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Abstract

Wave and tide are important forcing factors that typically co-exist in coastal environments. A
numerical study was conducted to investigate individual and combined effects of these forces on
flow and mixing processes in a near-shore subterranean estuary. A hydrodynamic model based on
the shallow water equations was used to simulate dynamic sea level oscillations driven by wave and
tide. The oscillating sea levels determined the seaward boundary condition of the coastal aquifer,
where variably-saturated, variable-density flow was modeled. The simulation results showed that
waves induced an onshore upward tilt in the phase-averaged sea level (wave set-up). The resulting
hydraulic gradient generated pore water circulations in the near-shore zone of the coastal aquifer,
which led to formation of an upper saline plume (USP) similar to that formed due to tides. However,
mixing of recirculating seawater in the USP with underlying fresh groundwater was less intensive
under the high-frequency wave oscillations. In the case of combined forcing, wave-induced circula-
tions coupled with the intra-tidal flows strengthened the averaged, circulating pore water flows in
the near-shore zone over the tidal period. The circulating flows increased exchange between the
subterranean estuary and ocean, contributing 61% of the total submarine groundwater discharge for
the simulated condition in comparison with the 40% and 49% proportions caused by the same but
separate tidal and wave forcing, respectively. The combined forces also created a more extensive
USP with the freshwater discharge zone shifted further seaward. The freshwater flow paths in the
intertidal subterranean estuary were modified with a significant increase in the associated transit
times. The interplay of wave and tide led to increased mixing between discharging fresh groundwa-
ter and recirculating seawater. These results further demonstrate the complexity of near-shore
groundwater systems and have implications for future investigations on the fate of land-sourced

chemicals in the subterranean estuary prior to discharge to the ocean.

Keywords: ocean-land interaction; submarine groundwater discharge; near-shore processes; pore

water flow; solute transport; coastal water quality



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

1. Introduction

Currently more than 40% of the world population lives within 100 km from the coastline
[Martinez et al., 2007]. The rapid development of coastal areas has increased the amount of pollu-
tants discharged into coastal seas. Traditionally surface water, flowing through rivers and estuaries
to the sea, has been considered to be the main and often sole carrier of these pollutants [Moore,
1999]. However, it is now widely recognized that submarine groundwater discharge (SGD) also
provides a significant transport pathway for chemicals entering the marine environment [Moore,
1996; Li et al., 1999; Robinson et al., 2007a; Moore, 2010]. Generally, the groundwater discharge at
the shoreline comprises terrestrially derived freshwater (Qs) and recirculated seawater (SGR) [Ta-
niguchi et al., 2002], i.e.,

SGD =Q, +SGR 1)

The SGR is composed of three major components due to density-driven flow (Qq), tidally-driven
flow (Qy) and wave-induced flow (Qy) as shown in Fig. 1, i.e.,

SGR=Q, +Q +Q, (2
On the subsurface pathway from the land source to the sea, pollutants are transported through a
mixing zone similar to a surface estuary, hence called subterranean estuary [Moore, 1999]. The fates
of pollutants in a subterranean estuary are determined by local flow, transport and reaction
processes.

Flows in a subterranean estuary are influenced by the forcing provided by the inland hydraulic
gradient. In the absence of oceanic forces, fresh groundwater (carrying land-sourced chemicals)
flows on top of a saltwater wedge (SW) prior to discharge to the ocean around the shoreline. A tran-
sition zone exists between the seawater in the saltwater wedge and the overlying freshwater, where
the concentration of salt varies from the concentration of seawater to that of inland freshwater (Fig.
1). Across the transition zone, hydrodynamic dispersion causes salt to disperse into the freshwater

zone, which in turn drives the convective circulation through the wedge [Cooper, 1959]. This tran-
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sition/dispersion zone was traditionally considered as the primary area of mixing between dis-
charging fresh groundwater and recycling seawater in the subterranean estuary [Moore, 1999].

At most natural coasts, the subterranean estuary is also exposed to the influence of oceanic os-
cillations, including tides and waves. Tidal effects have been examined extensively in many recent
studies based on numerical modeling [Prieto and Destouni, 2005; Mao et al., 2006; Brovelli et al.,
2007; Robinson et al., 2007a,b; Robinson et al., 2009; Li et al., 2008; Maji and Smith, 2009; Li et
al., 2009], field measurements [Vandenbohede and Lebbe, 2005; Robinson et al., 2006] and labora-
tory experiments [Boufadel, 2000; Robinson and Li, 2004; Colbert et al., 2008; Anschutz et al.,
2009]. It has been revealed that tidal sea level oscillations induce relatively rapid recirculation of
large amounts of seawater through the subterranean estuary, which contributes significantly to the
SGD. Salt transport associated with the seawater recirculation leads to the formation of an upper
saline plume in the intertidal region (USP in Fig. 1). Compared with the lower saltwater wedge, the
USP acts as a potentially more important mixing and reaction zone, and thus may influence signifi-
cantly the fate of pollutants in the subterranean estuary. Under the tidal influence, the freshwater
flows around the USP, lengthening the flow paths and in turn increasing the transit times along the
paths [Robinson et al., 2007a].

Waves in the near-shore zone are another important oceanic forcing factor for the subterranean
estuary. While waves induce instantaneous pore water flows in response to individual bores and
wave run-up, these flows are rapidly attenuated in the beach sediment due to the high frequency [Li
and Barry, 2000; Horn, 2006]. However, the phase-averaged effects of waves may strongly influ-
ence the near-shore groundwater behavior. As the wave breaks, the resulting energy dissipation and
changes in the onshore radiation stress induce an onshore upward tilt in the mean sea level (MSL)
(i.e., wave set-up as shown in Fig. 1; [Sorenson, 2006]). This creates hydraulic gradients on the
beach surface, which drive circulations with seawater infiltrating the upper part of the beach and

exiting the beach groundwater system near the wave-breaking point, as predicted analytically by
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Longuet-Higgins [1983]. Through numerical simulations, Li and Barry [2000] found that wave
run-up also contributes to the seawater circulation. Their study further showed that the circulation
was affected by the beach groundwater table elevation relative to the MSL. However, both studies
ignored density variations of pore water and associated density-dependent flows in the subterranean
estuary.

Moore’s [1996] field study showed that, in a large coastal area, SGD could amount to as much
as 40% of the total river flow into the ocean. His estimate was inferred from a mass balance based
on measurements of enriched radium-226 in the South Atlantic Bight. Younger [1996] argued that
the recharge to the coastal aquifer was not sufficient to sustain such a high rate of SGD. The aquifer
recharge alone could support only 4% of the estimated SGD. Subsequently, Li et al. [1999] pre-
sented a theoretical model of flow and chemical transport processes in subterranean estuaries. This
model predicted that seawater circulation, caused by wave set-up and tide, may constitute up to
96% of the total SGD. Recently Robinson et al. [2007a] simulated in detail the flow processes in a
hypothetical, tidally influenced subterranean estuary and found that tide-induced and density-driven
seawater circulations contributed, respectively, 45.5% and 19% of the total SGD. As discussed
above, wave action is also likely to influence the subterranean estuary. Previous investigations of
wave effects on the near-shore groundwater have focused on the behavior of groundwater table
fluctuations [Turner et al., 1997; Nielsen, 1999; Cartwright et al., 2004]. A numerical study on the
beach groundwater flow affected by high-frequency waves was recently carried out by Bakhtyar et
al. [2010]. However, to our knowledge, the response of a subterranean estuary to waves has not
been examined in terms of flow and transport characteristics. In particular, little is known about the
role played by waves in controlling the mixing and exchange between freshwater and recirculated
seawater in the subterranean estuary. Therefore, how waves affect the subterranean estuary remains
an unresolved question. Moreover, as waves and tides co-exist at most natural coasts, understanding

the interplay of both forces is essential for quantifying flow and solute transport processes in the
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subterranean estuary.

This numerical study aimed to examine and quantify the individual and combined effects of
waves and tides on the pore water flow and salt transport in the near-shore zone of a subterranean
estuary. BeachWin [Li et al., 2002], a near-shore wave model based on the shallow water flow equ-
ations, was used to simulate sea level oscillations driven by wave and tide. The simulated, oscillat-
ing sea levels were then used to define the seaward boundary condition of a variably-saturated, va-
riable-density flow model of the coastal aquifer, based on SUTRA [Voss and Provost, 2002]. Simu-
lations were conducted under various forcing conditions: without oceanic forcing, with only tidal
forcing, with only wave forcing, and with combined wave and tidal forcing. The simulation results
were analyzed to generate insight into the complex behavior of the subterranean estuary under the

influence of waves separately and also in combination with tides.

2. Mathematical models and simulations
2.1. Governing equations and boundary conditions

The model focused on the cross-shore section of a coastal aquifer, assuming negligible flow
and solute transport in the alongshore direction (Fig. 1). The two-dimensional variably-saturated,

variable-density flow is described by:

NppSy)/0t=-V- pd +pQ (3a)
_ B P
with Gg=-K v V(—Jr Zj (3b)
£Y

where § is the Darcy flux [LT™]; t is the time [T]; K y is the hydraulic conductivity [LT™];
w 1s the capillary pressure head [L]; S, is the soil saturation [-]; ¢ is the soil porosity [-]; g is
the magnitude of the gravitational acceleration [LT?]; P is the pore water pressure [ML™T?]; Q

is the fluid source [L®T™]; z is the elevation [L]; p, is the density of fluid source [ML™] and p

is the fluid density [ML™] that varies with the salt concentration according to p= £ +Z—éc , Where
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p, is the freshwater density [ML™], C is the salt concentration (mass fraction) [-], and 2—@ IS

used to describe the linear relationship between fluid density and salt concentration, and is given by:

P _7143 kgm?*,
oC

Note that the sediment storativity due to the compressibility of fluid and sediment matrix is
neglected in equation (3a). The standard method for quantifying the compressibility-induced sedi-
ment storativity is based on the assumption of constant total stress on the porous medium and hence

Ao, (change of effective stress) = —AP (change of pore water pressure) since o, (total stress)
= o, (effective stress) + P (pore water pressure). On the beach surface, fluctuations of pore water

pressure with varying depths of overlying water would lead to changes of effective stress under the
assumption of constant total stress, generating an artificial pressure wave through the elastic sedi-
ment. However, the total stress on the beach sediment is not constant and varies in the same way as
the pore water pressure, thus giving an invariant effective stress (i.e., no expansion or contraction of
sediment matrix). To account for the total stress variation and remove the artificial pressure wave, a
tidal loading term needs to be incorporated into Richards’ equation [Reeves et al., 2000; Gardner
and Wilson, 2006; Maji and Smith, 2009]. On the other hand, numerical tests [Xin et al., 2009]
showed that if the saturated hydraulic conductivity of sediments is larger than 10 ° m/s, the com-
pressibility plays a negligible role in governing the groundwater flow in the sediment. Under such a
condition, an alternative, simpler approach for dealing with the total stress variation is to neglect the
compressibility terms in the governing equation, in which case the tidal loading modification for
Richards’ equation is no longer required [Xin et al., 2009]. Given that the beach simulated here sa-
tisfies this condition, we adopted the second approach with the compressibility of fluid and sedi-

ment matrix neglected.

Coupled with the pore water flow, the salt solute transport in the porous medium is governed

by the transport equation:
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d(p¢S,C)/dt=-V- pGC +V- pgS,DVC + p,QC” (4)
where D is the hydrodynamic dispersion tensor [LT™]; and C” is the salt concentration of the
fluid source [-]. The relative hydraulic conductivity and the soil saturation were calculated using the

van Genuchten [1980] formulas:

1 19
Sw = Swres + 1- SWres |:1+(06 l//)n:| (5)
" [le 2
K(y) = K S %2 1_{1_3@%1@ with s :'SIV__ SWSW ©

where K, is the saturated hydraulic conductivity [LT™]; S, is the residual water saturation [-];

and « [L™]and n [-]are constants.

In the present paper, the x-z co-ordinate origin was set at the mean shoreline. Coordinates of
reference points of the model domain are given in Table 1. The aquifer thickness was 30 m at the
mean shoreline, decreased offshore due to the sea bed slope and increased landward with the rising
mean groundwater table. No areal recharge to or evapotranspiration from the aquifer was consi-
dered and hence no water or solute flux occurred across the boundary AF (Fig. 1). The aquifer base,
BC, was assumed to be impermeable (zero flux). The inland boundary AB, was set far from the
shore (much further landward than the subterranean estuary) and located at x = -150 m. This boun-
dary was specified with a freshwater discharge (Qs) of 2.1 m*/d per unit width and a background salt
concentration of 1 ppt (parts per thousand, i.e., grams of salt per kilogram of solution). To enable
comparison between studies, the Q; adopted was the same as that used in the previous modeling
study of Robinson et al. [2007a]. The seaward boundary DC was also set sufficiently far from the
shoreline so that it would not affect the simulation results for the near-shore subterranean estuary. In
the simulations presented here, DC was located at x = 50 m and specified as no flux boundary (wa-
ter and solute). The boundary condition on the aquifer-ocean interface (DEF) depended on the sea

surface elevation, which fluctuated with wave and tide. Below the sea surface, the (submerged)
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boundary nodes were prescribed by hydrostatic pressure according to the local water depth given by
the sea level. Above the sea surface, two cases were considered: (1) if the (exposed) nodes were
saturated at the previous time step, they were taken as seepage face nodes with local pressure equal
to the atmospheric pressure (i.e., P = 0); and (2) if the nodes were unsaturated, they were treated as
part of a no flow boundary (more details can be found in Xin et al., [2009]).For salt transport, the
seawater concentration (35 ppt) applied where inflow (to the aquifer) occurred and zero concentra-

tion gradient was specified at nodes with outflow (from the aquifer).

2.2. Simulation of sea surface oscillations using BeachWin

To determine the boundary condition on the aquifer-ocean interface (DEF) as discussed above,
BeachWin [Li et al., 2002] was used to simulate the sea surface oscillations driven by wave and tide.
This model is based on the depth-averaged shallow water equations [Hibberd and Peregrine, 1979]:

ch 0
—+—(hu)=0 7a
6t+8x( ) (72)

%(hu) +§(hu2 +%gh2) _ _tan()gh (7b)

where h and u are the depth [L] and depth-averaged flow velocity [LT™?] of the seawater, respec-
tively; » is the beach angle [-]; and x is the horizontal coordinate with the origin defined at the
intersection of the beach surface with the averaged mean sea level [L].

A prescribed incoming wave was combined with the tide and reflective wave (calculated from
the numerical solution based on the linear wave theory) to determine the seaward boundary condi-
tions for the wave model [Kobayashi et al., 1987], i.e.,

H(t) =Z,q + Asin(et) + A, sin(e,t) (8)
where H(t) is the deep water sea level, oscillating with wave and tide [L]; Z, is the averaged

mean sea level [L]; A and A, [L] are the amplitudes of the tide and wave, respectively; o, and

o, [T™] are the angular frequencies of the tide and wave, respectively (w=27/T with T being
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the period [T]). The landward boundary was the moving shoreline. An extrapola-
tion-correction-smoothing procedure developed by Hibberd and Peregrine [1979] was applied to
determine the moving shoreline for every time step. With these boundary conditions, equations (7)

were solved to predict the oscillating sea surface elevations in the near-shore zone.

2.3. Parameter values used in the simulations and approaches of coupling wave and tide
The model setup was largely similar to that used by Robinson et al. [2007a] except for the
wave forcing condition and unsaturated flow. The aquifer with a sloping beach (slope = 0.1) was

assumed to be isotropic and homogeneous with K, =10 m/d, ¢ = 0.45, longitudinal dispersivity
o, =0.5m and transverse dispersivity «, =0.05m. S, was setto 0.1 while the van Genuchten

[1980] water retention parameters n and o were set to 14.5 m™ and 2.68, respectively. These para-
meter values are representative of sands [Carsel and Parrish, 1988] commonly encountered in
near-shore aquifers.

Four cases with different oceanic forcing conditions were simulated, where the coastal boun-
daries were respectively subjected to the influence of:

Case 1, a static (constant) sea level;

Case 2, a semi-diurnal (T, = 12 h) tide with amplitude A =1m;

Case 3, a typical swell wave with a period T, =10sand amplitude A, =0.2 m; and

Case 4, combined wave (T, =10s; A, =0.2m)andtide (T, =12h; A =1m).

The combined effects of wave and tide on the sea level were simulated explicitly by the wave
model (BeachWin), which provided predictions of sea level oscillations at very small time steps
(~0.01 s) within each wave cycle over the tidal period. To apply directly such high-frequency oscil-
lations to drive the simulation of the variably-saturated, variable-density groundwater flow in the
near-shore zone would require use of small time steps in the SUTRA-based subterranean estuary

model. On the other hand, the simulation needs to run for a very long time to resolve the tidal oscil-
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lations. This resulted in an extremely high computational cost, which prohibited the direct
(phase-resolving) simulation. Therefore, a phase-averaged approach was explored. With this ap-
proach, the simulated dynamic sea levels were averaged over the wave period to generate
phase-averaged sea levels. These averaged sea levels, which contained the wave set-up effect and
fluctuated with the tide, were then set as the boundary condition on the aquifer-ocean interface to
drive the flow model of the subterranean estuary. We conducted the Case 3 simulation using both
phase-resolving (i.e., considering the dynamic wave process) and phase-averaged sea levels to de-
fine the seaward boundary condition. Similar results were obtained, suggesting that the main wave
effect on the subterranean estuary is due to wave set-up and thus the phase-averaged approach, re-
taining this key effect, provides an effective and efficient way of representing the wave forcing,
especially in combination with the tide (detailed discussion in Section 3.1).

The model was run with a time step of 10 s (one wave cycle) for all simulations except Case 3
with the phase-resolving approach, which used a relatively small time step (~0.1 s, 10 times the
time step used in the BeachWin-based wave simulation). The same mesh generated with 31,191
nodes and 30,080 elements was used in all cases. Typically, the local mesh around the aqui-
fer-ocean interface (where the USP was expected to form) was refined with Ax=0.33 m and
Az=0.1 m. As suggested by Voss and Provost [2002], the stability criterion based on the Péclet

number (P, <4) was enforced in the simulations to avoid numerical oscillations. A series of numer-

ical tests with time steps and mesh sizes reduced sequentially were conducted to ensure that the
simulation results were independent of time step and mesh size, and thus can be considered as con-
verged numerical solutions to the mathematical model.

Following the approach by Robinson et al. [2007a], the model was initially run to the steady
state with a static sea level (Zyus.). Oceanic forcing was then introduced according to the case simu-
lated. The model was run for a sufficiently long time to reach the quasi-steady state (i.e., the peri-

odic solution) with respect to both heads and concentrations. The test on the quasi-steady state was
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based on changes in heads (similarly for concentrations) over a given cycle (tidal period) evaluated
at a set of representative points within the domain being less than 10 m. For example, for Case 2
with the tide, heads reached the quasi-steady state approximately 200 d after the simulation started,

but the quasi-steady state for concentrations took approximately 600 d.

3. Simulation results and discussions
3.1. Wave effects: Circulating flows, and salt transport and distribution

Wave transformation in the near-shore zone is a non-linear process, which leads to wave stee-
pening and breaking. As a result of wave breaking and subsequent wave energy dissipation, the av-
eraged sea level over the wave period tilts upward in the onshore direction (i.e., the wave set-up).
Longuet-Higgins [1983] demonstrated analytically that wave set-up induces pore water circulation
underneath the beach. Li and Barry [2000] and Bakhtyar et al. [2010] simulated numerically dy-
namic responses of beach groundwater to wave and found similar circulation patterns in the aver-
aged groundwater flow field. Here, we examined further the wave effects on the near-shore
groundwater flow behavior, taking into account variable densities due to salt transport. Both the
phase-resolving and phase-averaged approaches were adopted to distinguish the relative importance
of the time-averaged wave effects and instantaneous wave-induced flow oscillations.

The instantaneous pore water flows in the near-shore zone, simulated with the phase-resolving
approach, are shown in Fig. 2. The dynamic nature of the flow was clearly evident. Driven by hy-
draulic gradients associated with the fluctuating sea surface, the pore water flow oscillated. The
overall flow was also characterized by spatial patterns with persistent inflow and outflow near the
maximum wave run-up and wave-breaking point, respectively. Large hydraulic gradients associated
with steep wave fronts generated shallow circulation cells that moved across the beach as the wave
ran up and down (Figs. 2c-2f). These moving, localized circulations, observed previously by Li and
Barry [2000], did not cause significant net flux since the influx and efflux across the aquifer-ocean

interface largely canceled out. The phase-averaged flow field and sea surface elevation, calculated
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from the instantaneous results, exhibited a distinctive circulation cell and onshore tilt of the sea sur-
face, which were evidently linked (Fig. 3a).

The phase-averaged approach neglected the dynamic sea level oscillations and instead used the
averaged sea surface elevation to specify the seaward boundary condition of the subterranean estu-
ary model. However, the predicted flow, also characterized by a circulation pattern, closely resem-
bled the averaged flow from the phase-resolving simulation (Fig. 3a). The total circulation rate
based on the phase-averaged approach was calculated to be 2.23 m%d per unit width, reasonably
close to that predicted using the phase-resolving approach, 2.53 m*/d per unit width (Table 2).
Moreover, salt transport associated with the circulating flow (i.e., seawater recirculation) formed
similar salt distributions in the near-shore zone for both modeling approaches. In particular, the up-
per saline plumes generated by the circulation in both cases appeared to have the same extent, in-
cluding similar saltwater-freshwater mixing zones. The similarity was demonstrated in the compar-
ison of the contours of the predicted salt concentrations from the phase-resolving and
phase-averaged simulations (Fig. 3b). The wave-induced flow oscillations as predicted by the
phase-resolving simulation slightly increased the landward extent of the circulation cell and wi-
dened a little the mixing zone near the discharge area (wave-breaking point). Except for these rela-
tively small differences in the near-surface areas, the concentration contours predicted by both ap-
proaches virtually overlapped, suggesting that instantaneous wave-induced flow oscillations did not
affect significantly the circulating flow and associated salt transport. Therefore, the dominant wave
effect was well captured by the wave set-up of the averaged sea surface (note that the wave run-up
effect was also included in determining the tilt of the averaged sea surface).

To further examine the wave effects on the subterranean estuary, we compared the simulation
results discussed above with those from Cases 1 and 2 (Fig. 4). In the absence of oceanic forcing
(Case 1), the classical salt distribution was simulated with fresh groundwater overlying the saltwater

wedge. Mixing between fresh groundwater and seawater occurred in the dispersion zone of the
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wedge. With the forcing imposed by tide (Case 2) and wave (Case 3), the salt distribution in the
subterranean estuary changed significantly with the formation of the USP near the beach surface
(Figs. 5 and 6). The tidal simulation results were similar to those of Robinson et al. [2007a], who
modeled the same condition. The USPs in both cases were associated with seawater recirculation
driven by phase-averaged hydraulic gradients at the beach surface (i.e., the aquifer-ocean interface).
In the wave case, the averaged hydraulic gradients were linked to the onshore upward tilt of the
averaged sea surface, which led to increases in hydraulic heads at the boundary from the
wave-breaking point to the maximum wave run-up (Fig. 7). The rate of the spatial head increase,
given by the onshore slope of the averaged sea surface, was estimated to be around 0.032. Due to
seepage face and non-linear effects of tidal forcing on the sloping beach, similar hydraulic gradients
were also generated by the tide acting on the sloping beach. Averaged hydraulic heads at the beach
surface, calculated based on the tidal simulation results, exhibited an onshore increase at a rate of
0.033 within the intertidal zone (Fig. 7). Although the rates of the spatial head increase, representing
the magnitude of the hydraulic gradients at the boundary, were similar in both cases, the extent of
the intertidal zone was greater than that of the combined surf and swash zone, resulting in a more
extensive USP in the tidal case. Nevertheless, the mechanism of the circulation and USP formation
was the same in the tidal and wave cases, both driven by the averaged head gradient at the aqui-
fer-ocean interface. It is interesting to note that the formation of the USP pushed the lower saltwater
wedge offshore. This phenomenon was also observed by Robinson et al. [2007a]. The extent of the
offshore shift of the wedge corresponded with the size and location of the USP.

Despite the similarity, the wave- and tide-induced USPs differed significantly in the thick-
nesses of their mixing zones. While the wave did not seem to induce significant mixing of the re-
circulating seawater in the USP with underlying fresh groundwater, the tidal oscillations intensified
the mixing and led to thickening of the USP’s mixing zone (and that of the saltwater wedge). In

both cases, the oceanic forcing induced pore water flow oscillations in the near-shore area. Such
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flow oscillations may enhance the mixing with an increased (apparent) dispersion coefficient. Based
on the turbulence dispersion concept [Fischer et al., 1979], we suggest that the increased mixing
intensity or apparent dispersion coefficient (D) is related to,

D, < oyt )
where gy, and t. are the variance and characteristic time scale of the flow oscillations, respectively,
with t; determined by the period of the oscillations. As an example, we show the oscillating flow
velocities at a central location of the USP’s mixing zone for both the wave and tidal cases (Fig. 8).
Flow oscillations in both cases were of similar magnitudes. Based on the results, the variance of the
flow oscillations was calculated to be 0.012 m?/d? in the horizontal direction and 0.014 m?/d? in the
vertical direction for the wave case, and 0.250 m?/d® (horizontal) and 0.018 m%/d? (vertical) for the
tidal case. Given that the wave period (10 s) is much smaller than the tidal period (12 h), the mixing
induced by wave oscillations would be expected to be much weaker than that caused by tidal oscil-
lations, resulting in a much narrower mixing zone.

In summary, the wave effect on the subterranean estuary is mainly manifested as circulations
and associated USP driven by hydraulic gradients due to wave set-up (phase-average effect). The
flow oscillations induced by the high frequency wave does not significantly enhance mixing be-
tween the recirculating seawater in the USP and freshwater underneath. It should be noted that, in
the simulations, the incoming wave has been assumed to be monochromatic and of the same wave
height. In reality, random waves of temporally variable height and period would induce longer pe-

riod flow oscillations, which may intensify the salt and fresh water mixing.

3.2. Combined effects of wave and tide: Circulating flows, and salt transport and distribution
As demonstrated above, the phase-averaged approach provided an effective representation of
the key wave effect on the subterranean estuary. This approach enabled the simulation of Case 4
with combined wave and tide forcing, which would be difficult using the phase-resolving approach
due to the enormous computational demand. Based on the phase-averaged approach, sea surface

15



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

elevations averaged over the wave period were calculated from the oscillating sea surface predic-
tions by the BeachWin-based wave model. Averaged sea surface elevations, containing the wave
set-up effect and fluctuating with the tide, were then used to drive the coastal groundwater model.

The results show that while the wave-induced circulation persisted during most of the tidal pe-
riod, it interacted and merged with the intra-tidal flows (Fig. 9). The combined forcing strengthened
the pore flows in the beach. This led to a circulation zone with an increased extent and higher flow
rates compared with the results from the cases with separated tide and wave forcing. This is evident
by comparing the averaged flow field over the tidal period and the salt distribution (Fig. 10). The
USP extended further landward by 5.8 m and seaward by 7.3 m compared with the tidally generated
USP. The horizontal expansion of the USP was accompanied by a vertical deepening by 6.3 m. Such
expansion was linked to the changes in the forcing condition on the boundary. We computed the
averaged hydraulic head at the beach surface. Again the results display the head variations (gra-
dients) that drove the circulation (Fig. 7). Moreover, with wave and tide combined, the forcing zone
(with onshore gradients) expanded both landward and seaward, corresponding with the expansion
of the USP. The landward expansion was due to the wave action (set-up and run-up) above the high
tide mark at the high tide whereas the seaward shift was due to wave breaking offshore of the low
tide mark at the low tide. With the USP expansion, the lower saltwater wedge retreated further sea-
ward (Fig. 10).

The thickness of the USP mixing zone did not change significantly compared to the case with
only tidal forcing, suggesting that the mixing intensity was largely controlled by the tide-induced
flow oscillations. With the expansion of the USP, the mixing zone area increased; therefore mixing
of the recirculating seawater in the USP and underlying fresh groundwater was enhanced by the
combined forcing. However, the opposite effect occurred in the mixing zone of the saltwater wedge
with a reduced thickness, compared with the tidal case. This may be due to the influence of the am-

bient fresh groundwater flow. Obstructed by the USP, the freshwater flow path changed significant-
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ly with reduced flow areas and increasing flow speeds as it approached the beach surface. This
steepened the interface of the saltwater wedge, which might have contributed to the thinning of the
mixing zone. Also as a consequence, the potential salt transport capacity of the groundwater adja-
cent to the mixing zone increased. As the salt supply by the density-driven convection was limited,

the increased salt transport capacity could also lead to the reduction of the mixing zone thickness.

3.3. Effects on transport path and time

The individual and combined effects of wave and tide on particle travel paths and times in the
subterranean estuary were also examined. Following the method used by Robinson et al. [2007a],
the phase-averaged flow field was used to determine the particle travel path and calculate the time it
takes for a particle to travel from a certain location to the boundary of the system. For Cases 2 and 3,
the particle travel path and time were also calculated using the instantaneous flow field and these
were compared with the results given by the phase-averaged flow field. Both the travel path and
time provide valuable information about the likelihood and extent of the particle’s contact with oth-
er “particles”, including different chemicals on the solid surface, and in the fresh groundwater and
recirculating seawater. Such information is crucial for understanding the fate and distribution of
chemicals in the system [Zimmerman, 1976].

Following Robinson et al. [2007a], particles were placed at x = -55.3 m over the depth to track
the particle behavior in the freshwater zone. This initial location was treated as the landward boun-
dary of the subterranean estuary where the tidal signal is damped to 2% of the tidal sea level oscil-
lations [Robinson et al., 2007a]. Particles were also placed on the beach surface in the inflow areas
to examine the particle travel path and time in the USP and lower saltwater wedge. These results are
shown in Figs. 4-6 and 10.

In the freshwater zone, particle travel paths were modified significantly due to the USP forma-
tion by oceanic forcing. The travel paths, particularly for the shallow groundwater, were pushed

downwards by the USP and the freshwater discharged further offshore compared with the static case
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(Case 1). Both effects led to lengthening of particle travel paths and increased travel times. The ex-
tent of the path and time lengthening depended on the size of the USP, with the maximum occurred
in the case of combined wave and tide forcing where the size of the USP was also the largest. Par-
ticles travelling through the USP had much shorter transit times than those in the freshwater zone
(by an order of magnitude). The transit time varied slightly for the different oceanic forcing but for
all cases with oceanic forcing, seawater recalculating through the USP was characterized by a short
transit time. The relatively rapid recirculation of seawater through the USP provides an important
mechanism for transporting chemicals of marine origin to the subterranean estuary. Coupled with
mixing across the dispersion zone, this transport mechanism may strongly control the fate of
land-derived chemicals in the estuary prior to discharge to the ocean. In contrast, the times for par-
ticles to move through the saltwater wedge were significantly greater (2-3 orders of magnitude dif-
ference compared with the transit times in the USP). Such long transit times imply much less influ-
ence on the chemicals in the subterranean estuary by recirculating seawater through the lower saline
wedge.

To examine the effect of flow oscillations on the particle travel path and time, we also com-
puted both quantities based on the instantaneous flow field for Cases 2 and 3. The particle was in-
itially placed at x =0 mand z = -7 m for Case 2 and x = -1 m and z = -5 m for Case 3, both inside
the mixing zone of the USP. The results show that while the instantaneous trajectory of the particle
meandered around the mean travel path (based on the phase-averaged flow field), the two pathways
largely overlapped and gave similar travel times (Fig. 11). This indicates that the averaged flow
field can be used to investigate the transport pathway and time of chemicals in the subterranean
estuary subjected to tidal and wave forcing. The oscillatory displacement of the particle from the
mean travel path however may lead to mixing in areas where solute concentration gradients exist
[Smith et al., 2005]. As discussed in Section 3.1, a statistical parameter for characterizing such dis-

placement and mixing is oytc. This parameter suggests that for a given similar magnitude of flow
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oscillations, longer period oscillations are likely to induce more significant mixing. The high fre-
quency (small period) flow oscillations induced by waves caused much smaller displacement of the
particle from its mean travel path (Fig. 11b) compared with the tidal oscillations (Fig. 11a), and
therefore did not increase much the salt-freshwater mixing in the dispersion zones of the USP and

saltwater wedge (Fig. 6).

3.4. Effects on groundwater fluxes and recirculation rates

To further examine the effects of wave and tide on the subterranean estuary, the water and salt
fluxes across the aquifer-ocean interface were calculated. Daily local influx and efflux across the
interface were calculated by integrating the simulated fluxes over the oscillation period: wave pe-
riod for Case 3 using the phase-averaged approach and tidal period for Cases 2 and 4. Based on the
integrated local fluxes (Figs. 12 and 13), the beach surface can be divided to three different zones:
(1) freshwater discharge zone (FD) where only water outflow occurred (i.e., water influx = 0) with
little salt flux; (2) upper circulation zone (UDC) landward of the FD, driven by wave (WDC), tide
(TDC) or both (WTDC); and (3) lower density-driven circulation zone (DDC) offshore of the FD.
The division of the zones is essentially consistent with the salt distribution near the beach surface
except for the small border areas between FD and UDC, and FD and DDC, where mixing of dis-
charging freshwater and recirculating seawater occurred (Figs. 12 and 13).

The flux pattern in Case 1 was relatively simple with a dominant efflux in the discharge zone
accompanied by small amount of influx in the off-shore area due to the density-driven circulation.
The efflux was largely composed of fresh groundwater with a small amount of seawater provided
by the circulation (Fig. 12a). Under oceanic forcing, both the influx and efflux patterns changed
dramatically. In all cases (2, 3 and 4), significant influxes occurred in the upper region of the UDC.
These influxes were balanced by effluxes on the lower region of the UDC as evident in the
net-fluxes, an expected result since both fluxes were parts of the same circulation system. The spa-

tial extent of the UDC zone varied with the forcing as discussed previously and corresponded with
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the spatial extent of the USP along the aquifer-ocean interface. In contrast with the UDC, the lower
circulation zone experienced comparatively small fluxes for all cases.

To examine further the effects of oceanic forcing on the exchange between the subterranean
estuary and ocean, we calculated the total effluxes from the UDC, FD and DDC, which combined to
give the total SGD. The results listed in Table 2 show that oceanic forcing induced large discharges
from the upper circulation zone and contributed significantly to the total SGD. In Case 3 where
waves alone provided the forcing, the wave-induced seawater recirculation constituted 49% of the
total SGD, comparable to the contribution by the tidal forcing (40%, which is slightly less than that
calculated by Robinson et al. [2007a], possibly due to the seepage face included in the present mod-
el). When wave and tide acted together (Case 4), this portion increased to 61%. The combined ef-
fect of the two forces was not simple addition but with modulation. Nevertheless, the combined
forcing further enhanced the exchange across the beach surface. The oceanic oscillations also in-
creased the discharge associated with the density-driven circulation. This effect is likely to be re-
lated to the influence of the USP on the saltwater wedge as well as the increased mixing in the dis-
persion zone of the wedge under oceanic forcing [Cooper, 1959; Robinson et al., 2007a].

Total fluxes integrated across the beach zone were also calculated over the tidal cycle (Figs. 14
and 15). While both inflow and outflow could occur simultaneously at different locations across the
beach, the total flux integrated over the entire beach zone had a principal direction: influx dominat-
ed between mid and high tides, and efflux for the remainder of the tidal period. The period over
which efflux from the beach dominated was greater than the influx period. This asymmetry is con-
sistent with the net outflow given by the freshwater discharge. Again the enhancement of the ex-

change provided by the combined forcing is clearly evident.

4. Conclusions
High frequency waves are an important and common oceanic forcing on coastal environments.

Despite previous studies on wave-induced beach groundwater flow, the influence of waves on the
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behavior of subterranean estuaries is not well understood. Difficulties with measurements of high
frequency signals hinder to some extent field investigations on wave effects and underlying
processes. Similarly, numerical simulations of the system are challenged by enormous computa-
tional costs to resolve the high frequency oscillations, especially when the low frequency tide is also
involved. In this study, we coupled two existing models to simulate the variably-saturated, varia-
ble-density flow in a subterranean estuary subjected to wave forcing alone and in combination with
tide. A phase-averaged approach was introduced to facilitate the simulations with the combined
wave and tidal forcing.

The simulation results showed that waves induced an onshore upward tilt in the
phase-averaged sea level (wave set-up) and the resulting hydraulic gradient generated pore water
circulations in the near-shore zone of the subterranean estuary. The circulations led to an upper sa-
line plume similar to that due to tides. However, mixing of recirculating seawater in the USP with
underlying fresh groundwater was much less intensive under the high-frequency wave oscillations
compared with tidal fluctuations. Comparison between the phase-resolving and phase-averaged
simulations demonstrated that the wave effect on the subterranean estuary was predominantly con-
trolled by wave set-up, which was well represented by the phase-averaged approach. High frequen-
cy wave-induced flow oscillations simulated with the phase-resolving approach did not significantly
change the mean flow or the salt-freshwater mixing. Therefore, the phase-averaged approach was
adequate for simulations of the wave effects on the near-shore groundwater flow and transport
processes.

In the case of combined forcing, wave-induced circulations coupled with the intra-tidal flows
strengthened the averaged, circulating flows over the tidal period. These circulations increased ex-
change between the subterranean estuary and ocean, contributing 61% of the total submarine
groundwater discharge for the simulated condition in comparison with the 40% and 49% propor-

tions caused by individual tidal and wave forcing, respectively. The combined forces also created a
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more extensive USP with the freshwater discharge zone shifted further seaward. The freshwater
flow paths in the intertidal subterranean estuary were altered with a significant increase in the asso-
ciated transit times. The interplay of waves and tides led to intensified mixing between discharging
fresh groundwater and recirculating seawater. These results demonstrate further the complexity of
near-shore groundwater systems subjected to oceanic forcing and indicate the need to consider dy-
namic forcing including waves in studies of the fate of chemicals in subterranean estuaries.

The study has assumed a constant incoming wave condition over a semi-diurnal tide. In reality,
both wave height and period tend to vary with time randomly, following certain statistical distribu-
tions. Such random waves are likely to induce pore water flow oscillations of periods longer than
the primary wave period, which in turn may modify the circulating flows in the USP and lower
saltwater wedge, and increase salt-freshwater mixing. The model also assumed a homogeneous,
isotropic subterranean estuary. Heterogeneity would complicate further the flow and transport
processes. Other factors that are likely to influence how the subterranean estuary responds to ocea-
nic forcing include irregular beach morphology, multiple tidal constituents (e.g., spring-neap tides),
long period sea level oscillations, and seasonal variations of the inland hydraulic head and freshwa-
ter discharge. All these gaps point to directions for further studies on the dynamics of the subterra-
nean estuary. This work, having shed light on the wave effect with and without the tidal modulation,

provides a sound basis for these future studies.
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637  Notation

638 A amplitude [L]

639 C salt concentration [-]

640 C’ salt concentration of the fluid source [-]

641 D hydrodynamic dispersion tensor [L°T™]

642 g magnitude of the gravitational acceleration [LT?]
643 H deep water sea level [L]

644 h water depth [L]

645 K, saturated hydraulic conductivity [LT™]

646  K(y) hydraulic conductivity [LT™]

647 n van Genuchten constant for water retention curve [-]
648 P pore water pressure [ML™T?]

649 Q fluid source [L*T™]

650 Q, density-driven flow discharge per unit width [L?T™]
651  Q terrestrially derived fresh water discharge per unit width [L*T™]
652 Q tidally-driven flow discharge per unit width [L*T™]
653 Q, wave-induced flow discharge per unit width [L?T™]
654 g Darcy flux [LT™]

655 S, water saturation [-]

656 Sy residual water saturation [-]

657 T period [T]

658 t time [T]

659 u depth-averaged flow velocity [LT™]

660  x horizontal coordinate [L]

661  z elevation [L]

662  Z,q mean sea level [L]

663 « van Genuchten constant for water retention curve [L™]
664 o, longitudinal dispersivity [L]

665  a transverse dispersivity [L]

666 ¥ beach angle [-]

667 angular frequency [T™]
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Conceptual diagram of a subterranean estuary including major near-shore flow
processes (after Robinson et al. [2007a]): (1) density-driven circulation, (2) tide-induced
circulation, (3) circulation driven by wave set-up and (4) inland fresh groundwater dis-
charge. The landward boundary of the subterranean estuary is defined by the characte-
ristic length of tidal wave propagation in the aquifer. Boundary ABCDEF represents the
model domain.

Simulated flow fields during wave run-up (a, elapsed time 0 s; b, elapsed time 2.5 s) and
run-down (c, elapsed time 5 s; d, elapsed time 7.5 s). Salt concentrations (in ppt) are al-
so given in the figure. (e) and (f) are enlarged figures for the wave-front shown in (c)
and (d), respectively.

(a) Comparison between the averaged flow field given by the phase-resolving simula-
tion (white arrows) and the flow field predicted with the phase-averaged approach
(black arrows). Salt concentrations from the phase-averaged simulation (in ppt) are also
shown. The dotted line indicates the phase-averaged nearshore sea water surface. (b)
Change of the upper saline plume and the saltwater wedge (indicated by arrows) from
the phase-averaged simulation result (thin lines) to the phase-resolving simulation result
(thick lines). Contours of 90% and 10% of the seawater salt concentration are shown.
Salt concentrations (in ppt) and particle path lines for Case 1 (static). Numbers at the
path lines indicate the travel times in days. The dotted line indicates the coastal water
level.

Salt concentrations (in ppt) and particle path lines at the quasi-steady state (based on
phase-averaged flow) for Case 2 (tide). Numbers at the path lines indicate the travel
times in days. The two dotted lines indicate the extent of the intertidal zone.

Salt concentrations (in ppt) and particle path lines (based on the phase-averaged simula-
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Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

Fig. 13

tion) for the Case 3 (wave). Numbers at the path lines indicate the travel times in days.
The dotted line indicates the averaged sea level.

Phase-averaged hydraulic heads at the beach surface for Case 2 (dashed line), Case 3
(triangles) and Case 4 (circles). The solid line shows the beach surface. The arrow indi-
cates the wave-breaking point.

Variations of pore water velocities with time. (a) for the dynamic wave. The observation
point is at the center of the USP (x = -1 m and z = -5 m); (b) for the tide. The observa-
tion point is at the center of the USP (x=0mand z = -7 m).

Simulated flow fields for Case 4 at the rising tide (a, elapsed time 0 h), high tide (b,
elapsed time 3 h), falling tide (c, elapsed time 6 h) and low tide (d, elapsed time 9 h).
For comparison, the flow fields for Case 2 are given in Figures e-h. The dashed line in-
dicates the sea level.

(a) Salt concentrations (in ppt) and particle path lines (based on phase-averaged flow)
for Case 4 (combined wave and tide). Numbers at path lines indicate the travel times in
days. The two dotted lines indicate the extent of the intertidal zone, affected by wave
action.

Particle paths calculated using the phase-averaged flow field (solid line) and instanta-
neous flow field (circles). (a) for the tide (particle initially placed atx =0mand z = -7
m); and (b) is for the dynamic wave (particle initially placed at x = -1 m and z = -5 m).
Net water influx and efflux rates per unit width along the aquifer-ocean interface. (a),
static; (b), wave; (c) tide and (d), combined wave and tide. FD is the freshwater dis-
charge zone.

Net salt influx and efflux rates per unit width along the aquifer-ocean interface. (a),
static; (b), wave; (c) tide and (d), combined wave and tide. FD is the freshwater dis-

charge zone.
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Fig. 14

Fig. 15

Temporal variations of the water discharge per unit width along the aquifer-ocean inter-
face.

Temporal variations of the salt flux per unit width along the aquifer-ocean interface.
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727 Table 1. Coordinates of reference points of the model domain (x, z).

A (m) B (m) C (m) D (m) E (m) F(m)

(-150, 3) (-150, -30) (50, -30) (50, -3) (30, -3) (-30, 3)

728
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729  Table 2. Calculated water discharge and recirculation rates across the aquifer-ocean interface (per

730  unit width of shoreline). WTDC represents the circulation driven by wave and/or tide. DDC

731 represents the density-driven circulation.

Wave
Case Static | Tide Wave combined tide
Phase-resolving | Phase-averaged
SGD (m°/d) 2.30 | 5.54 5.28 4.56 7.42
Circulation rate WTDC 0 2.21 2.53 2.23 4.49
(m*/d) DDC | 020 | 1.22 0.65 0.23 0.82
Circulation percent | WTDC 0 40 48 49 61
(%) DDC 9 22 12 5 11
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