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Abstract Tides and seasonally varying inland freshwater input, with different fluctuation periods, are
important factors affecting flow and salt transport in coastal unconfined aquifers. These processes affect
submarine groundwater discharge (SGD) and associated chemical transport to the sea. While the individual
effects of these forcings have previously been studied, here we conducted physical experiments and
numerical simulations to evaluate the interactions between varying inland freshwater input and tidal
oscillations. Varying inland freshwater input was shown to induce significant water exchange across the
aquifer‐sea interface as the saltwater wedge shifted landward and seaward over the fluctuation cycle. Tidal
oscillations led to seawater circulations through the intertidal zone that also enhanced the density‐driven
circulation, resulting in a significant increase in the total SGD. The combination of the tide and varying
inland freshwater input, however, decreased the SGD components driven by the separate forcings (e.g., tides
and density). Tides restricted the landward and seaward movement of the saltwater wedge in response to the
varying inland freshwater input in addition to reducing the time delay between the varying freshwater input
signal and landward‐seaward movement in the saltwater wedge interface. This study revealed the nonlinear
interaction between tidal fluctuations and varying inland freshwater input will help to improve our
understanding of SGD, seawater intrusion, and chemical transport in coastal unconfined aquifers.

1. Introduction

In coastal aquifers, lateral hydraulic gradients towards the sea often exist. These hydraulic gradients drive
inland fresh groundwater and land‐sourced chemicals (e.g., nutrient, metal, and organic contaminant) to
discharge to the sea. In the absence of dynamic oceanic forcing such as tides and waves, fresh groundwater
flows above the saltwater wedge, resulting in a sloping freshwater‐seawater mixing zone that starts around
the intersection between the beach and mean sea level (Robinson et al., 2018). Due to diffusion, saline water
in the saltwater wedge mixes with discharging fresh groundwater, resulting in a convective circulation
through the saltwater wedge, that is, density‐driven circulation (Cooper, 1959). The overall hydraulic gradi-
ents are controlled by the inland fresh groundwater input (or groundwater table) and mean sea level that
determine the location of the saltwater wedge interface and the total efflux (both fresh groundwater and cir-
culating seawater) to the sea. The total efflux to the sea is commonly termed submarine groundwater dis-
charge (SGD). It has been widely identified, based on an assumption of equilibrium, that decreased inland
fresh groundwater input leads to a landward shift in the saltwater wedge interface (seawater intrusion)
and a decrease in the circulating seawater flux. On the contrary, increased fresh groundwater input shifts
the saltwater wedge seaward, resulting in an increase in the density‐driven circulation (Michael et al.,
2005; Smith, 2004; Werner et al., 2013). In natural systems, inland fresh groundwater input varies seasonally
in response to seasonal rainfall patterns and associated aquifer recharge (Charette, 2007; Loveless et al.,
2008; Michael et al., 2005; Miyaoka, 2007; Moore, 2007; Sugimoto et al., 2016). This seasonal variation causes
not only the saltwater wedge to oscillate landward and seaward but also the varying density‐driven
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circulation to seasonal fluctuations in SGD (Michael et al., 2005). Furthermore, the response of both the
saltwater wedge and SGD to varying seasonal inland fresh groundwater input are not instantaneous but
delayed, resulting in time lags between the former two (saltwater wedge and SGD) and the latter (Michael
et al., 2005).

Tides are an important oceanic force acting on coastal aquifers worldwide. In a tide‐influenced aquifer, sea-
water infiltrates the upper intertidal zone during the rising tide and exfiltrates in the lower intertidal zone
during the falling tide when the sea level drops below the local groundwater table. This often leads to a
phase‐averaged seawater circulation in the intertidal zone and a salinity distribution often referred to as
an upper saline plume (USP). As such, fresh groundwater discharges in a freshwater tube between the
USP and the saltwater wedge (Figure 1; Abarca et al., 2013; Boufadel, 2000; Buquet et al., 2016; Dale &
Miller, 2007; Heiss & Michael, 2014; Kuan et al., 2012; Robinson, Gibbes, et al., 2007; Robinson et al.,
2006; Vandenbohede & Lebbe, 2007). Tide‐induced circulation across the aquifer‐sea interface has been
shown to contribute greatly to the total SGD (Li et al., 1999; Moore et al., 2008; Robinson, Li, & Barry,
2007; Robinson et al., 2018; Yu et al., 2019) and influences the transport pathway and fate of land‐sourced
chemicals in the aquifer prior to discharge to the ocean (Anwar et al., 2014; Burnett et al., 2003; Charette
& Buesseler, 2004; Heiss et al., 2017; Heiss & Michael, 2014; Moore, 1999; Robinson et al., 2009; Santos
et al., 2008; Santos et al., 2014; Simmons, 1992). Furthermore, tides also affect the location of the lower salt-
water wedge interface and thickness of the saltwater‐freshwater mixing zone. It has been suggested that the
presence of tides can inhibit seawater intrusion, lead to a thicker mixing zone, and subsequently modify the
density‐driven circulation and total SGD (Kuan et al., 2012; Robinson, Li, & Barry, 2007; Xin et al., 2015).

Early studies of SGD widely assumed that the total SGD is a simple and linear sum of the SGD components
caused by individual forcing factors (Burnett et al., 2006; Li et al., 1999; Taniguchi et al., 2002). For instance,
considering the inland fresh groundwater input, density‐driven circulation, and tidal influence,

SGD ¼ FSGDþ QD þ QT ; (1)

where FSGD is the fresh SGD at the seaside, QD is the density‐driven circulation, and QT is the tide‐induced
circulation. Fresh SGD is expected to be delayed and vary seasonally in response to seasonal fluctuations in
inland freshwater input.

Recent studies have challenged this linear model (equation (1)), suggesting that interactions among the dif-
ferent forcing factors are likely nonlinear (King, 2012; Xin et al., 2015). For example, Robinson, Li, and Barry
(2007) and Robinson, Li, and Prommer (2007) showed that tides can increase the density‐driven circulation
and saline SGD. Xin et al. (2010) suggested that the combined influence of tides and waves is less than the
saline SGDs induced by these two forces separately. Considering time scales, the response of SGD and sali-
nity distribution to the different forces is not instantaneous but delayed (Heiss & Michael, 2014; Liu et al.,
2016; Lu &Werner, 2013; Michael et al., 2005; Robinson et al., 2014; Xin et al., 2014). As such, in understand-
ing the functioning of a coastal aquifer we need to consider the present as well as the past nonlinear inter-
actions among different forces acting on the system (Xin et al., 2014; Xin et al., 2015).

Figure 1. Schematic diagram of an unconfined aquifer including major flow processes considered in this study:
(1) density‐driven circulation, (2) tide‐induced circulation, and (3) terrestrial groundwater discharge. The colors represent
groundwater salinity (red for seawater and yellow for terrestrial fresh groundwater).
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While the importance of nonlinear interactions between the different forces acting on coastal aquifers has
been clearly illustrated, few studies have explored these interactions (see details in review in Robinson
et al., 2018). Particularly, the combined effect of tides and varying inland groundwater input on flow and salt
transport in coastal unconfined aquifers is poorly understood. Most analytical, experimental, and numerical
studies on seawater intrusion neglect the effects of dynamic oceanic forcing (Werner et al., 2013). On the
other hand, research examining the effects of oceanic forcing on SGD and seawater intrusion generally con-
sider only a fixed inland freshwater input or groundwater table (Robinson et al., 2018; Werner et al., 2013).
Recently, Liu et al. (2016) showed that the USP expanded and contracted and the saltwater‐freshwater inter-
face oscillated landward and seaward in response to a fluctuating inland groundwater level. The magnitude
of tide‐induced seawater circulation was found to vary based on the fluctuating inland groundwater level. Yu
et al. (2017) demonstrated that long‐ and short‐term variations in SGD from a coastal aquifer subject to irre-
gular inland freshwater input were strongly affected by the interactions with oceanic forcing. While these
two numerical studies demonstrate the importance of combined inland freshwater conditions and tides in
controlling the SGD and salt transport in a coastal aquifer, it remains unclear how the tides and varying
inland freshwater input, with different fluctuation periods, interact in unconfined coastal aquifers.

In this study, we conducted laboratory experiments and numerical simulations to investigate the behavior of
the saltwater wedge and water exchange across the aquifer‐ocean interface under the combined influence of
tidal fluctuations and varying inland groundwater input. The purpose of the study was to address the follow-
ing key questions. (1) How does the tide affect the oscillation of the saltwater‐freshwater interface over the
cycle of varying inland groundwater input? (2) How do the tidal fluctuations and varying inland freshwater
input interact to affect SGD? (3) How does the tide modify the temporal response (time lags) of the saltwater‐
freshwater interface and SGD to varying inland groundwater input? Answers to these questions are needed
to better understand the interplay of oceanic and terrestrial forces in controlling saltwater intrusion
and SGD.

2. Methodology
2.1. Laboratory Experiments

Experiments were conducted in a sand flume with dimensions of 3.5‐m length, 0.8‐m height, and 0.02‐m
width. The sand flume was divided into three compartments: a freshwater reservoir at the landward bound-
ary, a saltwater reservoir at the seaward boundary, and a middle compartment packed with quartz sand
(Figure 2). This experimental setup, similar to Kuan et al. (2012), is essentially a 2‐D unconfined aquifer with
a beach slope of 1:3.55, allowing examination of the flow and salt transport processes in a laboratory‐scale
unconfined coastal aquifer in the vertical and cross‐shore direction.

Prior to the experiment, the sand was washed with deionized water and packed carefully to avoid air‐
trapping in the sand flume. The grain size distribution of the sand was relatively uniform with the median
diameter d50 = 0.24 mm and d90/d10 = 2.86 (d90 and d10 are, respectively, the sieve size that 90% and 10%
of sand grains pass through). The average saturated hydraulic conductivity value measured for the packed
porous medium was 5.26 × 10−3 m/s using an in situ method based on steady flows. The porosity of the sand
was measured to be 0.46 using the imbibition method (Collins, 1961).

Figure 2. Schematic diagram of the laboratory experiment setup (a) and numerical model (b) including the boundary
conditions adopted (modified after Kuan et al., 2012). VHO = variable height overflow.
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A steady state flow was established through the flume with a constant flow of 1.728 m3/day/m (per unit
meter width flux) deionized water into the freshwater reservoir. The inland freshwater flux was controlled
using a variable area flow meter. Under the nontidal condition, saltwater was supplied from a 0.06‐m3 salt-
water tank at a preset rate greater than the freshwater discharge rate to maintain a relatively constant sali-
nity in the near‐shore zone. An overflow outlet maintained the water level in the near‐shore zone at mean
sea level, which was set at 0.55 m above the tank bottom (Figure 2). For the experiments with tidal fluctua-
tions, saltwater flowed in and out of the saltwater reservoir and near‐shore zone through a variable height
overflow column designed to simulate simple sinusoidal tides acting on the beach surface (Cartwright
et al., 2003). A tidal amplitude (AT) of 0.043 m and tidal period (T) of 62 s were applied for all tidal cases
(Table 1). Both the salinity and water level in the near‐shore zone were monitored throughout
the experiments.

The experiments were conducted under fixed and varying inland freshwater input conditions with and with-
out tides. A total of eight experiments were run until the flow and salt distribution reached a steady state
under the nontidal condition or quasi steady (periodic) state under the tidal condition (Table 1). Under
the fixed inland freshwater input condition, the inland freshwater input rates were set as 0.720, 1.728, and
2.592 m3/day/m (details in Table 1).

All experiments were started by simulating a fixed inland freshwater input without the influence of tides
(Cases 1–3, Table 1). This was then followed by including the tidal condition with the same fixed inland
freshwater input (Cases 4–6, Table 1). The experiments considering varying inland freshwater input were
started after the steady/quasi steady state (nontidal/tidal case) was achieved (Cases 7–8, Table 1). To simu-
late the varying flux condition, the inland freshwater input was varied every 30min over a period of 12 hr. As
such, the seasonal period was equivalent to 697 tidal cycles (this period ratio is close to that in a natural sys-
tem with seasonal variations in freshwater input and a semidiurnal tide [365 × 2]). The experiments were
continued for five seasonal cycles (60 hr) for both the tidal and nontidal cases. The average inland freshwater
influx for these cases was 1.728 m3/day/m with a standard variation of 0.525 m3/day/m (Table 1).

The saltwater solution was prepared by dissolving 33.4 g of sodium chloride and 1.6 g of red food dye in a liter
of deionized water. The density of the saltwater was measured at 1.026 g/ml in the saltwater tank and main-
tained throughout the experiments. The result of sorption tests, following the method of Goswami and
Clement (2007) showed that there was no sorption of dye by the porous medium. High‐resolution digital
photographs were taken at a fixed interval to track the salinity distribution in the sand flume (Chang &
Clement, 2012, 2013; Goswami & Clement, 2007; Kuan et al., 2012). The color photographs were converted
to gray scale images, which were further processed in a binary fashion (black and white image) by automa-
tically calculating the optimum threshold values using Otsu's method (Otsu, 1979) to minimize the intraclass
variance of the continuous images. These black‐white images enabled consistent delineation of the interface
between the fresh (white) and saline (black) water in the aquifer.

Table 1
Experiment Setup and Key Results of Calculated Recirculation Rates Across the Aquifer‐Ocean Interface per Unit Width of Aquifera

Boundary condition Circulation rate (m3/day/m) Circulation percentage (%);

Case
Number Case name Tide

Inland freshwater
input (m3/day/m)

Freshwater
discharge

Tide
induced

Density
driven

Total submarine
groundwater discharge

Freshwater
discharge

Tide
induced

Density
driven

1 No Tide‐Q(0.720) Without 0.720 0.720 0.000 0.065 0.785 92 0 8
2 No Tide‐Q(1.728) Without 1.728 1.728 0.000 0.079 1.807 96 0 4
3 No Tide‐Q(2.592) Without 2.592 2.592 0.000 0.086 2.678 97 0 3

4 Tide‐Q(0.720) With 0.720 0.720 1.908 1.310 3.938 18 48 33

5 Tide‐Q(1.728) With 1.728 1.728 1.598 1.469 4.795 36 33 31

6 Tide‐Q(2.592) With 2.592 2.592 0.986 1.570 5.148 50 19 30

7 No Tide‐SE Without Varying 1.728 0.000 0.137 1.865 93 0 7

8 Tide‐SE With Varying 1.728 1.339 1.584 4.651 37 29 34

aAveraged over a seasonal cycle of the inland freshwater input (720 min).
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2.2. Numerical Modeling

A numerical model, SUTRA (Voss & Provost, 2002) was used to further investigate the interaction between
tides and terrestrial forces in controlling the oscillations of the saltwater‐freshwater interface and flux across
the aquifer‐sea interface. In SUTRA, variably‐saturated, variable‐density flow is governed by the Richards
equation, and this is coupled with the advection‐diffusion equation for solute transport (Voss & Provost,
2002). The numerical model was first tested to evaluate the consistency of the simulated results with the
laboratory data and afterwards extended to a field‐scale unconfined aquifer system to further investigate
the phenomena observed at the laboratory scale.

The laboratory‐scale numerical model was set up to simulate the laboratory experimental conditions
(Figure 2). The seaward boundary section below the sea surface was set as a specified‐pressure boundary
subjected to the hydrostatic pressure corresponding to the seawater depth. The section above the sea surface
was specified according to the following two conditions: (1) if the (exposed) nodes were saturated at the pre-
vious time step, they were taken as part of a seepage face with pressure equal to zero (atmospheric pressure);
and (2) if the nodes were unsaturated at the previous time step, they were treated as a no‐flow boundary (Xin
et al., 2010). For salt transport, the seawater concentration was set to be 35 ppt (mass fraction, parts per thou-
sand) for (seawater) inflow to the aquifer, and zero concentration gradient was specified for outflow from
the aquifer.

The van Genuchten (1980) functions were adopted to specify the relationship between the hydraulic conduc-
tivity, soil saturation, and capillary pressure head in the numerical model. Typical values of the soil water
retention parameters for sand (Carsel & Parrish, 1988) were applied in the functions. The residual water
saturation of sand was set to 0.1 while the van Genuchten (1980) soil water retention parameters a and n
were set to 5.9 and 2.68 m−1, respectively. The diffusivity (Df), longitudinal (αL), and transversal (αT) disper-
sivity coefficients, respectively, of 1 × 10−9 m2/s, 0.002 m, and 0.0004 m were used following the study of
Kuan et al. (2012).

An adaptive mesh refinement strategy was used to optimize the computational performance. The domain of
the laboratory‐scale model was divided into a rectangular inland sub‐domain, a sloping intertidal sub‐
domain, and a rectangular seabed sub‐domain. The mesh was refined increasingly from the inland to the
seaward boundary in the sloping intertidal sub‐domain where the USP formed. Tests were conducted to
ensure that the numerical solutions were converged and independent of the time step and mesh size. All
simulations were run until the numerical solutions had reached the quasi steady state with respect to both
hydraulic heads and salt concentrations under fixed inland input conditions.

To generalize the finding, we also conducted simulations on a field‐scale unconfined aquifer. The field‐scale
numerical model was set up based on a shallow unconfined aquifer on Moreton Island, Australia, following
the study of Xin et al. (2010). A 2‐D vertical cross‐shore slice of the coastal aquifer was simulated with a
length of 200 m and depth of 33 m. Following Xin et al. (2010), the aquifer was assumed to be homogeneous
and isotropic with hydraulic conductivity of 10 m/d, soil porosity of 0.45, longitudinal dispersivity of 0.5 m,
and transverse dispersivity of 0.05 m (see further details in Xin et al., 2010). The simulated inland ground-
water input varied seasonally (sinusoidal cycle) with oscillation amplitude of 1.05 m3/day/m for a period
of 360 days. Based on Xin et al. (2010), the mean Qinwas 2.1 m

3/day/m per unit width. Two field‐scale simu-
lation cases were considered: without and with tide. For the latter, a semidiurnal tide with amplitude of 1 m
and period of 0.5 days was simulated.

3. Results

In this section, the results for the steady state and quasi steady state experiments with fixed inland fresh-
water input are first presented (section 3.1). As salt distributions under similar forcing conditions have been
described previously (Robinson et al., 2018; Werner et al., 2013), we focus our discussion on the interactions
between the different forcings. Following this, we analyze the time‐varying salt distribution and flux across
the aquifer‐sea interface for experiments with both inland freshwater input and tides (sections 3.2 and 3.3).
Finally, we use the numerical model to upscale the findings by simulating the flow and salt transport pro-
cesses in a field‐scale unconfined aquifer (section 3.4).
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3.1. Salinity Distributions and Circulation Rate at the Quasi Steady States

For the nontidal cases, as expected the saltwater wedge retreated seaward as the inland freshwater input
increased. As Qin increased from 0.720 to 1.728, and 2.592 m3/day/m, the toe location moved from −2.24
to −0.83 and −0.42 m, respectively (Figures 3a–3c). This was consistent with previous studies (Goswami
& Clement, 2007; Kuan et al., 2012). With the tidal cases, an USP formed in the shallow aquifer
(Figures 3d–3f). In comparison with the nontidal cases, the tide pushed the saltwater wedge seaward.
With respect to the saltwater wedge movement, the interaction between the tide and inland freshwater input
was nonlinear. The tides damped the movement of the saltwater wedge in response to the changing inland
freshwater input. For example, the toe location only moved from −1.81 to −0.60 and −0.34 m as Qin

increased from 0.720 to 1.728, and 2.592 m3/day/m, respectively. On the other hand, the changing inland
freshwater input also altered the influence of the tide on the salinity distribution. As Qin increased, the
USP contracted in both depth and horizontal extension. As such, the zone of freshwater between the USP
and saltwater wedge expanded. This is clearly seen in Figure 3 whereby the two saline water cells almost
merged up for the experiment with Qin = 0.720 m3/day/m (Figure 3d), but with Qin = 2.592 m3/day/m,
the horizontal width of the freshwater discharge zone (0.12 m) was similar to the horizontal extent of the
USP (0.17 m; Figure 3f).

Using the numerical model, we were able to calculate the fluxes across the aquifer‐sea interface that were
not possible to measure during the laboratory experiments (Table 1, note that we have validated the model
against the salinity distribution from the lab experiments and the results were consistent). For the nontidal
cases, the density‐driven circulation flux increased from 0.065 to 0.079, and 0.086 m3/day/m asQin increased
from 0.720 to 1.728, and 2.592 m3/day/m. While both the density‐driven circulation and Qin increased, the
increase rate in the former was less than that in the latter. As such, the contribution of density‐driven circu-
lation to the total SGD decreased, that is, it decreased from 8% to 4% to 3% as Qin increased from 0.720 to
1.728, and 2.592 m3/day/m.

As shown in prior studies, consideration of tidal fluctuations modified the groundwater flow patterns and
the water exchange across the aquifer‐sea interface. For example, with Qin fixed at 0.720 m3/day/m, the
tide‐induced circulation flux was 1.908 m3/day/m (2.65 times Qin), and the density‐driven circulation flux
increased from 0.065 (without tide) to 1.310 m3/day/m (increased by around 19‐fold). With tides considered,
tide‐induced and density‐driven circulation dominated the total SGD (48% and 33%, respectively; Table 1).

Figure 3. Images of the salt distribution in the sand flume for the laboratory‐scale study cases at the quasi steady state under the fixed freshwater input condition.
The lower saltwater wedge (SW), toe of the saltwater wedge (TOE), upper edge of saltwater wedge (UE), upper saline plume (USP), freshwater discharge zone
(FDZ), mean shoreline (MS), high tide level (HTL) and low tide level (LTL) are indicated.
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As Qin increased from 0.720 to 1.728, and 2.592 m3/day/m, the tide‐induced circulation flux decreased from
1.908 to 1.598, and 0.986 m3/day/m, respectively. This interaction between the forcings is nonlinear. For
instance, an increase of 140% in Qin (from 0.720 to 1.728 m3/day/m) resulted in 16% reduction in the tide‐
induced circulation. An increase of 260% in Qin (from 0.720 to 2.592 m3/day/m) resulted in 48% reduction
in the tide‐induced circulation. These nonlinear change rates suggested that the inhibition of inland
freshwater input on the tide‐induced circulation was accelerated. For constant tidal condition, an increase
in Qin increased the density‐driven flux—this was similar to the cases without the tide. However, the rates
at which the density‐driven flux increased as the Qin increased were different between the cases without
and with tides considered. As Qin increased from 0.720 to 1.728 and to 2.592 m3/day/m, the density‐driven
circulation flux increased by 12% and 20%, respectively (relative to that for Qin = 0.720 m3/day/m), for
cases with the tide. These relative increases in the density‐driven circulation were overall less than those
for the cases without the tide where the density‐driven circulation increased by 22% and 32%, respectively.

Based on the conditions examined here, an increase in Qin enhanced the density‐driven circulation but
reduced the tide‐induced circulation. Overall, the total SGD increased. Quantifying the total increase in
SGD, the percentage increase in SGD was lower than the percentage increase in Qin. As Qin increased from
0.720 to 1.728, and 2.592 m3/day/m, the total SGD increased from 3.938 to 4.795 m3/day/m (by 1.2 times; less
than 1.4 times for Qin) and 5.148 m3/day/m (by 1.7 times; less than 2.6 times for Qin). These results suggest
that in unconfined coastal aquifers, the interaction between density‐driven and tide‐induced circulations
and inland freshwater input is complex and nonlinear.

3.2. Variation of Salinity Distributions Caused by Varying Inland Freshwater Input

With the inland freshwater input varying periodically (Figure 4a), the overall horizontal hydraulic gradient
changed, resulting in changes in the salinity distribution. For both the experimental cases without and with

Figure 4. (a) Seasonal fluctuating inland freshwater input. (b) Experimental and numerical simulation results of the salt-
water wedge toe positions (note that the elapsed days were referred to the beginning of the fourth inland freshwater cycle).
For comparison, the saltwater wedge toe positions with the fixed freshwater input are also given (horizontal lines).
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tides, the location of the saltwater wedge toe shifted seaward and landward as Qin increased and decreased,
respectively (Figure 4). However, this response was not instantaneous but delayed relative to the variations
in Qin. The digital photographs failed to delineate a freshwater‐seawater mixing zone, but rather a sharp
interface. The observed time delays in the cases without and with tide differed slightly, in contrast to the
apparent difference from the simulation results. While the initial peak in Qin occurred at Minute 180, the
corresponding times at which the location of the saltwater wedge toe was the most seaward were
Minutes 305 and 296 (average over five seasonal cycle) for the cases with and without tides, respectively.
This delay (~120 min) was around 1/6 of the fluctuation cycle of Qin. We also quantified the movement
of the 50% isohaline of the seawater based on the numerical simulation results (note that the simulated
toe movement differed from that of the experiments where only a sharp saltwater‐freshwater interface
could be tracked. The discrepancy is explained further below). For the case without tides, the simulated
time at which the saltwater wedge toe was the most seaward occurred at Minute 330. This was a larger
lag time compared with the corresponding experiment. For the case with tides, the simulated time at which
the saltwater wedge toe was the most seaward occurred at Minute 270. This was a smaller lag time com-
pared with the corresponding experiment. Based on the simulation results, the tide decreased the time
delay by 60 min.

Based on the experimental results, the Qin variations overall led to a freshwater‐saltwater interface closer to
the inland boundary for the nontidal case (Figure 5), compared to the tidal cases (Figure 6). For the former,
the location of the saltwater wedge toe moved between −1.05 and −0.63 m, while for the latter, it moved
between −0.82 and −0.44 m in response to the fluctuations in Qin. It is interesting that the movement range
in the saltwater wedge toe was similar for both cases (0.42 m compared to 0.38 m), suggesting that the move-
ment of the toe was controlled by the inland freshwater input regardless of the mean position of the toe
(−0.84 m vs. −0.63 m). We also compared the center positions of the toe fluctuation with those with fixed
Qin. In contrast, they (for Qin varying between 0.720 and 2.592 m3/day/m) were close to that with Qin fixed
at 2.592 m3/day/m and much farther from that with Qin fixed at 0.720 m3/day/m (Figure 4b). For example,
the toe under the varying Qin fluctuated around −0.63 m in the tidal case, being close to −0.34 m with Qin

fixed at 2.592 m3/day/m. This further highlights the nonlinear response of the location of the saltwater
wedge toe to the periodic variations in Qin. The asymmetric response of the saltwater wedge movement
(intrusion and retreat) to the inland freshwater table variations was consistent with previous studies
(Abdoulhalik & Ahmed, 2018; Chang & Clement, 2012; Morgan et al., 2013). As the inland freshwater flow
was in the same direction of seawater retreat, the effect of the varying Qin contributed unequally to seawater
intrusion and seawater retreat, which draws the overall saltwater wedge toe seaward (close to the one
induced by a fixed and larger Qin).

It is well established that dynamic variations at either the inland or seaward boundaries of a coastal aquifer
enhance freshwater‐saltwater mixing and increase the thickness of the mixing zone (Robinson et al., 2018;
Werner et al., 2013). Here we examined the combined effect of both inland and seaward fluctuations in the
lab‐scale aquifer. For the experimental results, movement in the sharp freshwater‐saltwater interface over
the Qin cycle as detected using color images is shown in Figures 7a and 7b. For the simulation results, we
averaged the salinity distribution over a Qin cycle (Figures 7c and 7d). Similar to previous laboratory
experiments (Abdoulhalik & Ahmed, 2018; Kuan et al., 2012; Morgan et al., 2013), it was only possible to
delineate a sharp freshwater‐saltwater interface using the dye‐tracking method, and the width of the
mixing zone could not be quantified. As such, the locations of the saltwater wedge toe as indicated by the
simulated 50% isohaline differed from the toe locations determined via the laboratory experiments
(Figure 4b). Nevertheless, both the laboratory and numerical simulation results demonstrated the enhanced
mixing due to the combinedQin and tidal fluctuations. Without the tide, theQin variations led to a thick mix-
ing zone, around 0.4 m in thickness at the bottom of the aquifer (Figures 7a and 7c). The tide pushed the
mixing zone seaward, and its modification on the mixing was in twofold. For the lower saltwater wedge,
the tidal effect appeared insignificant with the thickness of the mixing zone only changing slightly
(Figure 7a compared with Figure 7b, and Figure 7c compared with Figure 7d). In the shallow aquifer near
the aquifer‐sea interface, for the nontidal case, movement in the freshwater‐saltwater interface in response
to the varying Qin was small due to the fixed sea level (Figures 7a and 7c). In the tidal case, this dynamic
seaward boundary led to the formation of a USP and a considerably thicker mixing zone associated with
the saltwater wedge (Figure 7c compared with Figure 7d). Furthermore, the USP and width of the
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freshwater discharge zone both expanded and contracted in response to the varying Qin (Figure 6). Overall
the results revealed that while the tide and fluctuating Qin interacted in the aquifer, their combined effect on
mixing depended on the distance to the forcing boundaries. For instance, tidal modification was
concentrated in the shallow aquifer near the aquifer‐sea interface where the tide most affected the
groundwater flow patterns. This was consistent with the well‐known theory of groundwater propagation
in unconfined aquifers.

Figure 5. Images of saltwater wedge movement at 60‐min interval under nontidal conditions (No Tide‐SE) over one 12‐hr seasonal cycle (fourth seasonal cycle) for
the laboratory‐scale study cases.
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3.3. Variation of Fluxes Across the Aquifer‐Sea Interface Caused by Varying Inland
Freshwater Input

The fluxes across the aquifer‐sea interface were calculated using the numerical simulation results.
Specifically, the tide‐induced water influx (Figure 8a), density‐driven water influx (Figure 8b), total water
efflux (SGD, Figure 8c), and freshwater efflux (freshwater SGD) were calculated. Treating salt as a tracer,
we determined the freshwater SGD as follows (Figures 8d and 8e):

Figure 6. Images of saltwater wedge movement at 60‐min interval under tidal conditions (Tide‐SE) over one 12‐hr seasonal cycle (fourth seasonal cycle) for the
laboratory‐scale study cases.
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freshwater SGD¼total water efflux−
total salt efflux
seawater salinity

: (2)

As expected, the tide‐induced influx decreased as Qin increased. This was consistent with the changes in the
size of the shallow tide‐induced seawater circulations and USP as Qin varied (Figure 8a). However, the var-
iation of tide‐induced influx was slightly asymmetric relative to changes inQin. The period for the increasing
tide‐induced influx took 386min (fromMinute 184 toMinute 570, Figure 8a), which was 54% of the period of
the Qin fluctuation (i.e., 12 hr). This led to an averaged tide‐induced influx of 1.339 m3/day/m which was
slightly smaller than the mean value (1.447 m3/day/m) with Qin fixed at 0.720 and 2.592 m3/day/m
(Table 1).

For the nontidal case, the density‐driven influx was negligible when Qin was large (e.g., from Minute 0 to
Minute 300, Figure 8a) due to the large overall horizontal hydraulic gradient and water flow towards the
sea (Figure 8d). Density‐driven influx only occurred during 55% of the Qin cycle (between Minute 300 to
Minute 698) with the flux increasing as Qin decreased. This was significantly altered by the tide with
density‐driven influx occurring throughout the Qin cycle for the tidal case. Furthermore, it was relatively
constant around 1.584 m3/day/m and much larger than for the nontidal case (varying between 0 and 0.47
m3/day/m). The larger density‐driven influx for the tidal case was likely due to enhanced hydrodynamic dis-
persion across the saltwater wedge dispersion zone caused by tidal fluctuations.

The total efflux (SGD) followed the variation inQin although with a small time lag (around 13min). The tem-
poral trends for the cases without and with tides were similar while the total SGDmagnitude for the nontidal
case was much less than for the tidal case (1.865 m3/d/m vs. 4.651 m3/day/m). The total time‐varying influx
to the coastal aquifer (summation of Qin, tide‐induced influx and density‐driven influx) was similar to the
time‐varying total efflux with the total influx and efflux nearly synchronous for the laboratory‐scale aquifer
(Figure 8c). This suggested that the total SGD across the aquifer‐sea interface was almost a simple linear sum
of the SGD components caused by the different forcing. Nevertheless, the different forcing interacted
together such that the influxes across the aquifer‐sea interface were considerably different from the influxes
driven by the individual forcing alone.

Figure 7. Experimental and numerical simulation results of the range of saltwater‐freshwater interface oscillations over a seasonal cycle with no tide (a and c) and
with tide (b and d). For the experiments, the interface was delineated by using black‐white images (a for the images in Figure 5 and b for the images in Figure 6);
while as for the numerical simulations, (b and d) show the salinity distribution averaged over a seasonal cycle of inland freshwater input (12 hr).

10.1029/2018WR024492Water Resources Research

KUAN ET AL. 8874



Due to the time for the fresh groundwater to be transported through the coastal aquifer, the fluctuations in
freshwater SGD was delayed relative to the Qin fluctuations (Figure 8e). In the case without tide, the delay
was approximately 57 min (8% of the Qin cycle). This delay was significantly reduced for the tidal case to
21 min (3% of the Qin cycle). For the nontidal case, the variations in the freshwater SGD to the sea were
moderated only by variations in the density‐driven circulations. However, for the tidal case, the changing
tide‐induced circulations and associated expansion and contraction of the USP changed the width of the
freshwater discharge zone which the narrowing of this zone reduces the delay in the freshwater SGD relative
to the Qin variations.

3.4. Results From Field‐Scale Numerical Simulations

Overall, the results from the field‐scale simulations were consistent with those at laboratory‐scale indicating
that the phenomena observed at the laboratory‐scale also occur at the field scale (Figure 9). The saltwater
wedge toe shifted in response to the seasonally varying Qin with the movement delayed relative to the Qin

fluctuations. The tide decreased the time delay in comparison with the nontidal case (20% of the the period
of the Qin fluctuation in comparison with 26% for the nontidal case). Furthermore, the tide restricted the
landward and seaward movement in the saltwater wedge toe, that is, toe moved between −13.9 and −7.9
m (range = 6.0 m) for the tidal case compared to that between −43.6 and −35.3 m (range = 8.3 m) for the
nontidal case.

Figure 8. Fluxes across the aquifer‐sea interface: (a) tide‐induced water influx, (b) density‐driven water influx, (c) total
water efflux (SGD), (d) total salt efflux, and (e) total freshwater efflux. In (a) and (e), variation of inland freshwater
input was also demonstrated. In (c), the summation of the time‐dependent inland freshwater input, tide‐induced influx,
and density‐driven influx was also shown in comparison with the calculated total water efflux. SGD = submarine
groundwater discharge.

10.1029/2018WR024492Water Resources Research

KUAN ET AL. 8875



Tidal fluctuations induced significant seawater circulations across the aquifer‐sea interface (Figure 10a) and
also increased the density‐driven circulations (Figure 10b). The increase in these circulations led the total
SGD to increase more than twofold (5.1 m3/day/m for the tidal case compared with 2.5 m3/day/m for the

Figure 9. (a) Seasonal fluctuating inland freshwater input. (b) Simulated saltwater wedge toe position in the field‐scale
aquifer.

Figure 10. (a) Fluxes across the aquifer‐sea interface: (a) tide‐induced water influx, (b) density‐driven water influx, (c)
total water efflux (SGD), (d) total salt efflux and (e) total freshwater efflux. In (a) and (e), variation of inland freshwater
input was also demonstrated. In (c), the summation of the time‐dependent inland freshwater input, tide‐induced influx
and density‐driven influx was also shown in comparison with the calculated total water efflux. SGD = submarine
groundwater discharge.
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nontidal case; Figure 10c). In contrast to that at the laboratory‐scale, the total time‐varying influx to the
coastal aquifer (summation of Qin, tide‐induced influx and density‐driven influx) differed slightly from
the time‐varying total efflux (Figure 10c), resulting in varying water storage in the aquifer (i.e., based
on the mass conservation principle). As such, the varying total SGD across the aquifer‐sea interface was
no longer consistent with the simple linear sum of the time‐dependent SGD components caused by the
different forcings.

Similar to the laboratory experiments, fluctuations in the freshwater SGDwere delayed and damped relative
to the Qin variations (Figures 10d and 10e). Consistent with the movement of the saltwater wedge toe, the
tide was found to damp the amplitude of the freshwater SGD fluctuations as well as reduce the time delay
relative to the nontidal case, for example, the time delay was reduced from 8% to 26% of the seasonal cycle
for the tidal case compared to the nontidal case.

4. Discussion

Freshwater input to coastal aquifers is variable over time due to changes in the natural recharge patterns as
well as anthropogenic groundwater extraction and recharge. Varying inland freshwater input alters the
extent of seawater intrusion into a coastal aquifer and thus affects the availability of fresh groundwater
resources. Assessment of seawater intrusion and groundwater resources at regional scales tend to focus on
the impact of varying inland freshwater input and neglect the effects of dynamic oceanic forcing
(Robinson et al., 2018;Werner et al., 2013). Our results indicate that tidal fluctuations may push the interface
of the saltwater wedge seaward and thus increase the freshwater storage in the aquifer. As such it is impor-
tant to consider the effect of tides on the movement of the saltwater wedge in addition to the effects of vary-
ing inland freshwater input along tidally dominated coastlines as tides may considerably alter freshwater
storage in the coastal aquifer at spatiotemporal scales.

Our results show that at the laboratory scale, the total SGD across the aquifer‐sea interface was almost a sim-
ple linear sum of the SGD components caused by the different forcing (Burnett et al., 2006; Li et al., 1999;
Taniguchi et al., 2002), that is, the total combined SGD was similar to the sum of the density‐driven influx,
tide‐induced influx, and inland freshwater input. This may have been because the laboratory‐scale aquifer
adjusted rapidly to changing forcing conditions such that the influxes and effluxes across the boundary
balanced each other. However, the different forcings interacted together such that the influxes across the
aquifer‐sea interface differed considerably from the influxes driven by the individual forcing alone. For
example, the density‐driven influx for the tidal case was 1.5 times higher than for the nontidal case. This
non‐linear interaction between the forcings may need to be considered when separating the various SGD
components for real field systems.

Driven by lateral hydraulic gradients, inland fresh groundwater and land‐sourced chemicals are transported
to the sea. Distinguishing the inland fresh groundwater flux from the total SGD is often needed to calculate
the flux of land‐derived chemicals to the sea. However, this remains a challenge as typically the isotope
methods used to determine SGD volumes in the field are only about to determine the total SGD. Our simula-
tion results showed fluctuations in the freshwater SGD are not synchronous with the inland freshwater
input, with the freshwater SGD significantly delayed relative to fluctuations in the inland freshwater inputs
to the coastal aquifer. This has important implications in assessment of the temporal trends in chemical
fluxes to the sea as it cannot be assumed that the highest freshwater SGD and thus land‐derived chemical
flux occurs when the inland water table is highest.

The ability to predict the magnitude as well as the timing of chemicals fluxes to the ocean is important for
understanding the impact of SGD on nearshore water quality and ecosystems. For instance, higher SGD
nitrogen loads in summer months may exacerbate nearshore eutrophic conditions associated with the war-
mer temperatures (Gonneea & Charette, 2014). The time delay we observed between the inland freshwater
variations and fresh SGD flux at the seaside needs to be considered in predicting the timing of land‐derived
chemicals to the ocean with our experiments indicating that this time delay is reduced along tidally domi-
nated coasts. It is well established that the saltwater‐freshwater mixing zones associated with the saltwater
wedge and USP are hotspots of biogeochemical reactivity with groundwater‐seawater mixing dynamics play-
ing a key role in controlling chemical fluxes to the sea (Anwar et al., 2014; Gonneea & Charette, 2014; Heiss
et al., 2017; Robinson et al., 2009). Our results show that the interplay between the tides and variations in the
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freshwater input further complicate themixing conditions in the aquifer. While tides lead to the formation of
a USP and thereby enhance mixing in the shallow intertidal aquifer, tides were found to restrict the seasonal
landward‐seaward shift of the saltwater wedge interface in the shallow aquifer. Understanding the move-
ment of this interface is important because it affects the fate and temporal fluxes of dissolved trace metals
and nutrients that are sensitive to changes in ionic strength and redox conditions (Gonneea et al., 2013;
Gonneea & Charette, 2014).

5. Conclusions

This study examined the combined influence of tides and varying inland groundwater input on the behavior
of the saltwater wedge and water exchange across the aquifer‐sea interface. Based on the experimental and
simulation results the key new findings from the study are the following:

1. Fluctuations of inland freshwater input led the saltwater‐freshwater interface to oscillate landward and
seaward in coastal aquifers without and with tides. The landward‐seaward movement in the saltwater
wedge interface was greater in the deeper aquifer compared with that near the aquifer‐sea boundary.
The tide pushed the overall saltwater‐freshwater interface seaward and led to the formation of an USP
in the shallow aquifer. The upper part of the lower saltwater wedge varied following tidal fluctuation,
resulting in enhanced mixing.

2. The tide enhanced significantly the seasonal aquifer‐sea water exchange under the varying inland fresh-
water input not only by causing shallow circulation but also by enhancing the density‐driven circulation.
In this way, the total SGD increased remarkably (by 150% in comparison with the case without tide at the
laboratory‐scale). The interactions among inland groundwater input, tide‐induced, and density‐driven
fluxes were nonlinear.

3. The response of the salinity distribution in the coastal aquifer and the fluxes across the aquifer‐sea inter-
face were delayed relative to the variations in the inland groundwater input. The time delay was
decreased by the presence of tidal fluctuations.

It is worth noting that this study assumed the coastal aquifer was homogeneous and isotropic and also uni-
form in the alongshore direction. In reality, coastal aquifers are often heterogeneous, and anisotropy and
beach morphology vary in the alongshore direction. Furthermore, only semidiurnal tides were considered.
Oceanic forcing including waves and multiple constituent tidal signals may lead to more complex flow
and solute transport dynamics. Further studies are required to include hydrogeological and morphological
complexities and additional oceanic forces. In this study, the dye‐tracking method delineated a sharp
saltwater‐freshwater interface during the experiment. It is desirable to quantify the saltwater‐freshwater
mixing in physical laboratory and field systems using ideal solutions. Nevertheless, the results presented
here provide important insights on the nonlinear interaction between coastal aquifers and sea, which are
needed to better understand and predict salt and chemical transport in coastal unconfined aquifers.
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