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This paper considers the impact of tidal forcing on regional groundwater flow in an unconfined coastal
aquifer. Numerical models are used to quantify this impact for a wide range of hydrogeological condi-
tions. Both a shallow and a deep aquifer are investigated with regard to three dimensionless parameter
groups that determine the groundwater flow to a large extent. Analytical expressions are presented that
allow for a quick estimate of the regional scale effect of tidal forcing under the same conditions as used in
the numerical models.

Quantitatively, the results in this paper are complementary to previous studies by taking into account
variable density groundwater flow, dispersive salt transport and a seepage face in the intertidal area.
Qualitatively, the results are in line with previous investigations. The time-averaged hydraulic head at
the high tide mark increases upon a decrease of each of the three considered dimensionless parameter
groups: R (including the ratio of the hydraulic conductivity and the precipitation excess), o (the slope
of the intertidal area) and A; (the ratio of the width of the fresh water lens and the tidal amplitude).
The relative change of the location and the hydraulic head of the groundwater divide, which together
characterize regional groundwater flow, increase as o and A; decrease, but decrease as R decreases.
The difference between the analytical solutions and numerical results is small. Therefore, the presented
analytical solutions can be used to estimate the bias that is introduced in a numerical model if tidal forc-
ing is neglected. The results should be used with caution in case of significant wave forcing, as this was
not considered.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

et al., 1995). However, the question that remains is: how signifi-
cant is this effect on a regional scale?

Numerical models are widely used to quantify groundwater
flow and salt transport in real-world coastal aquifers (Oude
Essink et al., 2010; Sulzbacher et al., 2012; Vandenbohede et al.,
2008). Assumptions and simplifications are often needed in these
models to cope with computational limitations. A common
assumption in regional scale models is to neglect forcing from
the sea, such as tides, waves and storm events. Several studies have
shown that this assumption leads to underestimated heads near
the shore (Cartwright, 2004; Kang, 1995; Nielsen, 1990; Turner

* Corresponding author at: Deltares, Department of Soil and Groundwater, P.O.
Box 85467, 3508 AL Utrecht, The Netherlands. Tel.: +31 623786887.

E-mail addresses: pieter.pauw@deltares.nl (P.S. Pauw), gualbert.oudeessink@
deltares.nl (G.H.P. Oude Essink), toon.leijnse@wur.nl (A. Leijnse), alexander.
vandenbohede@ugent.be (A. Vandenbohede), koos.groen@vu.nl (J. Groen), sjoerd.
vanderzee@wur.nl (S.E.A.T.M. van der Zee).

http://dx.doi.org/10.1016/j.jhydrol.2014.05.042
0022-1694/© 2014 Elsevier B.V. All rights reserved.

Forcing from the sea results in (periodic) inundation of the
intertidal area (Fig. 1b). The zone where groundwater discharges
during low tide is generally smaller than the inundation zone dur-
ing high tide. Consequently, time-averaged groundwater levels are
elevated compared to a situation where there is no forcing from
the sea (Fig. 2) (Lebbe, 1983; Nielsen, 1990; Vandenbohede and
Lebbe, 2005). This effect increases as the slope of the intertidal area
and the hydraulic conductivity of the intertidal sediments
decreases (Horn, 2006; Nielsen, 1990; Turner et al., 1995) and also
influences the groundwater salinity distribution below the inter-
tidal area (Ataieashtiani et al., 1999; Cartwright, 2004; Lebbe,
1983; Robinson et al., 2006; Thorn and Urish, 2012).

Previous related studies have mainly considered the near-shore
region, where the forcing on the groundwater levels is most pro-
nounced (Nielsen, 1990; Robinson et al., 2007; Turner et al.,
1995). Few studies have indicated the regional scale effects
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Fig. 1. (a) Conceptual cross section of the groundwater salinity distribution of a freshwater lens on a regional scale in case of a constant mean sea level. Note that in reality a
transition zone between fresh and saline groundwater exists. (b) Forcing on the groundwater below the beach by waves and tides. Infiltration of seawater occurs up to the
upper limit of the wave run-up at high tide (RL). In case waves are dominant, RL is situated higher and further inland than the high tide mark (HTM). A comparable effect
occurs during low tide regarding the low tide mark (LTM). This wave run-up effect can have a large influence on the time-averaged groundwater levels Nielsen (1999). Note
that the groundwater salinity distribution is not shown. (b) was largely adopted from a more detailed figure in Nielsen (1999) (by permission).
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Fig. 2. Conceptual behavior of groundwater levels in an intertidal area around the
low tide mark (LTM), the high tide mark (HTM) and in between them (mid tide
mark; MTM), over one tidal cycle in case of tidal forcing. The resistance to drainage
of the intertidal area is higher than the resistance to infiltration. To obtain a balance
between inflow and outflow over a tidal cycle, the time-averaged groundwater
levels inland of LTM are higher than mean sea level.

(Nielsen, 1999; Urish and Melih, 1989), despite the potential influ-
ence on the location of the groundwater divide and, hence, the
amount of water that discharges to the hinterland and to the sea.
An important reason to neglect the highly-dynamic processes in
numerical models is the high computational effort required. Some
regional scale model studies have accounted for the forcing from
the sea, by using time-averaged hydraulic heads in the intertidal
area that were either based on field observations or manual cali-
bration (Vandenbohede and Lebbe, 2005; Werner and Gallagher,
2006).

The objective of this paper is to provide an estimate of the
regional scale effect of tides on hydraulic heads in an unconfined
coastal aquifer with an intertidal area. It is important to note here
that, depending on the local conditions, waves and storm events
can also have a significant, or even larger contribution on the
hydraulic heads than tides (Nielsen, 1999) (Fig. 1b) but that this
is not considered here. In case waves have a significant influence,
the results in this paper should be used with caution.

The term overheight (Nielsen, 1990) is used to indicate the
underestimated hydraulic heads in a model where tides are
neglected. More specifically, overheight is defined here as the dif-
ference in the computed water table between a model where tides
are neglected, and a model where tides are taken into account. The
influence of tides on both the location and hydraulic head at the
groundwater divide is jointly referred to as regional scale over-
height. Using numerical models, regional scale overheight is deter-
mined for the following hydrogeological cases:

e Fresh water lens in a deep aquifer. In this case, the unconfined
aquifer is isotropic, homogeneous and the hydrogeological base
is deep enough to accommodate the entire fresh water body
(Fig. 1a).

e Fresh water lens in a shallow aquifer. This case is analogous to the
case of a fresh water lens in a deep aquifer, except that the
hydrogeological base corresponds with the maximum depth of
the fresh - saline transition zone.

e Fresh water lens in a heterogeneous subsurface. This case consists
of an example of a layered coastal aquifer system in the Nether-
lands and serves as an illustration of how to use the findings
from the cases of the deep and shallow aquifer in a more com-
plex subsurface.
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For these cases, the fresh water lens is subjected to tidal forcing
on only one side (i.e., the seaward side), which may for example be
the case in coastal barriers. A shallow aquifer is considered, as
Nielsen (1990) showed that the depth of the aquifer also influences
the overheight. Within all the cases, a wide range of hydrogeolog-
ical parameters is considered that influence the groundwater flow
in the intertidal area and the adjacent aquifer. Analytical solutions
are derived for the same conditions and are compared with the
numerical model results to investigate their suitability for a simple
approximation of the regional scale overheight.

2. Material and methods
2.1. SEAWAT

SEAWAT (Langevin et al., 2007) was used to solve the following
partial differential equation for variable density groundwater flow
in all numerical simulations:

“Pigg | = ps, O, 0P dC
o VZ)} = PSs 5 H 056 gqp — Psslls (1)

V- |:IDK0 <Vhf + p

where p is the density of the fluid [M L~3], K, is the hydraulic con-
ductivity tensor [LT~1], hy is the freshwater head [L], z is the vertical
coordinate [L], p; is the density of fresh water [M L3], S, is the spe-
cific storage coefficient [L™'], t is the time [T], 6 is the effective
porosity [], C is the concentration [M L~3], p,, is the density of the
sink or source [M L™3] and g, is the sink and source term [T~!]. It
was assumed that Ky is isotropic, that the density of fresh water
is p; is 1000 kg m~ and that the maximum density of the water
p, is 1025 kg m~>. A linear equation of state was used to calculate
fluid density from concentration, whereby it was assumed that only
salt concentration influences fluid density:

d
p=pp+fc )
Relative salt concentrations were used, ranging from 0 (concen-
tration of fresh water) to 1 (concentration of sea water). Hence, Z—'g
equals 25.
The govering equation for salt transport in the simulations was:
dc
400 9. (p-v0) - V- (@0) - 4.C 3)

where D is the hydrodynamic dispersion tensor [L> T~!], q is the
specific discharge vector [LT~!] and Cj is the source and sink con-
centration [M L~3].

In all analyses, the groundwater flow equation and the disper-
sion term of the salt transport equation were formulated using a
cell-centered finite difference scheme. The groundwater flow
equation was solved using the PCG package (Hill, 1990). The
non-advective part of the salt transport equation was solved using
the GCG solver (Zheng and Wang, 1999). The advection term
-V -(qC) was formulated by a Lagrangian scheme and solved
using the MOC solver with a relatively small Courant number
(0.1) and a minimum number of 9 and a maximum number of 54
particles per cell.

2.2. Boundary conditions

The modeling of periodic groundwater flow in a regional scale
model domain requires a high computational effort. To reduce
the computational effort, a step-wise procedure was used to com-
pute the overheight:

o Constant mean sea level (CMSL) model. (Fig. 3a) First, the
development of a fresh water lens in an initially saline domain
(with concentration C=1) was simulated using constant
boundary conditions. The hydraulic head in the offshore region
Sis equal to mean sea level, whereby the water flowing into the
model domain has a concentration C of 1. In the hinterland
region P, the water level is controlled with level hp, again having
an inflow concentration C = 1. In the region L, a recharge flux
was applied with concentration C = 0. The simulations were
ended when the total salt mass in the model reached a constant
value.

Periodic sea level (PSL) model. (Fig. 3b) The result (i.e., concen-

trations and hydraulic heads) of the CMSL model is the initial

condition for the periodic sea level model. The differences com-
pared to the CMSL model are the boundary conditions in the
intertidal area (B) and the offshore region (S), where a tidal
boundary condition was applied. The simulations were ended
when the time-averaged hydraulic heads (measured over one
tidal cycle) and salt concentration in the intertidal area reached

a constant value.

o Time-averaged sea level model (TASL) model. (Fig. 3a) The
result of the periodic sea level model is the initial condition
for the time-averaged sea level model. In this model, constant
boundary conditions were applied, similar as in the constant
mean sea level model. In the intertidal area and offshore regions
a constant head boundary condition was applied based on the
time-averaged hydraulic heads (measured over one tidal cycle)
of the periodic sea level model with concentration C = 1. The
simulations were ended when the time-averaged head at the
groundwater divide and the total mass in the model reached a
constant value.

The regional scale overheight was computed from the differ-
ence in hydraulic head between the CMSL and TASL models,
whereby the hydraulic head was analyzed at x = 0.5L. In order to
validate this step-wise approach, the TASL model was compared
with a model wherein only periodic sea level was simulated. This
model is referred to as ‘step-wise validation model’. The boundary
conditions of the step-wise validation model are equal to the ones
used in the PSL model, but the initial condition for this model is a
saline domain with C = 1. The step-wise validation model was
ended when the time-averaged heads in the model reached a con-
stant value.

The tidal boundary condition in the intertidal area in the peri-
odic sea level models consists of head-dependent flux boundary
cells. The GHB-DRN (General Head Boundary - Drain) approach
described by Mulligan et al. (2011) was used for this purpose.
When, for the cells representing the surface of the intertidal area,
the hydraulic head in the intertidal area is lower than the sea level,
inflow from a GHB cell occurs with an inflow concentration of 1.
When the hydraulic head is higher than the sea level and higher
than the surface elevation of the intertidal area, there is outflow
to a DRN cell. For further details, the reader is referred to
Mulligan et al. (2011).

In the intertidal area, the maximum horizontal length of the
cells was 5m and the maximum thickness of the layers was
0.2 m. This is comparable with the number of cells Mulligan
et al. (2011) used for discretizing the intertidal area. The cell size
gradually increases away from the intertidal area to maximum val-
ues of 50 m for the horizontal and 5 m for the vertical dimension.
Using stress periods of 15 min and 1-min long flow and solute
transport time steps, the following general form of the tidal oscil-
lation was discretized:

h(t) = ho + Asin(wt — ¢) (4)
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Fig. 3. (a) Boundary conditions of the constant mean sea level (CMSL) model. (b) Boundary conditions of the periodic sea level (PSL) model. « is the slope of the intertidal area, B
is the width of the intertidal area. (c) The GHB-DRN tidal boundary condition (Mulligan et al., 2011), with the method for a correct timing of the tidal signal in the intertidal area.

where h(t) is the sea level at time = ¢, hg is the reference hydraulic
head (mean sea level), A is the tidal amplitude [L], w is the fre-
quency [T~'] (2nT~", where T is the period [T]) and ¢ is the phase
shift []. The effect of waves, spring and neap tides and wind effects
on the water level were not considered. The terms ‘tidal forcing’ and
‘tides’ (a result of tidal forcing) therefore refer to diurnal variations
in this paper.

The original GHB-DRN tidal boundary approach of Mulligan
et al. (2011), only prescribes the boundary condition for the upper-
most cells that represent the surface of the intertidal area. If the
slope of the intertidal area is small and the hydraulic conductivity
of the intertidal sediment is large (Table 1), a relatively large num-
ber of cells fall dry during falling tide (i.e., they become inactive in
the simulation). Consequently, upon inundation of the intertidal
area during rising tide, a delay of the tidal signal occurs. This can
be attributed to the method of activating the inactive cells again;
cells are allowed to be wetted only from below, as wetting from
the horizontally adjacent cells leads to non-convergence of the
flow solution (Mulligan et al., 2011). Therefore, the GHB

boundary condition was prescribed for one stress period at the
semi-saturated cell and across all cells that fall dry during ebb, as
soon as inundation of that cell occured due to the rising water level

Table 1
Parameters used in the case of the fresh water lens in a deep aquifer. ‘(ref)’ refers to
the reference value.

Dimensionless group Parameter values Group value

R K=5md',N=0.002md"! 62.5
R (ref) K=10md~',N=0.001md™' 250
R K=20md ', N=0.0005md’ 1000
o A=1m,B=200m 0.01
o A=1m,B=100m 0.02
o (ref) A=1m,B=50m 0.04
o A=1m,B=25m 0.08
o A=1m,B=20m 0.10
Al L=1000m,A=2.0m 500
A L=1600m,A=1.6m 1000
Ay (ref) L=2000m,A=1.0m 2000
Al L=3200m, A=0.8m 4000
A L=4000m, A=0.5m 8000
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(Fig. 3c). This approach effectively assumes that the saturation of
the unsaturated zone is instantaneous, and that the vertical down-
ward flow of infiltrating seawater is not associated with a large
head gradient. For implementation, this approach means that one
has to know the number of desaturated cells beforehand. Since this
is not possible to determine a priori, this was done by trial and
error for each model simulation. The forced activation of cells
allows for the use of a relatively high (—0.1, or 10% of the cell thick-
ness and only wetting from below) WETDRY parameter of the BCF
package. As a result, no problems with the convergence of the flow
solution were encountered.

To justify this approach, a comparison was made with a simula-
tion using the recently developed MODFLOW-NWT code
(Niswonger et al., 2011). MODFLOW-NWT allows for a robust sim-
ulation of intertidal groundwater flow. Density variations were
ignored and salt transport was not simulated. The results indicate
a correct timing of the tidal signal, and negligible differences in
hydraulic heads and fluxes between the models. Results of this
analysis are omitted for brevity of this paper.

2.3. Constant model parameters

In all the analyses, the slope of the intertidal area is constant
and the groundwater recharge is constant in time and does not
vary spatially. In addition, the following parameters were kept con-
stant: ratio of the horizontal and vertical hydraulic conductivity
(1), the specific storage coefficient (10~*m™!), specific yield
(0.25), effective porosity (0.35), longitudinal dispersivity (0.25 m)
and transversal dispersivity (0.025 m). The dispersivity values in
this study compare well with previous related modeling work on
submarine groundwater discharge (Mulligan et al, 2011;
Robinson et al., 2007; Vandenbohede and Lebbe, 2005) and macro
dispersivities found by e.g., Gelhar et al. (1992) and Kaleris (2006).
Lebbe (1999) and Van Meir (2001) found dispersivity values from
regression modeling of field data that were about three times
lower than the values is this paper, in a coastal aquifer of well-
sorted medium to fine-medium sands. As will be shown further,
the dispersivity values result in a relatively small mixing zone
and in minor differences with the corresponding analytical solu-
tion that ignores dispersion. For a more detailed elaboration of dis-
persivity values in comparable coastal settings as in this paper, the
reader is referred to Eeman et al. (2012).

2.4. Fresh water lens in the deep aquifer

A dimensional analysis of governing equations and boundary
conditions for the case of the fresh water lens in the deep aquifer
served as a basis for the variation of parameters, to enhance insight
and efficiency. The parameter values are characteristic for regional
scale freshwater lenses found in many low lying coastal aquifers
world-wide (Barlow and Reichard, 2009; Custodio, 2009;
Custodio and Bruggeman, 1987). The dimensional analysis in this
study is comparable to the problem that was described by
Eeman et al. (2011). Therefore, many identical dimensionless
groups arise. A difference compared to the analysis of Eeman
et al. (2011) is the boundary condition in the intertidal area. An
intertidal area with a constant slope introduces three additional
dimensionless parameters: o, A; and f,. The derivation of these
parameters is given in the appendix. Three parameters were cho-
sen from the possible dimensionless parameter groups to define
the parameter variations used in the simulations:

e The Rayleigh number R, defined as:

_ KgApmax
R 58 R (5)

where « is the intrinsic permeability [L?], g is the gravitational
acceleration [LT2], Ap,., is the maximum density difference
of the fluid [M L~3], u is the dynamic viscosity [LM~! T~!] and
N is the precipitation rate [L T~!]. In this case, the Rayleigh num-
ber can be interpreted as the ratio of the downward force per
volume of the fresh water lens (with a given u of the water
and arising from a given x and N), and the upward, buoyant force
on that volume by the saline groundwater.

The scaled amplitude A, defined as:

4L (6)

where A is the tidal amplitude [L] and L is the width of the fresh-
water lens in vertical cross section [L].
The slope of the intertidal area o:

2A
-5 )

where B is the width of the intertidal area [L].

R was analyzed because this group has a significant effect on
both the lens thickness and the hydraulic heads (Eeman et al.,
2011). To vary this group, only the recharge rate N and the fresh

K
water hydraulic conductivity K, which is here defined as % were
varied. For convenience R is expressed in this paper as

10'3% For the remaining part of the paper, the fresh water

hydraulic conductivity is simply denoted as ‘hydraulic conductiv-
ity’. Variations in A; and « were chosen because they characterize
the intertidal area. f,; contains the frequency of the tidal oscillation,
the effective porosity, the width of the fresh water lens and the pre-
cipitation rate. This group was not considered explicitly, but varies
upon variation of A; and R. For the parameters N, K, L, A and «, a ref-
erence value and variations were chosen (Table 1). For «, only the
width of the intertidal area B was varied, as A also appears in A;.
The range of « represents intermediate to dissipative intertidal area
profiles (Reis and Gama, 2010; Wright and Short, 1984).

For the analytical solution, the time-averaged hydraulic head at
the high tide mark from the corresponding numerical model func-
tions as a boundary condition. The analytical solution is based on
the solution of van Dam (1983), who assumed mean sea level at
the offshore boundary. The derivation of the analytical solution is
based upon three governing equations to describe steady state flow
in an unconfined coastal aquifer (Fig. 4):

Darcy’s law and the Dupuit assumption:

q= —K(H—i—h)% (8)
the continuity equation:

dq = Ndx 9)
and the Badon Ghijben-Herzberg relationship:

h=¢H (10)

where q is the volumetric discharge per unit width of the aquifer
[L2T~'], H is the depth of the sharp saline-fresh groundwater inter-
face (absolute, and referenced from msl/x-axis) [L], x is the horizon-
tal coordinate (origin at the boundary between regions P and L
(Fig. 3a)) [L], h is the hydraulic head (0 in case of msl) [L] and ¢ is
the relative density difference (%) Combining Eqgs. (8)-(10)
f

and integration yields, after rewriting, the following equation to
compute the hydraulic head at location x:

—Nx* —2C1x
h(x) = (wm (11)
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Fig. 4. (a) Freshwater lens in a deep aquifer. x,,4 is the horizontal location of the groundwater divide, h,,4 is the hydraulic head of the groundwater divide. (b) Freshwater lens

in the shallow aquifer. D is the thickness of the aquifer, relative to mean sea level.

with C] .

2
(L;M) (0K + 0°K) + NI
—2L

The location of the groundwater divide can be found by taking
the derivative of Eq. (11) with respect to x. Note that L in the time-
averaged sea level model is related to L in the corresponding ana-
lytical model by L(numerical) = L(analytical) + 0.5B, as the mean
sea level elevation is located in the middle of the intertidal area.

C =

(12)

2.5. Fresh water lens in the shallow aquifer

The aquifer is underlain by an impermeable layer at —20 m msl
(Fig. 4). The variation of the parameters is shown in Table 2, includ-
ing the different controlled water levels in the region P.

For the analytical model of the shallow aquifer, the equation for
solving the hydraulic head in the region 0 < x < W is given as:

—Nx? + 2Nxyax
h(x) = 3 /W (13)

At x = W (the location of the salt water wedge), H is equal to the
depth of the aquifer D (absolute, and referenced from msl/x-axis),
so:

Table 2
Parameters used in the case of the fresh water lens in the shallow aquifer.
Dimensionless group Parameter values Group value
R (ref) K=10md~',N=0.001md™" 250
o A=1m,B=25m 0.08
o (ref) A=1m,B=50m 0.04
o A=1m,B=100m 0.02
AL L=1000m, A=0.5m 2000
Ap (ref) L=1000m,A=1.0m 1000
Al L=1000m, A=2.0m 500

~NW? + 2Nx,,qW
DPx=W)=— "W 14
(x=W) k(1 + )0 (14)
W can be found by finding the roots of this equation.
For the region W < x < L, a general equation to describe flow in
a shallow unconfined aquifer using the Dupuit assumption was
used (Bear, 1972):

2 (D+0D)* — (hym +D)*
L-W

(- W)+ (LX)~ W) - D
(15)

h(x) = \/(D+5D)

Eqgs. (13)-(15) were solved iteratively by adjusting x,,4, until h,,4
is equal in Egs. (13) and (15).

This analytical solution applies for the cases where h“% > D. An
analytical solution for a salt water wedge (cf. Egs. (13) and (14)) in
case h”% < D resulted in a large difference with the numerical
model regarding the location and hydraulic head of the groundwa-
ter divide. This can be attributed to the presence of the upper sal-
ine plume, which significantly reduces the length of the salt water
wedge, as was shown by Kuan et al. (2012).

For the three cases with a different hydraulic head in the region
P (hp), the following equation for the hydraulic head in the region
0 < x < L (cf. Bear (1972)) was used:

h(x) = \/ (D4 hpy? _ OF o)’ *L(hmm +D)

2
N
X+ e (L-x)x—-D
(16)
Note that it is assumed here that 6D < hp.

2.6. Fresh water lens in the heterogeneous subsurface
For the analysis of a fresh water lens in the heterogeneous sub-

surface, a cross sectional model was constructed of a field situation
in the Netherlands. The model was calibrated using borehole logs,
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hydraulic head data, ground time-domain electromagnetic sound-
ings, a smooth inversion model of an airborne electromagnetic
(AEM) survey (for comparable examples see Faneca Sanchez et al.
(2012); Viezzoli et al. (2010)), and pressure transducer data in
the intertidal area. For further details, we refer to Pauw et al.
(2009). Fig. 5 shows the boundary conditions and the distribution
of the hydrogeological units that were used to model the heteroge-
neous distribution of the hydraulic conductivity. In the intertidal
area B, the time-averaged hydraulic heads are based on pressure
transducer data. At the high tide mark, the time-averaged hydrau-
lic head amounts 0.4 above msl. The length of the intertidal area is
approximately 50 m.

3. Results and discussion
3.1. Validation of the step-wise approach

For the validation of the step-wise approach a relatively small
model domain was used. The hydrogeological base of the aquifer
is located at 10 m below mean sea level, the fresh water lens is
1000 m wide, the tidal amplitude is 1.0 m, the recharge rate is
0.001 md~!, the isotropic hydraulic conductivity is 10 md~! and
the slope of the intertidal area is 0.02. For the step-wise validation
model, the change of the hydraulic head at x = 0.5L as a function of
time is shown in Fig. 6. The hydraulic head at x = 0.5L increases
rapidly in the first three years. Hereafter, the increase attenuates
and stabilizes after approximately 20 years. A small depression is
present between 3 and 5 year of simulation time, which can be
attributed to the development of the upper saline plume in the
intertidal area. In the constant mean sea level model, this depres-
sion is absent because there is no tidal forcing. The hydraulic head
at x = 0.5L at the end of constant mean sea level model is lower
than the hydraulic head at x = 0.5L at the end of the step-wise val-
idation model, viz. the overheight at location x = 0.5L is 0.28 m.

In the periodic sea level model, the hydraulic head at x = 0.5L
increases in the course of one year. It must be noted here, that
the time-averaged hydraulic head at the high tide mark reached
a stable value already after approximately 0.3 year. However, as
the time to reach a constant time-averaged hydraulic head at the
high tide mark cannot be determined a priori, the simulation time
of the periodic sea level model is longer. The time-averaged sea
level model shows that the hydraulic head at x = 0.5L increases
slightly during two years, after which it reaches a stable value.
The overheight at x = 0.5L, calculated from the difference between
the constant mean sea level model and the time-averaged mean
sea level model, equals 0.28 m. This corresponds to the overheight
calculated from the step-wise validation model. It should be noted
here that this correspondence in overheight not only holds for

x = 0.5L, but along the total width L of the fresh water lens. This
example shows that the step-wise approach is appropriate to
investigate the regional scale overheight.

Fig. 7 suggests that there is also a reasonable correspondence in
the groundwater salinity distribution between the step-wise vali-
dation model and the time-averaged sea level model. For this set
of parameters though, the upper saline plume does not have a sta-
ble shape. Due to the observed fingering patterns and the unstable
density distribution, the unstable shape of the upper saline plume
is explained here by free convection processes. Free convection in
the upper saline plume was also present in some of the other sim-
ulations. However, it is beyond the scope of this paper to investi-
gate the parameters that govern free convection in the intertidal
area.

3.2. Fresh water lens in the deep aquifer

Fig. 8 depicts the time-averaged hydraulic head at the high tide
mark for the combinations of dimensionless groups. The response
of the overheight at the high tide mark upon a change of the
dimensionless groups is in line with what can be expected qualita-
tively from previous investigations (e.g., Lebbe (1983); Nielsen
(1990); Turner et al. (1995)). An increase of the Rayleigh number
R results in a smaller overheight at the high tide mark because a
more permeable intertidal area is easier to drain than a less perme-
able one. An increase of the slope of the intertidal area « results in
faster drainage of the intertidal area, so the overheight therefore
decreases. As the Scaled Amplitude A; increases, more water infil-
trates in the intertidal area due to an increase of the tidal ampli-
tude, so the overheight increases. The sensitivity of « and A,
indicated by the slope of the lines in Fig. 8, increases with a
decrease of R. Hence, for a less permeable intertidal area, changes
in the slope of the intertidal area and in the tidal amplitude are
more outspoken compared to a more permeable intertidal area.

Fig. 8 suggests an approximately linear relationship between
the time-averaged hydraulic head at the high tide mark and the
log-transformed values of the three dimensionless groups. For
the dominant parameters of the groundwater flow in the intertidal
area (K (m/d), A (m) and ), a linear equation was fitted to estimate
the time-averaged hydraulic head at the high tide mark (in m):

huyme = ¢1 + c210gA + c3 log o + c4log Alog o (17)

with ¢; = -0.332 log K + 0.652, c; = —1.744 log K + 3.519,
c;3 = 0.083log K — 0.368 and ¢, = 0.033log K — 0.140.

Note that this equation implicitly assumes that the influence of
L and N on hyqy is negligible for the parameter range that is consid-
ered here. In other words, the flow of fresh groundwater from the
hinterland to the sea does not have a significant influence on the
decrease of the hydraulic heads in the intertidal area during falling

controlled dune area intertidal area offshore
water level (P) (L) (B) (S)
¥ \
O(msl) - - ]
K=8md"'
B K=102mad"’
z(m) K=5md"
P k=10°md"
B K=25mad"
-150

0 x (m)

6600

Fig. 5. Overview of the boundary conditions and distribution of hydrogeological units of the model of the freshwater lens in the heterogeneous subsurface. The right and
bottom boundaries are no-flow boundaries. The left boundary (the hinterland P) is a constant head and constant concentration boundary. The isotropic hydraulic conductivity
values are displayed at the right. Note that B is a region (intertidal area), but that for scaling reasons it is indicated here with a single arrow.
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Fig. 6. The change of the hydraulic head at x = 0.5L for the step-wise validation model, mean sea level model, periodic sea level model and time-averaged sea level model.
Note that the upper and lower subfigures have different horizontal and vertical scales.
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Fig. 7. The groundwater salinity distribution and streamlines (in white) of the step-wise validation model and the time-averaged sea level model.

tide (again, for the considered parameter range). The root mean width of the intertidal area (i.e., for high values of A;). In these
square (RMS) error of this relationship is 0.09 m, which indicates cases, hyry is underestimated, so the influence of the offshore
that the assumption is reasonable. The error especially increases directed flow of fresh water has some influence. Fortunately, as

when the width of the fresh water lens is large compared to the will be explained further, the influence on the regional scale
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Fig. 8. Time-averaged head at the high tide mark (HTM) for all the combinations of dimensionless groups for the fresh water lens in a thick aquifer.

overheight is in these cases low. If the three largest values of A, are
taken out of the RMS calculation, the RMS decreases to 0.08 m and
all values for hyry can be estimated within 0.1 m.

Fig. 9 shows the relative hydraulic head change at x = 0.5L, for
the dimensionless groups A; and o. The relative hydraulic head
change Al is used as a measure for the (relative) overheight:

AN — (hTASL B 1)
hCMSL

where hpg is the hydraulic head in the time-averaged sea level
model and hgys; is the hydraulic head in the constant mean sea level
model, both at x = 0.5L. The rationale of defining a relative over-
height is related to scaling; the absolute ‘error’ (i.e., the underesti-
mated hydraulic head) that is introduced in a model if tidal
forcing is neglected becomes less ‘important’ when the scale of
the problem (and hence, the hydraulic head) increases. The absolute
error can be estimated using the hydraulic head at x = 0.5L from the
corresponding analytical solution. According to the analytical solu-
tion, the hydraulic head at x = 0.5L is equal to 1.56 m. Fig. 9 shows
that Ah' is approximately 4%. Hence, the hydraulic head at x = 0.5L
in the simulation where tidal forcing is taken into account is 1.62 m.

Fig. 9 shows that Ah’ increases with increasing values of R. This
behavior is different from the influence of R on the overheight at
the high tide mark. The influence of the overheight at the high tide
mark is larger when the hydraulic head at the groundwater divide
is relatively low. As a decrease of A; and o results in a larger over-
height at the high tide mark, the influence also increases for AR'.
The sensitivity of A; is larger than o, similar as was observed for
the influence on the overheight at the high tide mark.

Fig. 10 shows the effect of the dimensionless groups on the rel-
ative change of the groundwater divide Ax’' (analogous to the rela-
tive overheight), which was computed with:

(18)

,_ Xwd-TASL — Xwd—cMsL
AX = 0.5L 19

where X,,4_1as; 1S the location of the groundwater divide in the time-
averaged sea level model and X,4_cusy is the location of the

groundwater divide in the constant mean sea level model. As
expected, the effects of the dimensionless groups on the relative
change of the groundwater divide are comparable to the effect on
the relative overheight Ah'. The results of Ax’ indicate how the dis-
tribution of fluxes to the hinterland and the sea change, when tidal
forcing is taken into account.

Table 3 shows the results of the comparison between the time-
averaged sea level model and the corresponding analytical solu-
tion. The relative difference in hydraulic head at x=0.L

(AR ang) is computed as:
houm — h
Ahznum—ana) = nw'r;lnum — (20>

where hy,, is the hydraulic head at location x = 0.5L in the time-
averaged sea level model and hg,, is the hydraulic head at location
x = 0.5L in the corresponding analytical solution. The relative differ-
ence in location of the groundwater divide between these models
AX{um_anay 1S cOmputed with:

AX o Xnum — Xana

(num—ana) — 0.5L (21)

where X, is the location of the groundwater divide in the time-
averaged sea level model and x,,, is the location of the groundwater
divide in the corresponding analytical solution. hy,, and X, are
computed using interpolation of the two nodes of maximum
hydraulic head. The estimated error due to this interpolation is in
the order of 0.01 m for hu,, and 5 m for Xuun.

AX{um angy and AR ong generally increase with increasing
values of R, and decreasing values of « and A;. When the time-aver-
aged head at the high tide mark is high compared to the hydraulic
head at the groundwater divide, the analytical model is less accu-
rate. Negative values of AX{,,, ., indicate that the computed
change of the groundwater divide in the analytical equation is
higher compared to the one computed with the numerical model.
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3.3. Fresh water lens in the shallow aquifer
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Fig. 11 shows Ax' and Ah’ for the dimensionless groups that
were considered for the fresh water lens in the shallow aquifer.

Similar to what was observed for the fresh water lens in the deep

aquifer is that A; is more sensitive than o. Although different values

26 2.8 3.0 3.2 34 3.6 3.8 4.0

log A,

Fig. 10. Relative change of the location of the groundwater divide (Ax’) for the combinations of the dimensionless groups R, A; and o.

of R were not considered for the fresh water lens in the shallow
aquifer, a similar behavior can be expected as was described for
the fresh water lens in the deep aquifer. Comparing the results of
a deep and shallow aquifer for A, = 500, 1000 and 2000 with

R =250 and o = 0.04, reveals that although the absolute overheight
at the high tide mark is larger in the shallow aquifer (Nielsen,
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Table 3

A any A0d AX, 4 o fOr the combinations of dimensionless groups in the

analysis of a fresh water lens in a thick aquifer.
Dimensionless group Group value Al an) AX\yimum—an)
R=62.5
o 0.01 19 -15
o 0.02 16 0.8
o 0.08 19 0.8
o 0.10 2.2 0.9
A 500 1.5 4.5
AL 1000 0.4 -03
A 2000 19 1.8
A 4000 1.2 0.8
A 8000 13 0.9
R=250
o 0.01 8.4 3.6
o 0.02 3.6 2.7
o 0.08 1.8 2.0
o 0.10 1.9 1.9
AL 500 10.3 -194
Ap 1000 2.7 2.5
A 2000 2.4 1.0
A 4000 16 0.6
A 8000 13 12
R=1000
o 0.01 12.8 1.9
o 0.02 13.6 7.8
o 0.08 4.6 25
o 0.10 4.7 15
AL 500 -7.6 2.8
A 1000 14.9 -15
AL 2000 6.6 43
A 4000 3.0 0.6
A 8000 2.5 0.8

1990), Ak’ and Ax’ differ no more than 5%. This is because the
reduced thickness of the aquifer not only increases the overheight
at the high tide mark, but also increases the hydraulic head at the
groundwater divide, so that the influence of the overheight at the
high tide mark on the relative regional scale overheight decreases.
The difference in hymy between the cases of the deep and the shal-
low aquifer is within 0.05 m, except for A;, for which it is 0.21 m.

In the simulations with a higher water level in the region P, AR’
was computed using the hydraulic head at the groundwater divide
in the mean sea level model, because the groundwater head was
not located at x = 0.5L. The values of AK' for the hydraulic head
at the region P of 0.5 m, 1.0 m and 1.5 m are 18%, 10% and 5%,
respectively. Hence, Ah" increases as the hydraulic head in the
region P decreases, just like what was observed for the previous
cases. Not surprisingly, Ax’ behaves similarly.

The differences between the numerical and the corresponding
analytical solutions considering the relative difference in hydraulic
head at location x = 0.5L, are minor (Table 4). The absolute differ-
ence in hydraulic head at location x = 0.5L is within 0.1 m for all
combinations of dimensionless groups. The difference regarding
the location of the groundwater divide is somewhat larger, but
the relative difference is <10%. The relative difference of the
groundwater divide for the cases where P> msl was not consid-
ered, because the location of the groundwater divide could not
be referenced to 0.5L. Note that for the dimensionless group
A, = 1000 the analytical solution could not be computed since
tim < P,

3.4. Fresh water lens in the heterogeneous subsurface
For the fresh water lens in the heterogeneous subsurface, the

time-averaged sea level model and the constant mean sea level
model indicate that the regional scale overheight is minor; the

difference in the computed groundwater divide is 42 m and the dif-
ference in hydraulic head is 0.01 m. Not surprisingly, the ground-
water salinity distribution is also comparable. Fig. 12 shows the
simulated groundwater salinity distribution and the inversion
model of the airborne electromagnetic (AEM) data. The 10 Qm
contour in the AEM model served as calibration for the position
of the deep groundwater salinity transition zone in the numerical
model. It should be noted here that this case only serves as an illus-
tration of how to apply the findings of the previously discussed,
synthetic cases to a real world case which is less idealized.

As the subsurface is heterogeneous, the analytical solutions that
were derived for the shallow and the thick aquifer cannot be used
directly. However, the analytical solution for the thick aquifer is
used as an estimate. The harmonic average of the hydraulic con-
ductivity and aquifer thickness of the first, second, and third aqui-
fer is used to determine K at 13md~'. A=~0.8 and «=0.04
because ~B =50 m. From Eq. (17) the time-averaged head at high
tide mark is estimated around 0.5 m. This is 0.1 m higher than
the head that was measured with pressure transducer data, which
can be explained by the higher hydraulic conductivity of the inter-
tidal sediments compared to the hydraulic conductivity of the
aquifer (Pauw et al., 2009). Using Eq. (11), the absolute head at
location x = 0.5L is determined at 2.76 m msl. This is much lower
than in the numerical model (4.7 m msl), and can be explained
by the presence of a semi-permeable layer and the high hydraulic
head that at the boundary P. The analytical solution indicates that
the influence of the overheight is minor; the shift of the groundwa-
ter divide is 16 m, whereas there is essentially no difference in
head at location x = 0.5L. This estimate is within the error range
of the analytical solution. Moreover, if R is increased by adjusting
K to 45m d~!, such that hydraulic head increases according to
the measured value, the analytical solution indicates an even smal-
ler influence on the groundwater divide.

4. Discussion

To date, the numerical modeling of density dependent ground-
water flow and salt transport in regional scale coastal aquifers is
still strongly limited by computation time constraints (Post,
2005; Werner et al., 2013). Many studies have been devoted to cir-
cumvent this problem. Examples are vertical averaging of the gov-
erning equations (Pool et al., 2011) and sharp interface modeling
(Bakker, 2003; Essaid, 1986). For the same reason, tides are rarely
taken into account in modeling studies of regional scale groundwa-
ter flow in coastal aquifers. Instead, the boundary condition at the
land-sea boundary is often based on a constant mean sea level. In
this paper, the validation example of the stepwise approach nicely
illustrates such a difference in computation time; on a 3 GHz desk-
top computer, the simulation of the model with only periodic sea
level variation took approximately 6.5 days, whereas the three
models in the step-wise approach together took about 8 h. The
implications for three-dimensional modeling are evident.

The results in this paper show that tidal forcing should, under
certain conditions, be accounted for in regional scale coastal aquifer
studies. Quantitative guidance is provided here to estimate the
effects of tidal forcing on the time-averaged hydraulic head at the
high tide mark, and the hydraulic head and location of the ground-
water divide. Important assumptions that were made are a constant
(both in space and time) slope of the intertidal area, a diurnal tidal
cycle without changes in tidal amplitude, no effects of waves and
storms, a constant and equally distributed groundwater recharge
and a homogeneous and isotropic porous medium. In addition, the
influence of phreatic storage on the overheight was not considered.
These complications may be the subject of further investigations, in
particular, the effect of wave runup on the time-averaged hydraulic
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Fig. 11. Results of the numerical simulations of the fresh water lens in the shallow aquifer.

Table 4
/ : L . . .
AN{pym_anay A0 AX{yy_qnq) fOT the considered combination of dimensionless groups in

the analysis of the fresh water lens in the shallow aquifer.

Dimensionless group Group value Ayium-ana) AX\yinum —ana)
o 0.08 1 6
o 0.02 2 7
A 2000 - -
A 1000 2 6
A 500 1 7
AL (P=0.5) 1000 1 -
AL (P=15) 1000 3 -
AL (P=20) 1000 1 -

head at the high tide mark. In a comparison of water table time series
from a wave-exposed site and an unexposed site of the Palm Beach
Isthmus (Australia), Nielsen (1999) showed that the contribution of
waves on the time-averaged hydraulic head in the nearshore region
was significantly larger than the contribution of tides. Despite the
potential contribution of wave runup, a detailed analysis on its influ-
ence on the time-averaged hydraulic head in the nearshore region
for different hydrogeological conditions is beyond the scope of this
work. The results of this paper should be considered as a conserva-
tive estimate of the overheight, especially when there is frequent
wave action and the wave height is equal to or larger than the tidal
amplitude.

The emphasis of this study is on the regional scale impact of
tidal forcing. For local scale studies (Li et al., 2009; Robinson
et al., 2007; Xin et al., 2010) the results are less relevant because
the computation time is a smaller problem. In addition, in local
scale studies the explicit modeling of tides is often needed to cap-
ture the governing processes of the problem at hand. Nevertheless,
the results in this paper can be used to determine the boundary
conditions in the local scale model, such as the amount of fresh
groundwater that flows from the groundwater divide to the inter-
tidal area.

The analytical studies by Nielsen (1990) and Teo et al. (2003)
have previously addressed the effect of tidal forcing on unconfined

aquifers. The results in this paper are complementary to the
results presented in those studies, because here density dependent
groundwater flow, salt transport, a seepage face, precipitation
excess in the hinterland and other different hydrogeological condi-
tions are considered. A comparison between the results in this
paper and the results of Teo et al. (2003), which can be considered
as an extension of the work by Nielsen (1990), is not straightfor-
ward. The difficulty is due to the validity of the analytical solutions
of Teo et al. (2003). Their solutions are valid for small values of the
shallow water parameter € and the amplitude parameter o:

_/Don,
=V (22)
and
A
o= ) (23)

where D is the still water table height, w is the tidal wave fre-
quency, n. is the porosity, K is the hydraulic conductivity of the
aquifer and A is the tidal amplitude. For the hydrogeological condi-
tions that are considered in this paper, D is often hard to determine
and, more important, € is not much smaller than 1. In fact, most
parameter combinations result in values of € around 1, which is rep-
resentative for dissipative beaches.

Nielsen (1990) already indicated that the analytical solution
yields large discrepancies with field observations when a seepage
face is present in the intertidal area. Comparison with field data
showed an underestimation of the hydraulic heads by the analyti-
cal solution of up to 0.3 m, for a (small) tidal amplitude of 0.5 m
and a (large) beach slope of 0.06. Because the overheight increases
when the tidal amplitude increases and beach slope decreases, it is
advised here that for comparable hydrogeological conditions as the
ones considered in this paper, the seepage face should be taken
into account.
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Fig. 12. Results of the numerical simulation of the time-averaged sea level model of a regional scale fresh water lens in a heterogeneous subsurface (above), and the inversion
model of AEM survey across this transect (below). Both the AEM model and numerical model indicate the presence of a fresh water tongue below the sea floor.

5. Summary and conclusions

The scope of this paper was to provide a quantitative indication
of the bias that is introduced in a groundwater flow model of an
unconfined coastal aquifer if tides are neglected. Numerical, vari-
able density groundwater flow models were used to determine this
bias for a wide range of hydrogeological conditions. Both a shallow
and a deep aquifer were investigated with regard to three dimen-
sionless parameter groups that determine the groundwater flow to
a large extent. Analytical expressions were presented that allow for
a quick estimate of the regional scale effect of tidal forcing under
the same conditions as used in the numerical simulations.

Numerical model results indicate that the time-averaged
hydraulic head at the high tide mark increases with a decrease of
each of the three considered dimensionless parameter groups: R
(including the ratio of the hydraulic conductivity and the precipi-
tation excess), o (the slope of the intertidal area) and A, (the ratio
of the width of the fresh water lens and the tidal amplitude). From
the results, an empirical relationship was derived which can be
used to estimate the time-averaged hydraulic head at the high tide
mark from the slope of the intertidal area, the tidal amplitude and
the hydraulic conductivity of the intertidal sediment. The time-
averaged hydraulic head is used in an analytical model as a bound-
ary condition.

The relative change of the location and the hydraulic head of the
groundwater divide, which are jointly referred to as ‘regional scale
overheight’ and are used to characterize regional groundwater
flow, increase as o and A; decrease, but decrease as R decreases.
In case of a shallow aquifer, the time-averaged hydraulic head at
the high tide mark is larger compared to a deep aquifer. However,

the regional scale overheight is comparable. In case the controlled
water level in the hinterland is larger than mean sea level, the
regional scale overheight decreases. An additional case of a heter-
ogeneous aquifer system based on a real-world situation was also
presented. The results of the idealized cases could be used to esti-
mate the regional scale overheight in a more complex system.

The difference between the numerical results of the deep and
shallow aquifer and the corresponding analytical solutions is small.
Therefore, the presented analytical solutions can be used to esti-
mate the bias that is introduced in a numerical model if tidal forc-
ing is neglected, for a wide range of hydrogeological conditions.
However, one should be aware of the fact that this paper considers
tidal forcing only. In case of significant wave action, the results in
this paper should be considered as conservative estimates.
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Appendix

For the domain [-A < z < A], the position x in the intertidal area
is defined as:

x=_2_ (24)
tano

with z being the vertical coordinate (elevation relative to mean sea

level) and « the slope of the intertidal area. At mean sea level, z=0

and x=0. In dimensionless form, whereby reference values are

denoted by a subscript () and dimensionless quantities by ’, Eq.

(24) becomes:

X tan =2 (25)
Zr X

Choosing x, and z; as the already defined reference length L, the
dimensionless group tan o appears.

A pressure (Py(x,t)) [M L™1 T~2] is prescribed for the surface of
the intertidal area, as a function of position x and time t. When
the sea level is lower than or equal to the elevation at point x in
the intertidal area, P, equals 0. In this way a seepage face is simu-
lated (Mulligan et al., 2011). When the sea level is higher than the
elevation at point x in the intertidal area, the pressure equals:

Py(x,t) = Asin(27tft) e & — p&Z(X) (26)

where A is the tidal amplitude, f is the frequency, and g is the grav-
itational acceleration. If z is referenced to tidal amplitude A, both
sides are divided by Ap,,..g and p,,,, is defined as (Ap),,,,, the Ray-
leigh number defined by Eeman et al. (2011) appears. After intro-
duction of reference values, the left hand side of Eq. (26) becomes:

Py
—_— 27
Arprnaxg ( )
with P, being equal to the reference pressure (Eeman et al., 2011):

HNL
X (28)

whereby N is the recharge rate, k is the permeability of the porous
medium and u is the viscosity of freshwater. The left hand side
becomes:

UNL
29
kATApmaxg ( )
which equals:
L
AR (30)

R is the dimensionless Rayleigh number defined by Eeman et al.
(2011) and the dimensionless group A, appears.
If the definition for the reference time by Eeman et al. (2011) is

adopted:
nL
— (31)

the following dimensionless group appears from right hand side of
Eq. (26):

fln
Jos = N (32)
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