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ABSTRACT: Coastal groundwater systems can have a considerable impact on sediment
transport and foreshore evolution in the surf and swash zones. Process-based modeling of
wave motion on a permeable beach taking into account wave-aquifer interactions was con-
ducted to investigate the effects of the unconfined coastal aquifer on beach profile evolu-
tion, and wave shoaling on the watertable. The simulation first dealt with wave breaking
and wave runup/rundown in the surf and swash zones. Nearshore hydrodynamics and
wave propagation in the cross-shore direction were simulated by solving numerically the
two-dimensional Navier-Stokes equations with a &-¢ turbulence closure model and the Vol-
ume-Of-Fluid technique. The hydrodynamic model was coupled to a groundwater flow
model based on SEAWAT-2000, the latter describing groundwater flow in the unconfined
coastal aquifer. The combined model enables the simulation of wave-induced watertable
fluctuations and the effects of infiltration/exfiltration on nearshore sediment transport.
Numerical results of the coupled ocean/aquifer simulations were found to compare well
with experimental measurements. Wave breaking and infiltration/exfiltration increase the
hydraulic gradient across the beachface and enhance groundwater circulation inside the
porous medium. The large hydraulic head gradient in the surf zone leads to infiltration
across the beachface before the breaking point, with exfiltration taking place below the
breaking point. In the swash zone, infiltration occurs at the upper part of the beach and ex-
filtration at the lower part. The simulations confirm that beaches with a low watertable
tend to be accreted while those with a high watertable tend to be eroded.

Keywords: Beach groundwater; infiltration/exfiltration; foreshore evolution; nearshore hy-
drodynamics; groundwater flow.



Abbreviations

NLSWE Non-Linear Shallow Water Equation

NS Navier-Stokes

RANS Reynolds-Averaged Navier-Stokes

RMSE Root Mean Square Error

SWL Still Water Level

TKE Turbulent Kinetic Energy

VOF Volume-Of-Fluid

Nomenclature

Variable Description Dimensions

d local still water depth [L]

Dso 50t percentile of the sediment diameter distribution [L]

f friction factor [-]
fluid volume per cell volume [-]

g magnitude of gravitational acceleration [LT-2]

h hydraulic head [L]

H water wave height [L]

k turbulent kinetic energy [L2T-2]

K hydraulic conductivity [LT1]

L model size [L]

n sediment porosity [L3L-3]

P pressure [ML-1T-2]

Dr rate of turbulent kinetic energy production [L2T-3]

qs flow rate per unit volume of aquifer of the source or sink [LT-1]

Qv sediment transport rate per unit width [L2T-1]

R effective bed roughness [L]

S specific weight of the sediment [ML-3]

S aquifer storage coefficient [L-1]

time




T wave period [T]

uv xand ycomponents of the flow velocity in the ocean [LT-1]

v pore water velocity [LT]

w vertical Darcy velocity in the aquifer [LT-1]
Xy horizontal and vertical directions [L]
Greek

B local beach slope [-]

P fluid density [ML-3]

1) dynamic viscosity [MLT-]
v kinematic viscosity [L*T™]

c turbulence dissipation rate [L2T-3]

0 Shields parameter [-]

T shear stress [MLT-2]

1. Introduction

The surf and swash zones are active and dynamic environments where a number of in-
terconnected processes take place. The morphologies of the shoreline, beachface and sea-
bed are continuously modified by sediment transport resulting from wave propagation and
breaking, nearshore currents and interactions between ocean and coastal groundwater.
These nearshore hydrodynamic processes have been studied traditionally considering an
impermeable beach. However, it is now widely recognized that beach groundwater regimes
can have a significant impact on sediment transport and beach stability, e.g., when infiltra-
tion and exfiltration across the bed modulating various driving mechanisms for sediment
transport (Turner and Masselink, [1]).

The beach groundwater system is a highly dynamic, shallow, typically unconfined aqui-
fer in which flow direction and magnitude is controlled by the water density contrast and
water elevation at the land- and sea-ward boundaries. Both boundaries are time-dependent
and fluctuate over a range of time scales. The inward groundwater elevation shows low fre-
quency variations, typically at the seasonal time scale, whereas the sea level changes have
higher frequencies, from tides (diurnal time scale) to waves (seconds). Groundwater dy-
namics influence the nearshore hydrodynamics through water exchange across the beach-
face. These exchange fluxes may in turn enhance or decrease sediment accretion on the
beach (Li et al,, [2]; Horn and Li, [3]). Despite the importance of groundwater elevation on
beachface sediment deposition and suspension, attempts to modify beach morphology and
erosion rates by controlling groundwater levels (e.g., beach drainage) have had mixed suc-
cess (Horn, [31]). Failures can be attributed to the complex interactions between wave
propagation and groundwater, which lead to uncertainties in field observations regarding
the influence of in/exfiltration on sediment transport. A reliable quantitative analysis of the
hydrodynamic processes taking place at the boundary between groundwater and seawater,
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including the rates and directions of sediment transport, has yet to be fully developed. In
this respect, only a few numerical studies have been conducted, most of which use relatively
strong simplifying assumptions. In order to predict the temporal evolution of beach mor-
phology with reasonable accuracy and to understand the key processes governing the
transport of sediments, comprehensive numerical models are needed to investigate the
in/exfiltration and their interactions with breaking waves and swash motions. These tools
should be able to account for the different facets of the surf and swash zones, viz. bed slope,
in/exfiltration, turbulence, and mechanisms that induce modifications of the sediment ef-
fective weight and of the boundary layer (Elfrink and Baldock, [4]; Bakhtyar et al., [5]).

Sediment deposition is usually enhanced when the level of the beach watertable is low-
er than the sea level, while higher groundwater level may intensify beach erosion (Li et al,,
[6]). The magnitude of the fluxes across the beachface is controlled by the hydraulic con-
ductivity of the sand and the local hydraulic gradient. Hydraulic conductivity, which de-
pends on the porous medium and the fluid (e.g., Hensley and Barry [7]), varies in space but
has a negligible dependence on time for rigid media, while the hydraulic gradient can
change rapidly both in space and time. For example, as a wave front moves towards the
shore, it becomes steeper. Since the local gradient depends on the elevation of the sea sur-
face, a rise of the wave front results in a progressive increase of the hydraulic gradient and
enhances the infiltration and exfiltration across the beachface (Li and Barry, [8]). In turn,
the vertical flow exerts a seepage force on sediment grains within the bed, which is propor-
tional to the hydraulic gradient. Overall, in/exfiltration through the beach surface varies
during runup and backwash depend on the groundwater level and beach permeability.

The in/exfiltration effects on nearshore zone sediment transport are due to two mech-
anisms: effective weight modification and boundary layer thickening or thinning (Turner
and Masselink, [1]). Infiltration modifies the boundary layer and increases the shear stress
by constricting streamlines near the bed. Infiltration exerts a stabilizing force on the sedi-
ment particles. Conversely, exfiltration thickens the boundary layer and hence decreases
the shear stress at the bed, at the same time destabilizing the bed and enhancing bed fluidi-
zation (via decreasing the effective weight) by exerting an upward force on sand grains
(Turner and Masselink, [1]). The counter-balance between the two mechanisms controls
the net effect of in/exfiltration on sediment transport and beach profile changes.

Groundwater heads in coastal aquifers fluctuate in response to oceanic fluctuations, in-
cluding low-frequency tides and high-frequency waves (Li et al., [6,9]). Most previous inves-
tigations concerned with the modeling of the interactions between surface water with
beach groundwater focused on tide-induced watertable fluctuations only, neglecting the
high-frequency oscillations (Nielsen, [10]; Baird and Horn, [11]; Li et al,, [12]; Guo et al.
[13]). Traditionally, modeling of the groundwater response to oceanic fluctuations has been
based on the Boussinesq approximation of the groundwater flow equation, which assumes
negligible vertical flow (Li et al., [9]). This model can be deduced from the governing
groundwater flow equations but its validity near boundaries where vertical flow can occur
is limited (Barry et al. [14]; Parlange et al. [15]). A number of recent works investigated the
impact of tidal fluctuations on both horizontal and vertical pore water flows in the near-
shore aquifer, and the subsequent effect on solute transport (Destouni and Prieto, [16];
Smith, [17]; Vandenbohede and Lebbe, [18]; Mao et al.,, [19]; Robinson et al., [20,22]; Brov-
elli et al,, [21]).

The effect of wave motion on the sedimentation process has been more thoroughly in-
vestigated, and several numerical models developed to perform quantitative analysis of the
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wave-induced motion on the beachface (e.g., Li and Barry, [8]; Kobayashi and Wurjanto,
[23]). Recent field observations from exposed coasts have shown that wave forcing can also
have a non-negligible impact on the aquifer circulation (Cartwright et al., [24]), which in
turn may affect sediment transport and beach profile changes. Masselink and Li [25] devel-
oped a process-based numerical model to examine in detail the role of swash infiltration in
determining the beachface gradient. They found that swash infiltration increases the on-
shore asymmetry in the swash flow and enhances the landward sediment transport. Butt et
al. [26] summarized and discussed the importance of the interactions between groundwater
flow and wave motion, including in/exfiltration velocities and internal pressure distribu-
tion, effect of capillary fringe on the groundwater table elevation, and importance of the
through-bed flow on the sediment transport in the swash zone. Li et al. [27] developed a
modified kinematic boundary condition for the watertable, which takes account of the capil-
lary effects.

Such a complex nearshore system as described above, involving strong surface and
subsurface water interactions, presents a great challenge for numerical modelers. Two dif-
ferent approaches have been used to compute the wave motion with a permeable bed. One
approach uses the Boussinesq equations, as in Karambas [28,29]. The second method is in-
stead based on the Non-Linear Shallow Water Equation (NLSWE), used for example by Li et
al. [6] and Hoque and Asano [30]. Karambas [28] modeled in/exfiltration effects on cross-
shore sediment transport in the swash zone with a Boussinesq model coupled with a po-
rous flow model and recognized that the beach grain size significantly affects the ability of
the beach to accrete or erode. Hoque and Asano [30] developed a numerical model based on
the NLSWE to calculate the wave-induced in/exfiltration flows across the beachface under
swash motions and discussed their time-dependent characteristics. Additional description
and discussion of the mathematical modeling approaches that have been used to simulate
the groundwater flow in the beach and the swash zone were summarized by Horn [32] and
Bakhtyar et al. [5]. All the available models that include in/exfiltration from the porous bed
are based on simplifying assumptions and do not describe in a detailed way the flow-field in
the nearshore zone and the wave motion using the most accurate mathematical description,
i.e., the Navier-Stokes (NS) equations.

Bakhtyar et al. [32] developed a two-dimensional (cross-shore) process-based model
for the simulation of fluid and sediment characteristics on the impermeable bed in the surf
and swash zones. In this model, the hydrodynamic field is described using the Reynolds-
Averaged Navier-Stokes (RANS) equations, which is then solved using a Volume-Of-Fluid
(VOF) technique and a &-¢ turbulence model. The hydrodynamic model was supplemented
by a cross-shore sediment transport and beach profile change model without incorporating
the beach groundwater. A sensitivity analysis was conducted to evaluate the importance of
model parameters, including the friction factor, porosity and the empirical constants. The
aim of the present paper is to further extend the capabilities of the model presented in
Bakhtyar et al. [32] to permeable beaches connected to coastal aquifers. Specific objectives
of this study are to: (i) validate the new model and evaluate its ability to predict the
transport rates and hydrodynamics near the shoreline; (ii) use the validated model to simu-
late the evolution of the beach groundwater behavior due to high-frequency sea level oscil-
lations; (iii) assess the role of in/exfiltration on sediment transport; and (iv) investigate the
relationship between nearshore zone sediment transport and beachface morphology. We
remark that although the model below is constructed to account for density-dependent
groundwater flow, in this paper we focus on the case of uniform density. The reason for this
is that a significant part of what follows concerns the model validation with a laboratory da-
ta set for a large-scale experiment using only fresh water. In a subsequent paper, the vali-
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dated model will be used to thoroughly examine the influence of fresh groundwater and
denser seawater.

The rest of the paper is organized as follows: Section 2 summarizes the model design,
key equations and numerical schemes for dealing with wave breaking and wave
runup/down on the beach in the surf and swash zones. It includes beach profile changes
and describes groundwater dynamics near the coastline and interactions with the wave mo-
tions. Section 3 presents the results of a set of numerical simulations conducted to validate
the model against experimental data on a large-scale wave simulator, to investigate how the
watertable fluctuates within the beach as a result of wave motion and the evolution of the
beachface. Finally, Section 4 summarizes the major findings and conclusions. It should be
noted that, for the sake of clarity, in the following the free-water zone is often referred to as
‘the sea’, as opposed to the groundwater, even though the experimental set-up used for
model validation is wave simulator and not the real ocean or sea, as will be clarified in de-
tail in § 3.1.

2. Model description
2.1 Mathematical formulation for modeling wave motion in the nearshore zone

A combination of a full two-dimensional RANS solver with a k-¢ turbulence closure
model and VOF technique for free surface tracking is used to simulate the wave motion near
the shoreline. In summary, the key governing equations are (Bakhtyar et al., [33]):

Continuity equation:

ouU.
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Momentum equations:
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Free surface tracking:

oF yoF_ 0, (7)
ot  '0x,

in which x; = (x,) are the horizontal and vertical coordinates; U; = (U, V) is the mean flow
velocity vector; p is the mass density of the water; Pis the pressure; kis the Turbulent Ki-
netic Energy (TKE); v is the kinematic viscosity; v is the kinematic eddy viscosity; p-is the
production of TKE due to shear stress; ¢ is the TKE dissipation rate; and Fis the fluid vol-

ume per cell volume. €, =1.44, C, =192, 0, =1, 0, =1.3 and C'u =0.09 are the constants

for the &-¢ closure turbulence model (Launder and Spalding, [34]). Note that the summation
convention has been assumed.

The initial flow motion was specified with zero mean velocities and hydrostatic pres-
sure, while the initial conditions for the turbulence field were set following Lin [35]. Dy-
namic and kinematic boundary conditions were considered at the free surface. It was as-
sumed that turbulence does not diffuse across the free surface (Lin, [35]), and so the nor-
mal fluxes of kand € vanish there. The boundary conditions for A and € on the solid surface
were specified in a turbulent boundary layer. The local state of turbulence was expressed
by use of the log-law and in terms of the mean tangential velocity at a certain distance from
the wall (Rodi, [36]). The generating-absorbing boundary condition introduced by Petit et
al. [37] was implemented at the entering boundaries for incident wave generation and ab-
sorption of reflected waves. The equations were discretized using finite-difference methods
based on a staggered grid scheme. Detailed descriptions of mathematical modeling, numeri-
cal schemes for discretization of equations, initial and boundary conditions are given by
Bakhtyar et al. [32].

2.2. Groundwater flow

The aquifer hydrodynamic was computed using the saturated flow model SEAWAT-
2000 (Guo and Langevin, [38]). SEAWAT-2000 is a USGS computer code that couples MOD-
FLOW-2000 (Harbaugh et al., [39]) for groundwater flow and MT3DMS (Zheng and Wang,
[40]) for solute transport. While SEAWAT-2000 is capable of simulate variable-density
groundwater flow, as mentioned above in this work this capability was not activated be-
cause the erosion experiment used for model validation was conducted using freshwater
only. The pressure distribution in the aquifer is computed combining Darcy’s law with the
mass conservation equation, which for an unconfined homogeneous aquifer with constant
water density is:

(8)

gon

— =K VZh — q,,
where Kis the hydraulic conductivity; 4 is the hydraulic head; S'is the specific storage coef-
ficient; and gs is the flow rate per unit volume of aquifer for the source or sink. MODFLOW-
2000, the groundwater flow module of SEAWAT-2000, uses a finite difference cell-centered
numerical scheme to solve the groundwater flow equation. We mention that the vertically
integrated form of Eq. (8) is solved by MODFLOW-2000. The numerical solutions produced,
however, approximate Eq. (8) so long as the model application is based on a sufficient
number of layers.



2.3 Sediment transport and beach profile changes

The sediment transport rate is computed using the modified Meyer-Peter and Muller
[44] formula including the infiltration and exfiltration effects. In/exfiltration fluxes induce
variations in the pressure on the bed surface (lift force), the effective weight, and the nor-
mal and shear stress on the bed sediment particles. In this work, we therefore use a modi-
fied Shields parameter that incorporates the effects of through-bed flow on the sediment
transport (Turner and Masselink, [1]; Butt et al,, [26]):

.
o exp(d))—l , @:Z_W, 9

paD,, (s —1)-pgD;, 2”;(

where 8 is the Shields parameter, T is the bed shear stress, J,; and sare the median grain

diameter and the specific density of the sediment, respectively, w is the vertical Darcy ve-

locity in the bed (W=—K 2—11}}, U is the potential head and fis the friction factor. The nu-
Y

merator in Eq. (9) accounts for the effects of in/exfiltration on the shear stress (increase
during the infiltration due to the thinning of the boundary layer and decrease during the ex-
filtration due to the thickening of the boundary layer), while the denominator incorporates
the effects of the water flow across the beachface on the immerged sediment weight (in-
creases during the infiltration leading to stabilization and decreases during the exfiltration
causing destabilization). The friction factor is computed as suggested by Butt et al. [26]:

1.28
f=—"""—,  R=6D,,

( 114 ]2'
In s
R

where /s is the sea-water depth and R is the Nikuradse effective bed roughness (van Rijn,
[45]). As the flow acceleration is an important mechanism in the swash zone sediment
transport (Pritchard and Hogg, [46]; Austin et al., [47]), we incorporate the acceleration in
the sediment transport formulation by using an additional term that depends on it (Ped-
rozo-Acufia et al,, [48]). Once the sediment transport rate is determined from the above
equations, the beach profile change through the conservation of sediment is governed by

the following equation:
oY 0
N ¢ , (11)
ot (1 - n) ox

(10)

where @ is the sediment transport rate, Yis the bed level and n is the porosity of the sedi-

ment. We used a modified Lax scheme (Abbott, [49]) to solve the Eq. (11) that is the same
scheme used by Rakha et al. [50].

2.4. Coupling procedure

The coupling between the nearshore zone and the coastal aquifer plays a crucial role in
the transfer of mass and pressure across the beachface, which in turn has implications for
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the transport processes at the interface between surface water and groundwater, such as
sediment mobility. In this work, we coupled the three processes, namely wave motion,
groundwater flow, sediment transport and beach morphology change using the following
sequential approach:

@
(i)

Initially, the RANS wave-motion simulator was run to generate the sea surface elevation
above the permeable substrate, i.e., beachface and toe, for the entire simulation period.
The groundwater flow model was run using the sea still water level to obtain ground-
water head at the steady state. The nearshore free-water zone (the sea) was approxi-
mated as an artificial porous medium with high hydraulic conductivity (106 md-1) and
unit porosity (the same approach was used for example by Brovelli et al. [20], Robinson
et al. [22,51] and Mao et al. [42]). A constant head-type condition was used on both the
sea- and land-ward boundaries, although with different elevation, while an impermea-
ble base was assumed at the bottom edge (no-flow boundary condition).

(iii) The same domain and boundary conditions at the bottom and landward edges were

used for the subsequent simulation with wave effects included, together with the steady
state head distribution as initial conditions. A time-variable head boundary (CHD-
MODFLOW package) was applied at the sea free surface to mimic the effect of the
waves. The water head at each cell along the beach profile was taken from the results of
the free-water hydrodynamic simulator. The grid cells drain and re-wet in response to
changes in groundwater head (the MODFLOW rewetting capability was activated). The
entire simulation length was subdivided into multiple stress-periods, and for each
stress period, the initial and final sea elevations (spatially variable in the cross-shore
direction) were taken from the wave-motion simulation results. Every stress-period
was 0.25 s long, and was further subdivided into 50 time steps. Within each time step,
SEAWAT uses a constant head, computed as a linear interpolation between the initial
and final head of the current stress period. SEAWAT-2000 is a saturated flow model,
and it considers the porous medium above the watertable (i.e., the capillary fringe and
the vadose zone) as inactive. In terms of modeling, this assumption of SEAWAT makes
the simulation of the wave runup on the beachface difficult since, for SEAWAT, infiltra-
tion would then take place in an inactive zone. Several strategies to overcome this limi-
tation were tested. It was found that the best and most robust approach was to impose
the boundary condition directly above the watertable rather than on the beachface. The
same approach used successfully by Brovelli et al. [21] to simulate infiltration to the
aquifer from the ground surface. When the infiltration is applied directly to the wa-
tertable, it should be lagged in time to account for the travel time through the unsatu-
rated zone. In this work, however, since near the runup zone the distance between the
saturated zone and the beachface is small and the sand always remains saturated in re-
ality (due to the presence of a capillary fringe), we assumed that the time required for
the infiltration is small enough to be ignored (Li et al., [27]). This approximation clearly
does not always apply, for example in case of a steep beachface or of a porous medium
with low hydraulic conductivity.

(iv) Infiltration and exfiltration fluxes were calculated using the head distribution near the

beachface obtained from SEAWAT-2000. Again, since SEAWAT is a saturated-flow
model, the fluxes across the beachface above the watertable were computed using the
vertical gradient near the watertable and applied to the beach. This is similar to the
treatment of the time-variable head boundary condition in (iii) and is justified by the
presence of a capillary fringe that connects the watertable and the beachface. The fluxes
were used as input for the sediment transport model described in §2.3, and the evolu-
tion of beachface morphology was simulated.
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The models used different, non-overlapping grids, and the grid spacing was selected to
guarantee the accuracy of the numerical schemes. For the groundwater simulations a uni-
form grid with uniform resolution of 0.2 m was used, whereas the hydrodynamic simulator
used a grid with variable spacing, and a resolution locally as low as 0.02 m. The model grids
were therefore not overlapping. The hydraulic head applied to the beach surface on the
groundwater flow simulator was computed based on linear interpolation of the two nearest
grid cells of the hydrodynamic simulator. Since the spacing of both grids is very small, the
effect of the interpolation is in practice negligible. Owing to the use of rectangular grids, the
beach face was approximated by a ‘staircase’. This approximation is likely to result in small
errors only, because the beach slope is relatively mild (1:10 slope) and the spatial discreti-
zation is fine. At present, there is however no way to evaluate the error introduced by the
“staircase” beach. A more refined approach is currently under development, including the
use of finite elements to improve the geometrical representation of the domain. Therefore,
the effects of this approximation will be tested in future work.

The computational flow chart of the numerical modeling is shown in Fig. 1. The one-
way sequential coupling approach used for the model makes use of some simplifying as-
sumptions. First, the nearshore hydrodynamics is not affected by the fluxes across the
beachface. This is justified because the pore water flow velocity across the interface of the
porous medium is much smaller than the water velocity in the nearshore zone. The second
and more critical assumption is that the shape of the beachface is dynamically updated only
during the sediment transport calculations. The beach geometry is not modified during the
groundwater flow and nearshore simulations, that is, we assume that both direction and
magnitude of the fluxes across the interface and the nearshore velocity close to the bed sur-
face are not significantly affected by changes in the beachface morphology. This is not al-
ways the case, although it has been previously suggested that the assumption might be valid
under certain conditions (Horn et al.,, [52]). This assumption is likely reasonable when the
local slope change induced by erosion/deposition of sediments is small compared to the
mean beachface slope. In fact, when the slope change is large, the terms controlling the ex-
tent of sediment transport (i.e., shear velocity and magnitude of the vertical flux across the
interface) are modified. Dynamic updating of the beachface geometry during the groundwa-
ter and nearshore flow modeling would require a two-way tight coupling of the three mod-
els (hydrodynamics, groundwater flow, sediment profile change). This would require signif-
icant modifications of the structure of the three models, and the resulting simulator would
be extremely demanding in terms of CPU time, because the time stepping would always be
controlled by the stiffest sub-module. The validation results presented in the following sec-
tions illustrate that, at least for the conditions studied here, the two-way coupling is not
necessary and the simplifications introduced do not strongly affect model simulations.

3. Results and Discussion

Following the model development, numerical simulations were conducted to verify that
simulated results correctly reproduced the interactions between beachface, coastal aquifer
and high-frequency fluctuations in the nearshore zone and to assess the role and im-
portance of the physical properties of the system (e.g., watertable elevation, hydraulic con-
ductivity, grain size) on the aquifer hydrodynamics and sediment transport. In particular,
the extent of in/exfiltration across the beachface, watertable fluctuations, recirculation in
the aquifer induced by the waves and beach profile changes in the surf and swash zones
were investigated.
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3.1 Model validation

The results of the numerical model were compared with the experimental observa-
tions reported by Horn et al. [52] and Ang et al. [53]. The data were acquired on a series of
experiments conducted in the Coastal Wave Basin of the School of Civil Engineering, Univer-
sity of Queensland, Australia. A sketch of the experimental layout is shown in Fig. 2. The sec-
tion used in the experiments was 27.3-m long, 1.4-m wide and 0.8-m deep. Two sets of ex-
periments were conducted, using coarse (D50 = 0.84 mm, K= 10-* ms-1) or fine (D50 = 0.197
mm, K = 10> ms'1) sand. Within each set, three different groundwater elevations at the
landward boundary were used, i.e., higher and lower than, and the same as the Still Water
Level (SWL). For the six cases, the water surface elevation above the flat toe (at the sea-
ward boundary) was set to 0.5 m, and a planar initial beach profile (slope of 1:7.6) was
used. The landward boundary condition (x = 0 in Fig. 2) was provided by a reservoir sepa-
rated from the rest of the tank via a wire mesh. The water level within the reservoir section
was adjusted to maintain the “Initial groundwater elevation” listed in Table 1. This was
modeled as a hydrostatic condition. At the other end of the tank, waves were generated us-
ing a paddle, and the tank was closed at x= 27.3 m (Fig. 2). Table 1 summarizes the proper-
ties of each of the six cases, where His the wave height and 7'is the wave period. Additional
details of the experimental setup and discussion of the conditions used during the experi-
ments are provided by Horn et al. [52].

In §3.1.1, the focus is on the simulated groundwater level, flow velocities, and head
level in the beach aquifer of both coarse and fine sand beaches for different landward
groundwater levels. In §3.1.2, the simulated beach evolution and foreshore profile changes
in the surf and swash zones during wave breaking and wave runup/rundown are presented
and discussed.

3.1.1 Response of beach groundwater to waves

Variations in the elevation of the watertable indicate that the pressure change induced
by the waves on the beachface propagates in the groundwater. An increase in water pres-
sure due to water infiltrating from the nearshore area (for example during wave runup) in-
creases the elevation of the watertable, whereas exfiltration (and the resulting pressure
drop) has the opposite effect. The inland propagation of the wave-induced high-frequency
pressure signal and its effect on the watertable are controlled by the properties of the po-
rous medium - i.e.,, hydraulic conductivity and effective porosity in unconfined aquifers -
and by the capillary effect (Li et al., [6]; Li et al. [54]). In this paper, however, groundwater
flow simulations are conducted using a saturated flow model, therefore neglecting capillari-
ty, which in some conditions may affect seepage from the beachface (Li et al., [12]). With the
aim of evaluating the importance of the capillary fringe (and possibly other effects that are
not included in our simulations) near the beachface, we compared observed and simulated
watertable elevations.

Figure 3 illustrates the head for the three landward groundwater table elevations in the
fine sand situation (cases 1 - 3, Table 1) measured by Horn et al. [52] with the results of the
numerical simulations after 10 min. The panels of Fig. 3 show that the simulated changes in
groundwater level are in accordance with the measurements for all three fine sand cases
with different water levels at the landward boundary (i.e., higher, lower and the same eleva-
tion of the SWL). Since the experimental data actually show the heads near the base of the
model (a manometer on the bed was used to measure the head), the measured heads can
differ from the watertable elevations if significant vertical flow exists. Therefore, in this fig-
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ure, using the numerical model we computed the head both on the bottom and at the free
surface. In addition, Table 2 presents the measured data and simulated (at the bed and free
surface) heads after 10 min at different positions. The Root Mean square Error (RMSE) and
average value were used to evaluate the model performance. It can be seen that both nu-
merical predictions over-predict the head in all cases. However, the relatively small magni-
tudes of RMSE and average values indicate that the predictions of the numerical model are
reasonable. Note in Fig. 3 and Table 2 that the heads have different magnitudes at the free
surface and at the bottom. The maximum differences between numerical and laboratory re-
sults occur near the beachface (e.g., x ~ 1.5 m), where the maximum vertical flow exists.
The numerical model predicts an increase in watertable elevation near the beachface that is
similar to the measured value. The cross-shore head change decreases in the landward di-
rection, because a constant head is used on the landward boundary. We note also that the
slopes of the head predictions are reasonably consistent with the experimental data, sug-
gesting that the flow directions predicted by the model are correct. Overall, in the landward
area of the beach, excellent agreement between the model predictions and data is found.
The differences between the numerical results and experimental data near the beachface
may be due to effects of physical processes such as the capillary fringe (not included in the
present model), which influences the exchange between seawater and groundwater. How-
ever, given the complexity of the processes occurring there, without a more sophisticated
modeling approach it is not possible to attribute with any certainty the differences shown in
Fig. 3 to the lack of the capillary fringe in the numerical model.

The numerical results (at free surface and bed) and experimental data of head for the
coarse sand setup are shown in Fig. 4. The three panels illustrate the results for the differ-
ent watertable elevations set at the inland boundary. Table 3 gives the measured and simu-
lated heads at different positions. Figure 4 and Table 3 confirm that the numerical model
can efficiently simulate the wave-groundwater interactions and gives similar trends in head
level variations, as for the fine sand case. Despite the neglect of the unsaturated zone, the in-
teractions between free- and groundwater and the watertable dynamics within and near
the swash zone are reasonably well reproduced. While near the beachface the simulations
are compatible with the observations in all cases, landward the computed heads do not
completely reproduce the measurements for case 6 (with coarse sand and landward head
elevation higher than the SWL). In addition, the experimental data for case 6 seem prob-
lematic near the landward limit. The vertical flow component near the x = 0 boundary
would be negligible if flow into the tank came from a hydrostatic reservoir, the height of
which was set to 0.55 m in the experiment. Figure 4c shows also that the gradient of the
measured data and the simulations are in the opposite directions. We are unable to be de-
finitive about the differences shown in Fig. 4c. One possibility is that the reservoir condition
is not hydrostatic, rather there is a circulation within this zone that induces a pronounced
flow near the base of the tank, resulting in the head gradient shown in the figure. Without
measurements of the head profile within the reservoir, it is not possible to do other than
speculate why Case 6 in Fig. 4 shows discrepancies. Another possible explanation for this
inconsistency might be related to the neglect of the capillary fringe, since it was shown that
one of its effects is to weaken damping of the waves (Li et al,, [12]). More precisely, in the
model inland propagation of the watertable fluctuations induced by waves is more limited
than in the experiments because the recharge due to water released from the capillary
fringe is neglected. Furthermore, vertical flow effects can be important here because the da-
ta are heads measured at the base of the model, not direct measurements of the watertable
elevations.
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A comparison of Figs. 3 and 4 demonstrates that in the aquifer the head change in the
fine sand beach is generally slightly smaller than that in the coarse sand. This is consistent
with previous results, and is due to the different hydraulic properties. In- and exfiltration
rates depend on hydraulic conductivity. Increasing the hydraulic conductivity leads to an
increase in the groundwater response to the wave motion. In all watertable elevations, the
difference of head level between coarse and fine sands decrease towards the sea. Further-
more, the maximum difference in head levels (between experiments and numerical results)
occurs when the groundwater level is the lower than the SWL (excluding case 6 that seems
a problematic as discussed above). Figure 5 illustrates the time variation of the head at the
location where the sea SWL crosses the beachface at different depths. Results are shown for
both fine and coarse sands and for (a) the same watertable and SWL, (b) lower watertable,
and (c) higher watertable elevations. It is evident that the head increased with the waterta-
ble elevation, and that it fluctuated with the same period as the waves. From Fig. 3, it can be
seen that the largest difference between the numerical results and the experimental data
occurs near the intersection of the SWL and the beachface (between x=1 to 1.5 m). The re-
sults in Fig. 5 suggest another possible explanation for the observed discrepancies. In the
experiments, a manometer on the bed of the flume was used to measure the local head,
which might provide an estimate of the watertable elevation if vertical flow was negligible
(Horn et al,, [52]). Note that the manometer would have filtered high-frequency oscillations
and measured the average head. The determination of the watertable using the head data
was based on the assumption of a hydrostatic head at each measurement location. Figure 3
shows that the model-predicted free surface and that deduced from the experimental data
typically differ most where the vertical flux calculated by the model is greatest.

Time-averaged (over 15min) groundwater heads in the aquifer for the six cases are
shown in Figs. 6 and 7. Wave motion on the beach induces groundwater head oscillations
near the shore. More importantly, wave set-up and set-down (time-averaged effects mani-
fested as on-shore and off-shore tilting of the averaged sea level) induce pore water circula-
tions inside the beach. The time-averaged groundwater heads display the locations where
most of the periodic groundwater circulation occurs below progressive waves and within
the porous media, which are important for understanding the solute exchange between
groundwater and sea, as pointed out by Li et al. [55]. The average head shows variations
over depth below the beachface, and therefore that the Boussinesq approximation of uni-
form heads in the vertical direction is unlikely to be a useful approximation. In addition,
Figs. 6 and 7 show that the lower landward watertable gives the largest area of red (high
average head) in the plot. This is because the head on the landward boundary is fixed, and
the head on the beachface is controlled by the waves, which are independent of the wa-
tertable elevation. Therefore, in the lower watertable case, the wave signal (head change)
can propagate much more into the aquifer because it is less counterbalanced by the fixed
head at the landward boundary.

Wave setup on the beachface induces in/exfiltration across the beach. In order to ex-
amine further the behavior and magnitude of the interactions between ocean and ground-
water, the rate of mass exchange (in- and exfiltration) was calculated. Averaged
in/exfiltration rates on the beachface on the fine sand beach for the three cases with differ-
ent inland watertable levels are shown in Fig. 8. As the wave propagates along the slope,
due to shoaling effects the wave breaks at approximately x = 2.5 m. The broken wave then
propagates towards the shore, and runs up and down on the beach. The simulated flux
across the beachface shows that the maximum infiltration takes place at the upper part of
the beach (x = 1.5 m), while exfiltration is the largest near the breaking point (x = 2.5 m).
In the vicinity of where the wave breaks, a strong hydraulic gradient exists, and net infiltra-
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tion occurs across the beachface before the breaking point, while exfiltration takes place be-
low the breaking point. These findings are essentially consistent with existing understand-
ing of the wave-induced beach groundwater flow in the nearshore zone (Li and Barry, [8]).
Our results therefore further suggest that the location of wave breaking and the magnitude
of the resulting hydraulic gradient are important features for the sediment transport and
foreshore evolution processes. A comparison of the three panels of Fig. 8 illustrates that -
not surprisingly - the maximum infiltration occurs for low groundwater level conditions
(i.e., panel (b)). In terms of consequences for sediment transport this indicates that the low
groundwater level is the most favorable for sediment deposition and therefore for beach
accretion. This result suggests that low groundwater levels promote the infiltration of so-
lutes from the sea, and for example recharge the groundwater with oxygen, thus enhancing
oxidative biological processes. In addition, Fig. 8 shows the in/exfiltration flux as it varies
with cross-shore distance, where it is apparent that the maximum values coincide with the
maximum differences between numerical predictions and data shown in Fig. 3.

Figure 9 displays the averaged cross-shore in/exfiltration rates on the beachface for
the coarse sand beach in the surf and swash zones. A comparison of Figs. 8 and 9 shows
that, due to the larger hydraulic conductivity, the infiltration and exfiltration on the coarse
sand beach are larger than the corresponding values on the fine sand beach. This indicates
that sediment transport in a coarser beach may be more sensitive to the fluxes across the
beachface.

In order to examine further the behavior of the wave-induced groundwater circula-
tion, the direction and magnitude of the Darcy flux was computed using the time-averaged
head distribution in the sand. Figures 10 and 11 depict the averaged flow velocity field for
fine and coarse sand beaches, respectively (note that the length of the arrows is propor-
tional to the velocity magnitude). It should be noted that the set-up used here might not be
fully representative of real conditions in that an impermeable boundary is located just be-
low the sloping beach.

For the conditions studied here, similar circulation patterns are observed regardless
the hydraulic conductivity of the sand and the level of the groundwater, and four circulation
cells form beneath the beach. Near the wave breaking point (at a distance of about 2.5 m
from the landward boundary) the flow field converges. Water infiltrates seaward due to the
wave-induced hydraulic gradient (set-down) on the beachface (at about x = 3.25 m) and is
then discharged back to the ocean near the breaking point. The water that infiltrates from
the swash zone is also partly discharged in the vicinity of the breaking point, thus creating
two convective cells below the beachface. Although the magnitude of the fluxes changes
significantly depending on the elevation of the watertable and hydraulic conductivity, the
circulation patterns persists. This has important consequences in terms of solute transport,
and potentially is one of the key mechanisms for submarine groundwater discharge. Near
the maximum location reached during wave runup the flow field is divergent. Part of the
water moves seaward and is discharged at the wave breaking point, as already discussed.
The remainder moves instead landward, and mixes with the ambient groundwater. Com-
pared to the same-elevation case, in low watertable conditions the circulation cell and posi-
tion of the diverging flow are shifted seaward, whereas for higher watertable the opposite
behavior is observed. Moreover, panel (b) shows that the lower watertable increases the in-
filtration and decreases the exfiltration, while panel (c) further confirms that the higher wa-
tertable increases the exfiltration and decreases the infiltration.
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3. 2 Foreshore profile evolution during the wave motion for different groundwater levels

In this section, the hydrodynamic and groundwater flow models are supplemented
with a sediment transport formula and sediment continuity equation to calculate foreshore
profile changes in the surf and swash zones for the different types and characteristics of
beach and groundwater flow.

Figure 12 illustrates the predicted and measured foreshore profile changes for the fine
sand beaches. The three panels correspond to the three landward groundwater levels: (a)
same as the SWL, (b) lower and (c) higher than the SWL. Model results exhibit similar ero-
sion and deposition patterns on the beachface to those observed in the experiments.

Both the simulated and measured profiles in panels (a,c) show that erosion takes place
above the interaction of SWL with beachface and the sediment accumulate landward with
the buildup of a sand bar below the SWL. In other words, on the fine sand beach, the condi-
tion is erosive and sediment transport in the off-shore direction is dominant. Moreover, a
comparison between the three panels shows that when the groundwater level is lower than
the SWL (panel b), sediment transport occurs in both on-shore (at the upper part of beach-
face) and off-shore (at mid and lower part of beach) directions, leading to a transitional
beach profile.

A comparison between the measured and simulated beach profiles on the coarse sand
beach for different groundwater elevations in the nearshore zone are presented in Fig. 13.
The results of foreshore profile changes show the erosion below the SWL and development
of a berm above the SWL. Moreover, most of the erosion occurs near the wave breaking
point since wave breaking enhances TKE, momentum exchange between the sediment and
fluid phases, interaction between the grains and hence sediment transport in the form of
erosion.

Figure 14 shows the foreshore profile evolution on the fine and coarse sand beaches
without groundwater effects. A comparison of beach profile for fine and coarse beaches re-
veals that the morphodynamic condition changes completely from erosive (for fine sands)
to accretionary (for coarse sand). It is found that the sediment transport flux is off-
shoreward for finer particles and on-shoreward for coarser particles. These results are in
general agreement with previous observation and simulations [Turner and Masselink, [1];
Hoque and Asano [30]). Hoque and Asano [30] provided a physical explanation of the on-
shore and off-shore sediment transport for coarse and fine particles, stating that “the effec-
tive weight effect is predominant for finer particles causing net offshore transport, whereas
the boundary layer modification effect is predominant for coarser particles causing net on-
shore transport”. Throughout the field measurements, Turner and Masselink [1] found that
when Dso < 0.5 mm (similar to cases 1-3), effective weight effect is predominant; changing
to boundary layer modification effects for Dso > 0.5 mm (like cases 4-6). An important fact
underpinning these two effects is the hydraulic conductivity of the sediment. For coarser
sands, the hydraulic conductivity is larger, leading to higher in/exfiltration rates.

In addition, the results in Fig. 14 lead to the conclusion that off-shoreward transport of
fine sand and on-shoreward transport of coarse sand can be attributed to the change in set-
tling velocities. Fine sands that are picked up during on-shore wave motion do not have
time to return to the beachface. During the subsequent off-shore flow, the fine sands in the
water column are transported to and deposited in the off-shore area (Ribberink et al., [56]).
We can estimate from the numerical results the potential response time of a particle to set-
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tle down due to gravity by comparing the settling time scale (water depth per settling veloc-
ity) with the period of the incident waves. Assuming that the settling velocity is described
by Stokes Law then, for fine sand, the settling time scale was found to be greater than wave
period. For coarse sand the settling time scale is shorter than wave period. This implies that
sediment deposition over the time scale of a wave period is mainly controlled by gravity.

In both coarse and fine beaches, the largest berm above SWL develops when the
groundwater level is lower than the SWL. This is due to the higher infiltration rates (see
Figs. 8b and 9b) that made infiltration-induced stability the dominant effect. These results
provide evidence for the hypothesis that infiltration increases on-shore sediment transport
and promotes growth of the beach.

A comparison of beach profile changes for coarse and fine sands shows that the erosion
below the SWL and the berm formed above the SWL are greater on the coarse beach than
on the fine beach. Correspondingly, the beachface gradient of coarse sand is greater than
that of the fine sand beach, a result that is consistent with previous findings (Masselink and
Li. [25]).

In summary, the numerical model has been demonstrated to capable of simulating the
characteristics of the sediment transport and profile variations in the nearshore zone as ob-
served the laboratory experiments. Simulations and experimental data show that the beach
groundwater table elevation influences both the sediment transport and the foreshore pro-
file in almost all conditions. However, a more significant role for the profile changes is
played by the fluxes across the beachface, i.e., in- and exfiltration, on coarse sandy beaches.

4, Summary and Conclusions

Most existing numerical models of beach groundwater motion are related to the tidal
forces. In this study, interactions between fresh groundwater and denser seawater, salt
transport and wave motion were investigated using a newly developed process-based mod-
el. The nearshore hydrodynamics were computed using the NS equations in conjunction
with a k-€ closure turbulence model and the VOF technique. The bed deformation was cal-
culated using an empirical sediment transport formula that accounts for the influence of the
fluxes across the beachface, coupled to the continuity equation for the sediments. Aquifer
hydrodynamics and the interactions between the ambient groundwater and the coastal
waves were modeled using SEAWAT-2000, a groundwater flow model. Wave-induced wa-
tertable fluctuations and the effects of in/exfiltration on the nearshore sediment transport
were analyzed and discussed. Results obtained from the numerical simulations were com-
pared to published experimental data, showing good agreement for different watertable el-
evations and properties of the porous medium. Based on the simulation results, the follow-
ing conclusions can be drawn:

e The wave motion is well described by the hydrodynamic model, and the beach ground-
water flow can be simulated well using the groundwater flow model. In addition, the in-
teraction between the wave propagation and aquifer is reproduced, although the predic-
tions are not always fully satisfactory.

e In the swash zone, the maximum infiltration rate occurs on the upper part of beach,
while in the surf zone, due to a great gradient in the hydraulic head, infiltration occurred
across the beachface before the breaking point and exfiltration took place below the
breaking point.
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The watertable fluctuations (head change) were more profound on the coarse than on
the fine sand.

The results of foreshore profile changes for coarse sand beach show erosion below the
SWL and development of a berm above the SWL. Moreover, the largest erosion was ob-
served near the wave breaking point. In contrast, the simulated and measured profiles of
the fine sand beach show erosion above the SWL with the generation of a bar below the
SWL. In other words, for fine sand, the dominant direction for sediment transport is to-
wards the off-shore and on the coarse sand beach it is on-shore.

In both coarse and fine beaches, the largest berm develops above the SWL when the
groundwater level is low. In this condition, the infiltration is higher and infiltration-
induced stability plays an important role in shaping the beach profile. Therefore, infiltra-
tion increased on-shore sediment transport and beach accretion.

A comparison of beach profile changes for coarse and fine sands showed that (i) the ero-
sion below the SWL and (ii) the formation of the berm above the SWL is greater on the
coarse beach than on the fine beach. In addition, the beachface gradient for coarse sand
is greater than that of the fine sand beach.

Even though beach aquifer influences the sediment transport and foreshore profile vari-
ations in nearly every condition, in/exfiltration plays a stronger role on the profile
change for the coarse sand than for fine sand beaches, due to the different hydraulic
properties.

Many mathematical and analytical models that simulate groundwater flow in coastal aq-
uifers are based on hydrostatic conditions (i.e., they assume the vertical flow is negligible
relative to the horizontal flow). The numerical results of this study, which assumed a
steep beach, reveal that the hydrostatic assumption is likely reasonable at least in the
present case of no density variations and considering phase-averaged flow.

The model’s capability to predict sediment transport and groundwater hydrodynamics

under ocean/aquifer interactions underscores its potential for understanding the evolution
of beach morphology (e.g., to predict in which conditions there will be erosion, to design de-
watering schemes, etc.). To investigate the groundwater hydrodynamics in a more realistic
set-up (field scale conditions, variable-density groundwater flow, etc.) and subjected to the
influence of waves, additional work is needed. Numerical experiments to analyze the sensi-
tivity of sediment transport and predict how different beach configurations are affected by
the physical processes in coastal aquifers are part of an ongoing study.
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Table 1. Characteristics of the waves and groundwater conditions in the experiments reported by Horn et al.

[52] and Ang et al. [53].

Initial ground-

Case H(m) Kr(ms1) Dso (mm) T(s) water elevation

(m)
1 0.15 105 0.197 2.5 0.5
2 0.15 105 0.197 2.5 0.45
3 0.15 105 0.197 2.5 0.55
4 0.15 104 0.84 2.5 0.5
5 0.15 104 0.84 2.5 0.45
6 0.15 104 0.84 2.5 0.55
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Table 2. Pressure head in the coastal aquifer for fine sand after 10 min at different positions.

Cross-shore

Experimental Meas-

Numerical simula-

Numerical simula-

Case distance (m) urement (m) tion at bottom (m) tion at f(rrie) surface
0.20 0.45 0.460 0.474
0.35 0.46 0.486 0.469
0.50 0.51 0.498 0.486
Fine sand-lower 0.65 0.51 0.512 0.500
watertable level 0.80 0.51 0.525 0.515
0.95 0.51 0.537 0.530
1.10 0.51 0.548 0.546
1.25 0.51 0.557 0.567
1.50 0.51 0.561 0.575
Average 0.50 0.521 0.518
RMSE - 0.030 0.034
0.20 0.50 0.509 0.509
0.35 0.50 0.517 0.517
0.50 0.52 0.525 0.524
Fine sand-same 0.65 0.52 0.533 0.532
watertable level 0.80 0.52 0.542 0.540
0.95 0.53 0.550 0.548
1.10 0.53 0.557 0.557
1.25 0.52 0.561 0.570
1.50 0.52 0.562 0.572
Average 0.52 0.539 0.541
RMSE - 0.025 0.029
0.20 0.55 0.549 0.551
0.35 0.55 0.553 0.550
0.50 0.56 0.556 0.553
. . 0.65 0.56 0.558 0.557
fine sand-Tiigher 0.80 0.55 0.561 0.561
0.95 0.55 0.564 0.566
1.10 0.55 0.567 0.571
1.25 0.55 0.567 0.578
1.50 0.54 0.563 0.569
Average 0.55 0.560 0.562
RMSE - 0.013 0.017
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Table 3. Pressure head in the coastal aquifer for coarse sand after 10 min at different positions.

Cross-shore

Experimental Meas-

Numerical simula-

Numerical simula-

Case distance (m) urement (m) tion at bottom (m) tion at f{;e) surface
0.20 0.48 0.466 0.476
0.35 0.51 0.489 0.479
0.50 0.54 0.502 0.491
Fine sand-lower 0.65 0.54 0.514 0.504
watertable level 0.80 0.55 0.527 0.517
0.95 0.56 0.538 0.532
1.10 0.56 0.549 0.547
1.25 0.56 0.556 0.566
1.50 0.54 0.559 0.572
Average 0.54 0.523 0.521
RMSE - 0.021 0.029
0.20 0.54 0.509 0.514
0.35 0.55 0.523 0.517
0.50 0.56 0.531 0.524
Fine sand-same 0.65 0.56 0.539 0.532
watertable level 0.80 0.57 0.547 0.539
0.95 0.58 0.554 0.548
1.10 0.57 0.561 0.557
1.25 0.56 0.565 0.571
1.50 0.55 0.563 0.573
Average 0.56 0.544 0.542
RMSE - 0.022 0.026
0.20 0.65 0.553 0.553
0.35 0.64 0.555 0.555
0.50 0.64 0.558 0.558
: ) 0.65 0.63 0.561 0.561
Pine sand-Hgher 0.80 0.62 0.563 0.564
0.95 0.61 0.566 0.567
1.10 0.60 0.567 0.572
1.25 0.58 0.567 0.579
1.50 0.55 0.561 0.569
Average 0.61 0.5616 0.5646
RMSE - 0.062 0.061
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Fig. 1. Computational flow chart of the numerical model.
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Fig. 2. Sketch of the set-up used in the experiments reported by Horn et al. [52] and in the numerical model
described in this work. Freshwater is used throughout. Waves are generated in the free water section (right)
and break on the sloping beach (left). At the left-hand end, the groundwater level is maintained at different
positions corresponding to high, mid and low groundwater elevations.
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Fig. 3. Measured and modeled head levels on the fine sand beach for (a) the same, (b) lower and (c) higher
watertable level. Cases are defined in Table 1. Dashed lines are the numerical results for free surface location,
dots give the location of the free surface based on model-predicted pressures at the base of the experimental
tank and assuming hydrostatic conditions at each measurement location, and solid lines are the experimental

data of Horn et al. [52].
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Fig. 4. Measured and modeled head levels on the coarse sand beach for (a) the same, (b) lower and (c) higher
watertable level. Dashed lines are the numerical results for free surface location, dots give the location of the
free surface based on model-predicted pressures at the base of the experimental tank and assuming hydro-
static conditions at each measurement location, and solid lines are the experimental data of Horn et al. [52].
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Fig. 5. Time variation of phase-averaged head at different depths (listed in the figure) and distance x= 1.25 m

from the landward boundary for (a) same watertable and SWL, (b) lower watertable, and (c) higher waterta-

ble. Lines with symbols are the heads for fine sand beaches and lines without symbols are the heads for coarse
sand beaches.
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Fig. 6. Time-averaged heads in the nearshore aquifer for the fine sand beach for (a) the same, (b) lower and
(c) higher watertable level.. Head units are in m
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Fig. 7. Time-averaged heads in the nearshore aquifer for the coarse sand beach for (a) the same, (b) lower and
(c) higher watertable level. Head units are in m.
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Fig. 8. Averaged infiltration/exfiltration rates on the beachface for the case with fine sand and groundwater

elevation (a) the same, (b) lower and (c) higher than the SWL. The dashed-line shows the initial beach profile.
For each plot, positive and negative values indicate the exfiltration and infiltration, respectively.
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Fig. 9. Averaged infiltration/exfiltration rates on the beachface for the case with coarse sand and groundwater

elevation (a) the same, (b) lower and (c) higher than the SWL. The dashed-line shows the initial beach profile.
For each plot, positive and negative values indicate the exfiltration and infiltration, respectively.
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Fig. 10. Streamlines (in red) and velocity vectors (blue arrows) on the fine sand beach for (a) the same, (b)
lower and (c) higher watertable levels. The length of the vectors is proportional to the magnitude of velocity.
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Fig. 11. Streamlines (in red) and velocity vectors (blue arrows) on the coarse sand beach for (a) the same, (b)

lower and (c) higher watertable levels. The length of the vectors is proportional to the magnitude of velocity.
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Fig. 12. Numerical results and experimental data [52] for foreshore profile evolution on the fine sand beach for
(a) the same, (b) lower and (c) higher watertable level.
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Fig. 13. Numerical results and experimental data [52] for foreshore profile evolution on the coarse sand beach
for (a) the same, (b) lower and (c) higher watertable level.
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