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ABSTRACT N

TURNER, LL.; COATES, B.P., and ACWORTH, R.I., 1997. Tides, waves and the super-elevation of groundwater at
the coast. Journal of Coastal Research, 13(1), 46-60. Fort Lauderdale (Florida), ISSN 0749-0208.

The action of tides and waves results in a net super-elevation of the mean groundwater surface above the elevation
of mean sea level at the ocean boundary to unconfined coastal aquifers. A comprehensive review is presented of recent
analytical, laboratory and field research that investigates ocean-groundwater interactions at the coast. Groundwater
over-height is shown to be a function of three principal factors: (1) the sloping beach face favoring vertical infiltration
relative to horizontal outflow, (2) a ‘decoupling’ between the ocean and watertable around low tide, and (3) wave setup
and runup further elevating the region of ocean infiltration above the elevation of the tide.

To exemplify the practical significance of groundwater over-height in the coastal zone, results are presented from a
three month monitoring of the fluctuating groundwater profile within a narrow coastal aquifer (north coast New
South Wales, Australia). The mean watertable on the upper beach face stood at over 1.2 m above mean sea level,
rising to 2.0 m during a period of coincident spring tides, storm waves and rainfall. This elevation was sufficient to
temporarily reverse net seaward groundwater discharge. Fourier analysis and cross-correlation assist to distinguish
the role of tides in maintaining groundwater super-elevation, from the role of storm waves in further raising the
coastal watertable for periods of 2 to 3 days. The results of a simple numerical simulation demonstrate that estimated
rates of groundwater discharge at the study site were halved when the effects of tides and waves were incorporated
in the definition of the ocean boundary.

ADDITIONAL INDEX WORDS: Coastal watertable, beach face, runup infiltration, groundwater seepage, unconfined
aquifer. coastal discharge, numerical simulation.

INTRODUCTION

In the last five years a resurgence of interest in the coastal
literature has highlighted that ocean processes can have a
significant influence on unconfined coastal aquifers, resulting
in a net super-elevation of the watertable at the land-ocean
boundary to groundwater discharge. This theoretical and ex-
perimental notion appears to be less well recognized in the
field of groundwater investigation, where it is common to as-
sume that the coastal boundary is equivalent to mean sea
level. This discrepancy may have important implications to a
range of research and practical applications, including shore-
line stability, the design of structures adjacent to the coast,
water quality in closed coastal lakes and lagoons, coastal eco-
logical studies, the operation of dune sewage disposal, and
domestic water supply. A wider discussion of these applica-
tions is detailed in TURNER (1995a).

The objectives of this paper are twofold: in Part I the an-
alytical and experimental results of a number of researchers
are brought together to provide an overview of the current
understanding of wave/tide-groundwater interactions; and in
Part II the results of a field investigation are presented to
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provide a practical demonstration of the significance of tides
and waves to groundwater research, planning and design in
the coastal zone.

PART I: REVIEW

The watertable within a beach follows the diurnal rise and
fall of the swash zone across the beach face. The elevation
and extent of this region of runup infiltration and ground-
water seepage is a function of several factors, principally
beach morphology, tidal stage, and prevailing wave condi-
tions. As the beach face represents the coastal boundary to
groundwater discharge, investigation of watertable elevation
and fluctuations immediately landward of this region is fun-
damental to a clear understanding of groundwater processes
in the coastal zone.

The ‘Textbook’ Solution to Tidal Fluctuations

The governing equation for one-dimensional unsteady
groundwater flow in an unconfined, homogeneous and isotro-
pic aquifer of hydraulic conductivity K and specific yield (or
drainable porosity) S, is derived from Darcy’s Law:
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where v, is specific discharge (or Darcy velocity) and & the
elevation of the free water surface (watertable) above some
lower-bounding aquitard. Substituting Eqn. 1 into Eqn. 2:
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the familiar Boussinesq equation is defined to describe tran-
sient horizontal flow. Under the assumption that hydrostatic
conditions prevail (i.e. horizontal flow dominates over verti-
cal), this 1-D governing equation is sufficient to describe
shore-normal groundwater flow (NIELSEN, 1990). In general,
when the magnitude of watertable fluctuations is small com-
pared with the depth d of the aquifer, Eqn. 3 may be linear-
ized to give

oh  Kdo*h )
ot S, o
By substitution of aquifer transmissivity T (= hydraulic con-
ductivity X saturated depth) and equating specific yield to
unconfined storativity, Equation 4 reduces to a form more
familiar in hydrological texts

#h S, oh 5

ez T ot )
An idealized coastal geometry can be considered to be vertical
beach face overlaying a horizontal impermeable layer. Nu-
merous researchers have investigated the watertable fluctu-
ations that result when this vertical coastal boundary is sub-
Jject to periodic rise and fall of the ocean water-level (e.g. FER-
RIS, 1951; WERNER and NOREN, 1951; GREGG, 1966). For
simplicity, the head at the ocean boundary is defined by a
simple sinusoidal oscillation

h=h, sinwt (6)

where 4, is the tidal amplitude and  is the angular velocity
of the tide. If it is further assumed that 2 = 0 at x = =, by
applying these boundary conditions a solution to Equation 5
is derived

—_— 2 T ——
h(x,t) = he ™ "SIgin (—T—r - xV*nSX/t‘,T> (7

o

This is the standard solution to tide-induced groundwater
fluctuations found in popular hydrological texts (e.g. TopD,
1980 p. 242-246; FETTER, 1988 p. 156-157). The amplitude
of groundwater fluctuations at a distance x from the shoreline
is simply

h, = he W TSAT (8

and the time lag of these fluctuations relative to the ocean
tide found by

t, = xVt,S, /4AnT (9)

The tidal wave propagates landward through the coastal
aquifer with a velocity

v, = Zx_ = VanTh.S. (10)
L
and wavelength
L, =v.t, = V4t T/S, 1D

By substitution of L, for landward distance in Equation 8,
the simplified solution (Equation 7) to tidal groundwater os-
cillations can be seen to describe a sinusoidal wave that de-
creases in amplitude landward by a factor e 2" per wave-
length. The ratio of groundwater to tidal amplitude is known
as the tidal efficiency of the aquifer (JacoB, 1940). Most im-
portantly, by this standard textbook solution the mean eleva-
tion at the land-ocean boundary is equal to mean sea level.

Shortcomings

There are three principal shortcomings to the tidal ground-
water solution presented above. The first is that waves are
not included. Infiltration from wave setup and runup at the
beach face will raise the effective ocean water-level above the
elevation of the ocean tide. These processes are discussed lat-
er. The second and third inadequacies of this standard solu-
tion are of equal importance, for it fails to describe two im-
portant and experimentally well demonstrated characteris-
tics of watertable fluctuations at the coast. Since the pio-
neering work of EMERY and FosTER (1948) and the
experimental work of a number of subsequent investigators
(e.g. ERICKSON, 1970; HARRISON et al., 1971; LANYON et al,
1982; NIELSEN et al., 1988), it is now well recognized that:

(1) coastal watertable fluctuations exhibit a marked skew-
ness with time, and

(2) mean watertable elevation may stand significantly above
mean sea level.

It is an over-simplification to consider beach watertable fluc-
tuations as exponentially-decaying sinusoidal waves propa-
gating landward around the elevation of mean sea level.

Vertical Beach Face Solution

PaILIP (1973) may be the first researcher to have investi-
gated an analytical solution to the non-linearity of tidal wa-
tertable fluctuations. As a practical application of the more
general problem of non-linear diffusion, the super-elevation
of the mean groundwater-level landward of the beach face is
shown to arise due to the non-linearity of Equation 3. This
deviation becomes increasingly significant as the amplitude
of tidal fluctuations &, approaches the depth d of the aquifer.
Philip again assumed a vertical interface between the sea
and land, and derived an expression for the asymptotic inland
over-height /., which as re-expressed by NIELSEN (1990) is
approximately

2
_hs

(1
id 2)

For the extreme case of a tidal amplitude equal to the depth
of a shallow coastal aquifer (i.e. 2, = d), even in the absence
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of net through flow, the inland watertable will stand approx-
imately 25% higher than mean sea level.

The simple physical explanation for this over-height phe-
nomenon in shallow coastal aquifers is that the effective aqui-
fer transmissivity (i.e. hydraulic conductivity X saturated
depth) is greatest at high tide, so water from the ocean can
flow landward more readily at high tide than it flows seaward
at low tide. Analogous to wave setup at the shoreline balanc-
ing the excess landward flux of momentum in the nearshore,
the over-height of groundwater at the beach face balances the
tendency for enhanced landward flow. SMILES and STOKES
(1976) confirmed experimentally the findings of PHILIP
(1973) in a Hele-Shaw cell. KNIGHT (1981) further extended
the analytical solution of Philip by demonstrating that it is
valid for both two dimensional as well as one dimensional
flow.

Sloping Beach Face Solution

The existence of an asymptotic inland over-height in the
coastal watertable is a useful result, but it still does not pro-
vide insight into the dynamic behavior of coastal groundwa-
ter. It must also be emphasized that this mechanism is only
significant in shallow aquifers. Importantly, this approach
neglects probably the most critical physical process influenc-
ing groundwater elevation at the coast. The land-sea inter-
face is (of course) a non-vertical beach face, and this sloping
boundary dominates watertable response to ocean forcing.

The physical explanation for the significance of a sloping
coastal boundary is straightforward to comprehend. Water
can infiltrate vertically into the beach face during the flood-
ing tide, but must seep essentially horizontally through the
beach during the ebbing tide. In simple terms, a beach will
‘fill’ more easily that it can ‘drain’. It is clear that a sloping
beach face favors ocean inflow, implying a tendency for net
super-elevation of the coastal watertable and an accompa-
nying skewness of the time variation for tidal watertable fluc-
tuations.

The analytical description of such groundwater behavior is
unfortunately complex. The non-linear filter effect of a slop-
ing beach face is an unusual boundary condition. Attempts
at undertaking such analysis have only begun to appear in
the literature within the last five years. NIELSEN (1990)
adopted a perturbation approach in order to incorporate some
of effects of a sloping beach face. The starting point is to as-
sume that the solution to the ‘sloping beach problem’ can be
written in the form

hx,t) = h(xt + e h,(xt) + € hy, (x,t) + ..... (13)

where h(x,t) is the time dependent elevation of the watertable
at a point x landward of the shoreline, A, is the “vertical
beach solution” (Equation 7), and the non-dimensional per-
turbation parameter € is given by

€ =kAcot B (14)

i.e. the wave number % times the horizontal semi-excursion
of the tide across the beach face (A cot 8). A solution correct
to the first order in € was derived

h(x,t) = MSL + A cos(wt — kx)e 2

1

V2 _
+ €A 3 + T3 cos(2wt + E - \/Qkx)e“z’”‘

(15)

which shows that the first order effect of a sloping beach is
to lift the mean watertable within a beach a distance 0.5¢A
above mean sea level, and produce a skewing of the time vari-
ation via the (cos 2wt) term.

A comparison by NIELSEN (1990) of recorded water table
fluctuations with both the vertical beach face solution (Equa-
tion 7) and the first order sloping beach face solution (Equa-
tion 15), found that some improvement is achieved. However,
neither the predicted over-height nor the steepening of the
rate of watertable rise are strong enough. A second order so-
lution was found to provide only minor improvement.

Seepage Face Development

A fundamental assumption necessary to the derivation of
the sloping beach face solution (Equation 15) is that the wa-
tertable tracks the movement of the tide across the beach
face. Hence the elevation of the watertable immediately land-
ward of the beach face is assumed to match the elevation of
the ocean tide. In reality, across a low gradient beach face
the watertable typically decouples during tidal ebb, resulting
in the formation of a seepage face that continues to increase
in vertical extent through the falling tide. An outcropping of
groundwater at the beach face results when the rate of tidal
fall exceeds some maximum rate of exit point fall. Once it has
occurred the continued motion of the free surface, prior to
exit point over-topping on the flooding tide, remains indepen-
dent of ocean water-levels. ’

A recent field study of beach seepage face development is
reported by TURNER (1993a, 1993b, 1994). The maximum
rate of vertical exit point fall (V,_,) across a beach face can
be approximated by

Vo = 75 sin?B (16)
n

where K and n are hydraulic conductivity and porosity of the
beach face and S is beach face slope. By neglecting the effects
of waves and assuming that the tide may be approximated
by a simple sinusoid, TURNER (1994, 1995b) derived a seep-
age face parameter 3 to indicate the range of tide, morpho-
logical and sediment characteristics for which seepage face
development is anticipated. From these results it is evident
that watertable-tide decoupling will occur on all but the
steepest of tidal beaches composed of very coarse sediment.
In support of this field research, ASEERVATHAM et al. (1993)
report on a series of Hele-Shaw cell experiments to test NEIL-
SEN’S (1990) sloping beach face model, and similarly conclude
that seepage face development limits the usefulness of the
1D analytical approach. It is notable that the lowest slope
included in these laboratory experiments was 40°, clearly far
in excess of typical beach face slopes, but still sufficient to
produce significant deviation between observed and predicted
near-coast watertable elevation and dynamics.
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Wave Effects

The role of waves in further modifying groundwater ele-
vation in the coastal zone is two-fold: setup at the shoreline
results in a raising of the mean water surface at the shore-
line; and runup of waves across the beach face further ele-
vates the potential zone of seawater inflow. BOwEN et al.
(1968) provided a simple model of setup B, at the shoreline
as a linear function of wave height

B.=B,., + %VH,, (17
where H, is breaker wave height, v is the ratio of wave height
to water depth and B,,, is the maximum setdown immedi-
ately prior to wave breaking. With waves typically breaking
in water depths approximately 1.2 times their height, setup
at the shoreline by this formulation is anticipated to be ap-
proximately 25% of the height of wave breaking. This model
provides an appealing means of predicting setup at the shore-
line as a linear function of water depth. However, experi-
mental studies including BOWEN et al. (1968) and VAN DORN
(1976) suggest that the mean water surface close to the shore-
line steepens still further. An extensive field investigation of
setup along the NSW coast reported in HAnsLow and NIEL-
SEN (1993) provides an alternative empirical relationship

B, = 0.048H,,,.L,) (18)

ormso

Here setup at the shoreline is given as a function of deep-
water root mean square (rms) wave height H_, _ and wave
length L,. As a rule-of-thumb, the authors conclude that
shoreline setup on natural beaches will raise the mean water-
level at the beach face approximately 40 % of the rms offshore
wave height above the elevation of the ocean tide.

Runup of waves on the beach face is super-imposed on the
already elevated mean water-level induced by wave setup.
The maximum height of wave runup is a function of beach
slope, slope roughness, slope permeability and wave steep-
ness. These parameters are in turn dependent on such pa-
rameters as sediment grain size, local wave climate and near-
shore bathymetry. Little work in quantifying rates of runup
infiltration at the beach face has been attempted. NIELSEN
et al. (1988) proposed an analytical approach to incorporate
wave effects within a modified solution to coastal watertable
fluctuations. The diffusion equation (Equation 3) becomes in-
appropriate between the still water-level X at the shoreline
and the maximum runup limit X, and instead may be re-
place by

n_ 1—{,‘—’(/1,‘,’—") YU, forXe<x <X, (19)
ot naxy ox
where U, represents some time-dependent rate of infiltration.
For the simplified case of no tides the problem reduces to one
of quasi steady-state conditions, and Equation 19 becomes
12
(:—x’j = —I%dU[(x) (20)
An interesting result of this simple steady-state analysis is
that if the (unknown) form of the infiltration velocity is as-
sumed proportional to K, then solutions to Equation 20 (see

NIELSEN et al., 1988; KaNG and NIELSEN, 1994) suggest that
the inland over-height is independent of beach hydraulic con-
ductivity. Recent wave flume experiments incorporating both
fine and coarse sand appear to confirm this result (ASEER-
VATHAM et al., 1993; KanG and NIELSEN, 1994; KANG et al.,
1994). Through regression analysis it was determined that,
for the range of wave and beach slopes examined, watertable
over-height in the absence of tides may be approximated by

h, = 0.62 tan BHL, M = 0.62¢ 2D

where £ is the surf similarity parameter (BATTJES, 1971).

The inclusion of wave effects within the non steady-state
description of tidal watertable rise and fall is yet to be at-
tempted. Sufficient knowledge of infiltration characteristics
within the runup zone is not available. In light of the addi-
tional complications inherent due to watertable-tide decou-
pling it appears unlikely that an analytical solution to
wave/tide watertable response is close at hand. At present,
site specific monitoring is the only practical means of quan-
tifying groundwater over-height at the coast.

PART II: FIELD INVESTIGATION
Field Site and Methodology

To demonstrate the practical significance of tides and
waves to groundwater elevation at the coast, a shore-normal
transect of seven in-ground water-level recorders were in-
stalled within screened piezometers near Lennox Head, on
the far north coast of New South Wales, Australia (Figure 1).
The study aquifer is approximately 150 m wide and 30 m
deep, representing a prograded Pleistocene sand barrier cap-
ped on its seaward side by a receding Holocene foredune sys-
tem (Roy, 1982; DRURY, 1982). The inferred characteristics
of the study aquifer are summarized in Figure 2.

The piezometer transect is bound on its western (landward)
side by the coastal Lake Ainsworth, and on its eastern (sea-
ward) side by the Pacific Ocean. The presence of the Lake
provided a convenient control on the regional groundwater
elevation. The occurrence of the heavy minerals rutile, zircon
and ilmenite in economic quantities has resulted in extensive
sand mining of the beach and frontal dunes prior to 1974
(NSW PusLic WoORKs, 1983). This activity may account for
the lack of indurated material encountered during aquifer in-
vestigations. Piezometer installation was achieved by vibro-
coring and rotary drilling, permitting the recovery of core and
sand samples for sieve grain size analysis. Hydraulic conduc-
tivity of the Pleistocene and Holocene units was inferred from
the grain size technique of Hazen (refer FREEZE and CHERRY,
1979); and in situ from repeated compressed air slug tests
analyzed by the methodology of HvoRsLEV (1951). A more
detailed discussion of the above equipment installation and
aquifer investigations is detailed in TURNER (1995a).

The seaward-most piezometer (site A) was located on the
upper beach face approximately 5 m seaward of the incipient
foredune. This represents the approximate runup limit dur-
ing spring high tides. The next four piezometers (sites B, C,
D, G) were spaced at approximate 10 m intervals landward
of this point. Sites E and F were located in the landward half
of the aquifer (refer Figure 1). Piezometers were constructed
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Figure 1. Location map of field site: near Lennox Head, on the far north coast of New South Wales, Australia.

of 50 mm PVC screwed and socketed pipe. The intake zone
consisted of a 1.0 m section, machine slotted to 0.04 mm at
a spacing of 10 mm. A geotextile sheath excluded the entry
of fine sand. Pairs-of screened piezometers were installed at
sites B, C and F to assess the variation of hydraulic conduc-
tivity with depth.

At each site a stand-alone vented pressure sensor was in-
stalled to log at 15 minute intervals. A telemetered network
of existing instrumentation maintained by NSW Public
Works provided the additional data necessary to this study.
_ Hourly significant wave heights were obtained from a wave-
rider buoy located in approximately 80 m of water 20 km
north-east of Lennox Head. A water-level recorder and plu-
viometer installed in Lake Ainsworth provided 15 minute

lake-level and local rainfall intensities and duration. A tide
gauge located 10 km to the south provided 15 minute ocean
tide levels.

Results

Water-levels recorded at sites A to E for a three month
monitoring period from October to December, 1994 are com-
piled in Figure 3 (site F is not shown—a fault in the instru-
ment caused it to be highly temperature sensitive, resulting
in a spurious diurnal signal). During this three month de-
ployment the level of Lake Ainsworth fell approximately 450
mm from 2.15 to 1.70 m AHD (Australian Height Datum),
before rising sharply in early December to its prior level. As
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noted previously, the water-level in the Lake corresponds to
the fall and rise of regional groundwater. In contrast, the
elevation of the watertable at the upper beach face (site A)
shows much greater variability (up to 1.0 m), fluctuating in
the range 1.0 to 2.0 m AHD.

There are three notable features to these time series of
near-coast groundwater elevation: the watertable at the land-
ocean boundary is consistently elevated above mean sea level
(= 0 m AHD); higher frequency (daily) oscillations of the or-
der of 10 cm at the seaward-most well attenuate rapidly in
the landward direction; and lower frequency, but larger mag-
nitude (0.2-1.0 m) events further elevate groundwater for pe-
riods of several days.

Qualitative insight into the role of waves and tides in pro-
ducing these latter two features of recorded watertable ele-
vation can be inferred from Figures 4 to 6. In these Figures
the elevation of the watertable at the seaward-most site A is
plotted, along with the corresponding time series of ocean
tide level, offshore significant wave height and rainfall (note
change of watertable and rainfall axis-scaling in Figure 6). It
is evident that higher frequency oscillations of the watertable
correspond to the daily rise and fall of the tides, with the
larger of these oscillations tending to correspond to periods
of spring tides (e.g. around the 20*" November, Figure 5).
Peaks in the super-elevation of the watertable in October
(21=+-25%), November (7t"—~11t) and December (34-7th) are as-
sociated with larger wave events (of the order of 3.0 m sig-
nificant wave height) super-imposed on spring tides. The
highest watertable peak recorded in early December resulted
from the coincidence of large waves (and hence significant
setup and runup infiltration at the beach face), high ocean

levels due to king spring tides, and significant rainfall (200 +
mm in 48 hours). During this event the hydraulic gradient
within the aquifer reversed for a period of approximately 2
days, indicating the stagnation and probable net landward
flow of groundwater at this time.

Mean, Maximum and Minimum Watertable Elevation

The mean, maximum and minimum watertable elevations
recorded at each site during the three month deployment are
summarized in Table 1. The lake level is included for com-
parison. On the upper-beach face, in the vicinity of the runup
limit of larger waves (site A), the mean elevation of the re-
corded watertable stood at over 1.2 m AHD. This single ob-
servation highlights the importance of including for the ef-
fects of waves and tides in coastal groundwater investigation.
With the mean elevation of the Lake at approximately 2.0 m

Table 1. Mean, maximum and minimum watertable elevation. Sites A to
F, October-December, 1994 (Lake Ainsworth is included).

Distance from Mean Max. Min.

Piezometer Upper Beach Elevation Elevation Elevation

ID Face (m) (m AHD) (m AHD) (m AHD)
Site A 0 1.22 2.00 0.94
Site B 12.5 1.33 2.05 1.06
Site C 21.4 1.42 2.12 1.14
Site D 31.9 1.45 2.16 1.20
Site G 41.4 1.52 2.21 1.24
Site E 79.2 1.63 2.12 1.34
Site F 118.6 1.84 2.25 1.54
Lake 161.4 1.99 2.12 1.71
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Figure 4. Upper beach face watertable, ocean tide level, offshore significant wave height and rainfall—October, 1994.

AHD, the prevailing assumption that mean sea level (0 m
AHD) is the ocean boundary to coastal groundwater flow,
would result in @ more than doubling of the actual mean hy-
draulic gradient driving groundwater discharge. The tide,
wave (and rainfall) driven fluctuations are of sufficient mag-
nitude and duration to result in significant variability to
rates of through-barrier flow.

Tidal Watertable Fluctuations

The landward propagation and attenuation of diurnal wa-
tertable oscillations is evident in Figure 3, and their associ-
ation with ocean tides apparent from a visual examination of
Figures 4, 5 and 6. Spectral analysis provides a convenient
technique to further demonstrate the role of tides in driving
coastal groundwater fluctuations, and the action of the beach

face as a low pass filter to oscillations at the ocean boundary.
In Figure 7 the time series of the tide and logged water-levels
at sites A to D for the month of October have been trans-
formed to the frequency domain. The time series were de-
meaned prior to fast Fourier transformation, and smoothed
using a Parzen window.

The rapid landward attenuation of the principal lunar
(12.42 hrs) and principal solar (12.00 hrs) tidal constituents
is apparent. Despite this diurnal frequency dominating tidal
fluctuations, at site B (approximately 10 m landward of the
beach face) corresponding watertable oscillations are virtu-
ally undetected. The merging of these two constituents in to
one spectral peak in the tide and site A spectra is indicative
of their frequencies being too close to distinguish. Spectral
peaks corresponding to the principal diurnal lunar (25.82 hrs)
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Figure 5. Upper beach face watertable, ocean tide level, offshore significant wave height and rainfall—November, 1994.

and principal diurnal solar (24.07 hrs) constituents are of
greater relative importance, but again their attenuation is
rapid. By site D (30 m landward of the beach face) diurnal
watertable oscillations have almost disappeared. As has been
noted by previous researchers (e.g. LANYON et al., 1982; WAD-
DELL, 1976; HEGGE and MASSELINK, 1991) it is apparent
that the beach face acts as a low pass filter. The lower the
frequency of periodic fluctuations at the beach face, the fur-
ther inland these oscillations will propagate within an un-
confined aquifer.
The landward attenuation of the tides may appear to sug-
- gest their relative insignificance to groundwater in the coast-
al zone. However this is a misinterpretation. For it is not the
magnitude of tide-induced fluctuations that is significant, but
rather their asymmetry in producing a super-elevation of the

watertable. As illustrated in Figure 8, this results in a char-
acteristic skewing of tidal watertable fluctuations. The wa-
tertable rises on the flooding tide at a greater rate than it
falls during tidal ebb. The incomplete drainage of the beach
face repeated over many tidal periods results in a net raising
of the groundwater elevation above mean sea level, even in
the absence of wave setup and runup. The lower the beach
face slope and/or finer the sand of which it is composed, the
higher coastal groundwater is anticipated to stand above
mean sea level.

Wave-Associated Watertable Fluctuations

The role of waves in driving the larger groundwater fluc-
tuations observed at Lennox Head has already been identi-
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Figure 6. Upper beach face watertable, ocean tide level, offshore significant wave height and rainfall—December, 1994.

fied in a qualitative manner in Figures 3, 4 and 5. Cross-
correlation provides a meaningful tool with which to quantify
the strength of the association between wave height variation
and recorded watertable fluctuations. In Figure 9 the results
are shown of cross-correlation between offshore significant
wave height and the recorded time series of groundwater el-
evation at sites A, B, C, and D. The month of November was
selected for this analysis as negligible rainfall recorded dur-
ing the 30 day period (refer Figure 4) removes the confound-
ing influence of recharge by precipitation. Cross-correlations
between recorded wave height and monitored watertable el-
evation are indicated for successive 15-minute time lags from
0 to 300 (i.e. 0 to 75 hours).

At all sites, strong correlation between wave height and

watertable elevation is apparent, statistically significant at
the 95% level. The time lag at which the peak correlations
are calculated increase in the landward direction, demon-
strating the relatively slow response rate of the coastal aqui-
fer to varying setup and runup at the beach face. On the
upper beach face (site A) the response of the watertable
lagged changing wave height by close to 24 hours, and by site
D this nearly doubles (41.5 hrs). The explanation for this
marked delay in aquifer response to wave effects has not been
previously addressed in the literature, but is probably ac-
counted for by tidal regulation. Enhanced setup and runup
will result in significant infiltration only when the mean wa-
ter-level is elevated above the outcrop of the watertable on
the beach face. As this is limited to around the daily highest
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tide on fine sand and low gradient beaches, the tide in effect
regulates the potential for groundwater inflow at the beach
face.

Numerical Simulation

The three month field monitoring at Lennox Head confirms
the theoretical notion that waves and tides are significant
variables that should be considered within groundwater-re-
lated coastal research or management. To highlight the par-
ticular significance of the mean watertable standing above
mean sea level, a simple numerical simulation was developed
to enable rates of groundwater discharge to be contrasted in
the presence/absence of beach face super-elevation.

It is tempting to foresee a numerical scheme that incor-
porates a sloping beach face, subject to the periodic rise and
fall of the tide, superimposed by runup and backwash in the
swash zone. Unfortunately, such a numerical model is most
likely beyond the present state of the art. In particular, in-
sufficient insight is available as to the rate and distribution
of runup infiltration at the beach face. Further complications
include the time-varying distribution of unsaturated flow,
and the dynamics of the capillary fringe above an oscillating
watertable. As a practical alternative, the simplified ap-
proach adopted here is to neglect the complexities of the
beach face, and instead incorporate the monitored time-vary-
ing head at the aquifer-ocean boundary, within an ’off the
shelf groundwater package. The model used here is the U.S.
Geological Survey’s MmoDFLOW (McDoNALD and HARBAUGH,
1984), the code most widely used by groundwater profession-
als. The pre- and post-processor PROCESSING MODFLOW
(CHiaNG and KINZELBACH, 1991) was used to calculate flow
budgets. To keep the analysis as simple as possible, the model
was effectively run in two dimensions (depth and shore-nor-
mal distance), to simulate groundwater discharge to the coast
per unit width of shoreline.

Model Implementation

A two layer aquifer was defined, incorporating a 30 m deep
Pleistocene unit, the top 5 m on the seaward side replaced by
a Holocene unit (refer Figure 2). Model grid spacing in the
x-direction (shore-normal) was set at 2 m, extending from the
shore of Lake Ainsworth to the location of site A on the upper
beach face. Three simulations are detailed. In all cases the
landward (Lake Ainsworth) boundary was defined as a spec-
ified and variable head, matching the declining lake-level
logged during the two week period from the 1+ to 14" of No-
vember, 1994 (refer Figure 3). As no rainfall was recorded
during this time (Figure 5) the need to incorporate recharge
by precipitation is removed. The ocean boundary condition
was defined in a different manner in each simulation:

(1) simulation 1—The logged water-level at site A was used
to define a specified and variable head ocean boundary,
corresponding to the super-elevated watertable recorded
during the first two weeks of November.

(2) stmulation 2—The ocean boundary was fixed at 0 m AHD
at the position of site A equivalent to the upper beach
face.

(3) simulation 3—The model grid was extended 40 m (20 grid
cells) further seaward to match the intersection of mean
sea level with the beach face. The ocean boundary was
fixed at 0 m AHD at this position corresponding to the
mid beach face.

The second and third simulations are both included as
there remains some uncertainty as to where the seaward
boundary to an unconfined coastal aquifer should be defined.
It is anticipated that the upper beach face is more commonly
selected, as this region is simpler to distinguish from maps
and aerial photography. However, the intersection of mean
sea level with the beach face is probably a more realistic
choice.

The model was first run in a steady-state mode, to solve
for initial heads within the aquifer. Transient simulations
were then run for a simulated period of 14 days, incorporat-
ing 336 stress periods of 1 hour duration, 4 time steps (15
minutes) per stress period. Model calibration and verification
was achieved by matching simulated heads with recorded wa-
ter-levels at sites B, C, D, G, E and F.

Simulation Results

Figure 10 contrasts daily discharge (per meter shoreline)
through the cross-sectional area of the model aquifer, mea-
sured mid way between the lake and ocean. The difference
between calculated rates of groundwater discharge is strik-
ing. For the monitored ocean boundary (simulation 1), the
mean daily rate of through-barrier flow is 5.0 m? per meter
shoreline, contrasting with a more than doubled mean dis-
charge rate of 11.6 m*m when the ocean boundary is fixed
at 0 m AHD on the upper beach face (simulation 2). A modest
reduction to 8.9 m*m in this mean rate of daily discharge is
apparent when the ocean boundary is more realistically lo-
cated on the mid beach face (simulation 3). It is also signifi-
cant to note in simulation 1 that, relative to mean daily
through-flow, a 20% reduction in discharge is evident during
the raised watertable event corresponding to the 8% Novem-
ber storm. Increased runup infiltration at the beach face re-
sulted in enhanced super-elevation of the watertable, and
hence a further reduction in hydraulic gradient driving
groundwater flow to the coast. For a period of several days
the daily rate of groundwater through-flow dipped apprecia-
bly below the calculated mean.

The importance of recognizing the role of tides and waves
in super-elevating groundwater at the coast is succinctly
demonstrated in Figure 11. Cumulative 14-day discharge for
the three simulations is shown, and clearly illustrates that
significant over-estimation of groundwater discharge can re-
sult when beach face super-elevation is neglected. Contrast-
ing with the favored estimate of 70 m®m shoreline over the
14-day period, depending on where at the beach face the
ocean boundary is deemed fixed at 0 m AHD, rates of simu-
lated discharge vary between 125 m?® and 163 m? per m shore-
line. Integrated over much longer time periods, it is apparent
that large discrepancies may arise between calculated and
estimate discharge if the ocean boundary is inappropriately
defined.
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CONCLUSIONS

The action of tides and waves across a sloping beach face
results in the super-elevation of groundwater at the coast.
This is counter to a prevailing assumption that the ocean
boundary to groundwater discharge is equivalent to mean sea
level.

The periodic rise and fall of the tide produces an asym-
metric variation in watertable elevation at the beach face.
Due to the ability of a beach to 'fill’ (vertical infiltration) more
easily than it can ’drain’ (horizontal seepage), watertable-
ocean decoupling and seepage face development are common
during the ebbing tide. Prior to over-topping by the flooding
tide, the continued motion of the watertable exit point is in-
dependent of ocean water-levels. The action of wave setup
and runup at the beach face results in further infiltration
(and hence super-elevation) above the still ocean level.

The field results obtained in this study indicate that the
magnitude of groundwater super-elevation can be significant.
The mean beach face elevation of groundwater at the study
site stood at approximately 1.2 m above mean sea level. This
over-height was observed to vary by over 1.0 m, rising to a
maximum of 2.0 m above mean sea level in response to co-
incident spring tides, storm waves and rainfall. It is antici-
pated that the height of groundwater super-elevation will in-
crease with rising tide range, greater exposure to the pre-
vailing wave climate, and finer sediment grain size.

The numerical simulation of coastal discharge in the pres-
ence/absence of a super-elevated ocean boundary demon-
strates the practical importance of recognizing tide and wave
effects when undertaking groundwater studies in the coastal
zone. Calculated rates of discharge at the field site doubled
when these processes were neglected.

ACKNOWLEDGEMENTS

This research was supported by NSW Public Works. The
authors wish to thank Mark Groskops, Col Brown and Phil
Clarke of Australian Water and Coastal Studies Pty Ltd for
the installation of piezometers. Assistance in the field was
provided by John Floyd, Louise Howells and Lindel Leyland.
Hassan Resland undertook the sieve analysis of sediment,
and Lorraine Beal assisted with the drafting of figures. The
comments or two anonymous reviewers are gratefully ac-
knowledged.

LITERATURE CITED

ASEERVATHAM, A.M.; KaNnG, H.Y., and NiELskN, P., 1993. Ground-
water movement in beach watertables. 11th Australasian Confer-
ence on Coastal and Ocean Engineering {Townsville). 2, 589-594.

BatriEs, J.A., 1971. Runup distributions of waves breaking on
slope. Journal of Waterways, Harbours and Coastal Engineering
Division. (Proceedings of ASCE), 97 WW1, 91-114.

BoweNn, AJ.; INmaN, D.L., and Simmons, V.P., 1968. Wave setdown
and setup. Journal of Geophysical Research, 73(8), 2569-2577.
CHIANG, W.H. and KiNZELBACH, W., 1991, Processing Modflow (PM).

Users manual. 61p.

Drury, L.W., 1982. Hydrogeology and Quaternary Stratigraphy of
the Richmond River Valley New South Wales. Unpublished PhD
thesis, University of New South Wales, 650p.

EMERry, K.O. and FosTER, J.F., 1948. Water tables in marine beach-
es. Journal of Marine Research, 7, 644-654.

ErickseN, N.J., 1970. Measurement of tide induced changes to wa-
ter table profiles in coarse and fine sand beaches along Pegasus
Bay, Cantebury. Earth Sciences Journal, 4(1), 24-31.

FeRRIS, J.G., 1951. Cyclic fluctuations of the water-level as a basis
for determining aquifer transmissivity. International Association
of Science Hydrology Publication ,33, 148-155.

FETTER, C.W., 1988. Applied Hydrology. Merrill Publishing Compa-
ny, 488p.

Freezr, RA and CHERRY, J.A., 1979. Groundwater. Englewood
Cliffs, New Jersey: Prentice-Hall. 604p.

GREGCG, D.O., 1966. An analysis of ground-water fluctuations caused
by ocean tides in Glynn County, Georgia. Ground Water, 4(3), 24—
32.

Hansrow, D. and NIELSEN, P., 1993. Shoreline setup on natural
beaches. In: Short, A.D., (ed), Beach and Surfzone Morphodyn-
amics. Journal of Coastal Research. Special Issue 15, 1-11.

HarRrisoN, W., Fang, C.S., and WaNg, S.N,, 1971. Groundwater
flow in a sandy tidal beach. 1. One dimensional finite element
analysis. Water Resources Research, 7, 1313-1322.

HeGGE, B.J. and MASSELINK, G., 1991. Groundwater-table re-
sponses to wave runup: an experimental study from Western Aus-
tralia. Journal of Coastal Research, 7(3), 623—-634.

HvorsLEv, M.J,, 1951, Time lag and soil permeability in ground-
water observations. U.S. Army Corps of Engineers Waterwayvs Ex-
perimental Station Bulletin, No.36.

Jacos, C.E., 1940. On the flow of water in an elastic artesian aqui-
fer. Transactions of the American Geophysical Union, 21, 574-586.

Kang, HY. and NIeLsEN, P., 1994, Wave runup and the coastal
watertable. Conference on Hydraulics in Civil Engineering (pre-
print), 4p.

Kana, H.Y.; NteLsEN, P., and HansLow, D.J., 1994. Overheight due
to wave runup on a sandy beach. Proceedings 24th International
Conference on Coastal Engineering, pp. 330-331.

KnicHT, J.H., 1981. Steady periodic flow through a rectangular dam.
Water Resources Research, 7(4), 1222-1224,

LanyoN, J.A.; Euior, L.G., and CLARKE, D.J., 1982. Groundwater
variation during semi diurnal spring tidal cycles on a sandy beach.
Australian Journal of Marine and Freshwater Research, 33, 377—
400.

McDoNaLD, M.G. and HARBAUGH, A W., 1984. A modular three-di-
mensional finite-difference ground-water flow model. U.S. Geologi-
cal Survey, 528p.

NieLsEN, P., 1990. Tidal dynamics of the watertable in beaches. Wa-
ter Resources Research, 26(9), 2127-2134.

NIELSEN, P.; Davis, G.A.; WINTERBOURNE, J. M., and EL1as, G.,
1988. Wave setup and the watertable in sandy beaches. Public
Works Department Coastal Branch, NSW, Technical Memoran-
dum No.88/1, 132p.

NSW PuBLlc WORKs, 1983. Photogrammetric assessment of Byron
Shire South of Cape Byron. Coastal Branch Technical Report, 37p.

PHiLip, J.R., 1973. Periodic non-linear diffusion: an integral relation
and its physical consequences. Australian Journal of Physics, 26,
513-519.

Roy, P.S., 1982. Regional Geology of the Central and Northern
N.S.W. Coast. In: Von Stackleberg U., (ed), Heavy Mineral Explo-
ration of the East Australian Shelf SONNE’ Cruise SO-15, 1980.
Geologische Jahrbuch, D56, 25—-35.

SmiLEs, D.E. and Stokes, AN., 1976. Periodic solutions of a non-
linear diffusion equation used in groundwater flow theory: using
a Hele-Shaw model. Journal of Hydrology, 31(1/2), 27-35.

Toop, D.K., 1980. Groundwater Hydrology. New York: Wiley, 530p.

TURNER, L.L., 1993a. Water table outcropping on macro-tidal beach-
es: a stmulation model. Marine Geology, 115, 227-238.

TURNER, LL., 1993b. A simulation model of seepage face dynamics
on macro-tidal beaches. Proceedings of the 11th Australasian Con-
ference on Coastal and Ocean Engineering, Vol.2, 595-600.

TurNER, LL., 1994. Watertable Outcropping on Macro-Tidal Beach-
es and its Influence on the Morphology of the Intertidal Profile.
Unpublished PhD thesis, Coastal Studies Unit, University of Syd-
ney. 288p.

TURNER, LL., 1995a. A field study examining the practical signifi-

Journal of Coastal Research, Vol. 13, No. 1, 1997



60 Turner, Coates and Acworth

cance of tides and waves to groundwater investigation in the coastal WADDELL, E., 1976. Swash-groundwater-beach profile interactions.

zone. NSW Public Works. Technical Report No.95031, 125p. In: Davis, R.A. and Ethington, R.L., (eds), Beach and Nearshore
TURNER, LL., 1995b. Simulating the influence of groundwater seep- Sedimentation. SEPM. No.24, 115-125.

age on sediment transported by the sweep of the swash zone WERNER, P.W. and NoreN, D., 1951. Progressive waves in non-ar-

across maco-tidal beaches. Marine Geology, 125, 153-174. tesian aquifers. Transactions of the American Geophysical Union,
VAN DorN, W.G., 1976. Set-up and run-up in shoaling breakers. 32, 238-244.

Proceedings of the 13th Conference on Coastal Engineering. p.738—

751.

Journal of Coastal Research, Vol. 13, No. 1, 1997





