifer.
As mentioned before, the eﬀect on the vertical scale could
only be obtained at the lab experiment and not in the ﬁeld.
The results of this study conﬁrm the mechanism hypothesized by Levanon et al. [19, 20] for sea tide inﬂuence on the
coastal groundwater system, including both the FSI and the
GWL. The tidal eﬀect on the groundwater system comprises
two main processes: tidal forcing at the sea ﬂoor boundary
and attenuation at the groundwater level due to capillary
eﬀect. This mechanism was previously proven at the horizontal scale by ﬁeld monitoring and numerical simulations. The
horizontal pressure head wave propagation into the aquifer is
fast; thus, it could be detected only at the ﬁeld scale. Indeed,
at the laboratory scale, there is no measured horizontal time
lag between the boundary level ﬂuctuations and the GWL
(Figure 5). The current study veriﬁes the hypothesis through
controlled laboratory experiments at the vertical scale by the
time lags at both the unsaturated and the saturated zones.
The vertical tide-induced ﬂuctuations of the groundwater
level create an actual movement of the whole water body in
a phreatic aquifer. Within the capillary zone, these ﬂuctuations are attenuated by the relatively low hydraulic conductivity. The exact extent of the attenuation is dictated by the
unsaturated hydraulic conductivity which is related to the
retention curve of the matrix. The speciﬁc properties of sand
used in this study (Figure 2) caused time lags of the saturation degree up to nine cm above the water level (Figure 9).
At the same time, the salinity at the FSI is ﬂuctuating with
the ﬂuctuation of the whole water body. This ﬂuctuation is
controlled by an advection wave (as opposed to the horizontal pressure wave), and therefore, the lag increases with depth
(Figure 9).
This study only examined an aquifer with a vertical
shoreline and no hysteresis. A sloping shoreline will likely
complicate patterns and behaviors of groundwater ﬂow and
disrupt the sinusoidal tide due to the asymmetry of the tidal
inﬁltration/draining process for a sloping beach [6, 17, 35].
It is much easier for the water to inﬁltrate into a sloping
beach at high tide than to drain away at low tide. Hysteresis
of wetting and draining water level has a similar eﬀect, a
strong asymmetry in the moisture content response to
the symmetric forcing condition. For periods less than
15 minutes, the dynamics become symmetric and nonhysteretic. [34]. To avoid these complications in this study,
we chose a vertical shoreline and a period of 15 minutes
for the tidal wave.
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5. Conclusions
Laboratory experiments conducted in a vertical, two-dimensional, rectangular ﬂow tank exhibit a phreatic coastal aquifer. Sea tide eﬀects on both the FSI and the GWL are
analyzed in the laboratory along with numerical models that
simulate these experiments. Signiﬁcant time lags are
observed both in the saturation degree within the capillary
zone and in the salinity within the FSI. The low hydraulic
conductivity in the capillary zone attenuates the movement
of the water table, which controls the movement of the freshwater aquifer and causes the saturation and salinity to lag
behind the ﬂuctuating sea. The time lag of the saturation is
the highest at the top of the capillary zone where the saturation and permeability is the lowest. The time lag of the salinity within the FSI increases with depth with distance from the
capillary zone.
Most previous ﬁeld studies in coastal aquifers neglect the
dynamic nature of the attenuation caused by the nonlinearity
at the capillary zone. However, these dynamics may aﬀect
signiﬁcantly the transport, mobility, and removal of chemicals and their subsequent discharge to coastal waters. The
attenuation at the capillary zone and its eﬀects on the entire
coastal aquifer revealed here provide new insight into the
complexity, intensity, and time scales of tidal eﬀects in
coastal aquifers.
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