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ABSTRACT

Field data on coastal water table dynamics and small scale dynamics of the
salty-fresh water interface are presented and discussed. In the case of narrow coastal
barriers an asymmetry in the water table is found resulting in a groundwater flow
towards the sheltered side of the barrier. This causes a skewing of the fresh water lens
that thickens towards the sheltered side of the barrier, where it ends rather abruptly.
Theory describing the different contributions to water table overheight is presented.
An analytic expression describing the water table elevation as a function of distance
from forcing and time [Nielsen 1990] is tested against the field data along with
comments on the selection of an appropriate boundary condition. Measured drainage
rates for both the steady state and instantaneous position of the water table exit point
are presented and compared with existing theory from Dracos [1963]. Contrasting
results indicate that further details, such as pore pressure distributions and wave run-
up, need to be considered when modelling the movement of the exit point, at least for
the instantaneous case. Small scale, salty-fresh water interface dynamics in a beach
face are investigated and there appears to be an oscillatory pattern at the neap to
spring tidal frequency.

INTRODUCTION

Coastal barriers in the form of islands or atolls are popular locations for both
residential and tourism purposes in Australia and around the world. As such, water
quality, and hence the dynamics of the water resources on and surrounding the
barriers, are of the utmost importance. The same dynamics at continental, coastal
boundaries also have implications for beach face sediment mobility and therefore
coastal erosion and structure stability.

Coastal barrier aquifers are subject to a wave-influenced boundary at the
exposed coast and a sheltered boundary at the continental coast. Depending on the
communication between the ocean and sheltered water masses, both boundaries are
subjected to similar tidal regimes. The main difference in the forcing at each of these
boundaries is therefore the wave run-up and infiltration at the exposed coast. It has
been observed for sometime now that the infiltration from wave run-up results in an
over height in the water table, in addition to that induced by tides [eg. Kang et al,
1994]. This results in a water table slope, and hence groundwater flow towards the
continent, as shown in figure 1.

This observation has important implications for groundwater quality and
contamination and saltwater intrusion. Any contaminants that enter the groundwater
either via the beach face or via infiltration on the barrier itself will be subsequently
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transported to the sheltered side. These sheltered waters are ideal locations for
aquacultural practices, which are hypersensitive to nutrient loads in the water column.
The cross barrier water table profile also causes a skewing of the fresh water lens
thickness which increases towards the sheltered side, depending on recent local
rainfall, offshore wave climate, aquifer parameters and water usage. This can affect
potable water supplies and vegetation.

Figure 1: Illustration of the landward sloping water table and groundwater flow as a
result of infiltration from wave run-up and tides at the exposed coast. [From Nielsen,
1999].

In section 1 of this paper some relevant terminology will be defined. The field
sites used are described in section 2. Section 3 describes instrumentation and the data
collection process. Sections 4 and 5 provide a discussion of the water table and
salinity data respectively.

TERMINOLOGY

Figure 2 illustrates the terminology used when describing the exposed, coastal
boundary. MSL is Mean Sea Level which is approximately the same as the Australian
Height Datum (AHD). The Still Water Surface (SWS) is the surface that would be
measured in the absence of waves, ie. the surface that oscillates with the tide only.
The Mean Water Surface (MWS) is the water level, averaged over several wave
periods,  that indicates the set-up due to wave action. The Shoreline (SL) is defined as
the intersection of the MWS with the sand surface. RL is the wave run-up limit.
UENV and LENV are the upper and lower envelope boundaries of the water table
oscillations. η+ is the total water table overheight as a result of forcing from waves,
tide and wind.

Figure 2: Schematic sketch illustrating terms used in describing the exposed, coastal
boundary [from Nielsen, 1999].
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The exit point of the water table on the beach face can been seen in the field as
the boundary between the seaward, wet, shiny sand surface and the landward, matted
sand surface. It is therefore often referred to as the Glassy Dry Boundary (GDB). If
the SL becomes separated from the GDB on a falling tide, ie. when the rate of fall of
the tide becomes greater than the drainage rate of the exit point, a seepage face forms
which appears as the shiny, saturated sand surface.

FIELD SITE DESCRIPTIONS

Figure 3 shows the two field site locations in southeast Queensland, Australia.
Both sites can be considered to be planar in the shore-normal and longshore and
therefore two-dimensional [cf. Kang 1995]. At the scale of the experiments, no
significant heterogeneity was discovered at either site.

Figure 3: Location map for field sites [from Kang, 1995].

Bribie Island

A cross-barrier transect, in the order of 150m wide, at the northern end of
Bribie Island (26° 49.6' S, 153° 07.8' E) has been utilized to build a database on water
table levels and salinity since 1993 [cf. Nielsen and Voisey, 1998]. The narrowness of
the island at the site enables clear definition of the landward sloping water table. The
site is in the order of 500m south of the northern end of the island where Pumicestone
Passage passes behind the island, and as such the tidal regime at both boundaries can
be considered the same. The coastal boundary is sloping (βF ~ 0.03) and the sheltered
boundary is a vertical scarp with a narrow (2m wide at low tide) beach. Near the
middle of the transect a confining "coffee rock" layer was found at about  -6m AHD.
The cross-barrier extent of this layer is so far unknown but is the subject of ongoing
investigations. Inland of the boundaries the transect is covered by moderate to thick
vegetation.

North Stradbroke Island

A site just south of Point Lookout on Main Beach (27° 25.9' S, 153° 32' E)
was utilized to investigate the coastal boundary condition and the small scale
dynamics of the salty-fresh water interface. At this latitude the island is several
kilometres wide and illustrates a more classical, seaward sloping, mean water table.
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MEASUREMENTS

A shore-normal transect of stilling wells was deployed from several metres
seaward of the lowest shoreline position; to the sheltered side of Bribie Island and to
approximately 200m inland on North Stradbroke Island. The wells in the swash zone
were constructed from clear poly-carbonate tubing with an external measuring tape
(see Fig. 4a) to measure the water level. These wells were sufficiently damped with
filter cloth so as to dampen out oscillations from individual waves, therefore
providing data on the MWS.

The groundwater level inland was monitored using PVC wells screen filtered
at the base and a conduction probe dip meter (see Fig. 4b). Water levels were
recorded at half hourly intervals to an accuracy of one centimeter. All raw water level
data, collected as a distance from the well top, was then converted to a common frame
of reference by surveying the well tops relative to a known AHD survey mark. The
beach face position of the GDB and the RL was also recorded every half-hour. On
North Stradbroke Island a digital video camera was utilized to obtain continuous data
on the instantaneous position of the GDB.

(a) (b) 

(c)  

                        *     *     *

BM           *     *     *     *     *         Ocean

                        *     *     *

0                    24.1m                               38.1m          SL=50.2m

(d)

Figure 4: (a) Clear poly-carbonate stilling well to obtain mean water level data in the
swash zone. (b) Dip meter and PVC wells used to measure water table levels. (c)
Hollow spears used to obtain samples for salinity measurements. (d) Schematic plan
view of spear cluster for salinity measurements on North Stradbroke Island, SL =
mean shoreline position.

Salinity measurements were made in situ with a conductivity/salinity probe on
samples extracted from hollow, stainless steel spears (see Fig. 4c) driven to a
surveyed depth. The North Stradbroke Island depth profile data was obtained by
deploying several clusters of spears of varying lengths, at locations across the salty-
fresh water interface (see Fig. 4d and Fig. 9). An unknown layer at a depth of
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approximately -1.3m AHD prevented the profiles being measured any deeper. The
extent of this layer and its properties is unknown.

WATER TABLE

Overheight

Contributions to water table forcing on exposed boundaries occur on several
time scales: atmospheric, tidal, surf beat and individual wind wave frequencies. It has
been shown by Philip [1973] that the SWS, which oscillates at the tidal frequency,
incident on a vertical beach face will create an overheight of
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where Atide is the tidal amplitude and D is the aquifer depth.

Nielsen [1990] showed that in the case of a sloping beach face the overheight
was increased by approximately

tideAεηβ 2
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which is accurate while ε = kBAtide/tanβF <0.5, with kB the Boussinesq wave number
and βF the beach face slope.

The irregular nature of wind waves and associated surf beat oscillations makes
accurate descriptions more complicated. Kang et al [1994] reported that water table
overheight due to waves only is in the order of

Formsow LH βη tan55.0 '
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for steep beaches (tanβF>0.1). rmsoormso HH ,
'
, cosα= , is the offshore root mean

square wave height corrected for refraction, αo is the angle between the offshore wave
crests and the shoreline, and Lo=gT2/2π  is the deep water wavelength from linear
wave theory.
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Figure 5: A typical cross-barrier water table profile from North Bribie Island showing
the water table slope and consequent groundwater flow towards the continent. The
solid (_) line is the average water table and the dashed (--) line is the transect
topography.
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Figure 5 illustrates the typical water table profile and resultant groundwater
flow towards the continent on Bribie Island as a result of wave run-up and infiltration
at the exposed coast. Cross-barrier, Darcian flow rates for the site, calculated from the
database [Nielsen and Voisey, 1998], range from 8 to 12 mm a day. The water table
overheight is 0.3m resulting from both the sloping beach face (ηβ) and wave run-up
(ηw).

Modelling

The spectra shown in figure 6(a) define a peak for the water table at 0.01Hz,
which is almost exactly matched, in position and magnitude, by the GDB spectrum.
Therefore the GDB would best serve as the boundary condition when modelling the
water table. In contrast, the surf zone spectrum indicates a maximum peak at 0.11 Hz
corresponding to the typical period of wind waves with additional, higher frequency
oscillations in the range of 0.2 to 0.4Hz. An additional distinctive, but smaller, peak is
seen at around 0.02 Hz, close to the position of the water table peak, due to surf beat
oscillations. The wave run-up spectrum has a maximum peak at around 0.09Hz
explainable by the period shift that occurs in the swash zone as waves cross over and
over run each other.

Nielsen [1990] derived an equation for the water table elevation as a function
of time and distance from forcing, using perturbation methods and considering a
sloping beach face.
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where ε = kAcotβF is the perturbation parameter, A is the amplitude of the forcing
oscillations, D is the mean level of the forcing or aquifer depth, ω the angular
frequency, x the landward distance from the forcing, t is time and k is the wave
number calculated from amplitudes and phase lags. The subscripts R and I denote real
and imaginary parts.

The term of order ε in equation (4) accounts for a lifting of the water table
0.5εA above MSL and the temporal skewing (rise being steeper than the fall) of the
water table. The term to order ε2 creates a further steepening of the rise without any
addition to the overheight.

Figure 6(b), clearly shows that the choice of the forcing boundary condition
greatly affects the calculated water table level. When the tide was used, the calculated
level is in the order of 70cm lower than the measured values, due to the formation of a
seepage face during the experiment. The GDB is the landward boundary of the
seepage face and therefore results in much better agreement between the curves.

There are, however, still some discrepancies between calculated and measured
elevations. The peaks in the calculated curve precede those in the measured data;
meaning that the imaginary part of the wave number used is too small. This then
stems back to the harmonic analysis process where a periodic function, with constant
mean, is assumed and fitted to the data. Amplitudes and phases, and hence wave
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numbers are obtained from this harmonic function. This function however, doesn't
allow for any trend in variations of the mean water table levels as is the case in the
measured data. At the time of the field experiments the tidal regime was approaching
a spring cycle, so as a result of water stored in the beach face there is a linearly
increasing trend in the mean water table levels. Further improvements could be made
by the inclusion of an oscillating origin to account for these trends.
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Figure 6: (a) Comparison plot of spectra from the coastal boundary [from Nielsen,
2000]. (b) Comparison of measured (∆) water table elevations with those calculated
using the theory of Nielsen [1990] for well 12, approximately 40m landward from the
mean shoreline. The solid (_) and dashed (--) lines are the measured tide and exit point
respectively. The symbols (×) and (+) indicate the calculated water table elevations
forced by the tide and exit point respectively.

Beach Face Drainage

By considering a small volume of water on a sloping face Dracos [1963, cf.
Turner, 1993] derived an expression for the maximum vertical drainage rate:

Fn
K

v β2
max sin=                                                    (5)

The derivation neglected the influences of wave run-up and sub-surface
pressure distributions. The model presented by Turner [1993] was shown to
adequately mimic field data on the steady state position of the GDB from a macro-
tidal beach. Discrepancies were noted to occur when the offshore wave climate and
hence the set up became larger (Hrms≈ 0.2m ↑ 0.8m).

Data collected from North Stradbroke Island showed steady state GDB mean
drainage rates (vertical) to be around 7.82 × 10-5 m/s. Values predicted by Dracos
were obtained by estimating the ratio K/n using the Boussinesq wave number equation
(6);

KD
n

k
2

ω
=                                                        (6)

The following values obtained from the field data were used; k = 0.055 + 0.037i m-1,
D = 0.57m, T = 12.25 hours, βF = 0.029. The calculated vmax = 2.5 × 10-5 m/s, is 3.1
times less than the measured value. The method of comparison (i.e. using equation (6)
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to estimate K/n) is subject to some uncertainty, the results however are useful for
order of magnitude comparison.

Measured vertical drainage rates of instantaneous seepage faces (i.e. those
resulting from an individual wave run-up) were found to be in the order of 1.8 × 10-3

m/s, significantly larger than those predicted by Dracos. This is evidence, at least on
this time scale, that other influences such as sub-surface pore pressure distribution
need to be considered in any modelling attempts. Work by Turner and Nielsen [1997]
has already shown that the close proximity of the water table and the capillary fringe
to the sand surface in the run-up zone has an influence on rapid water table
fluctuations in this region.

SALINITY

Cross-barrier salinity profiles from Bribie Island are shown in figure 7 in
terms of a freshwater displacement thickness, DL, as defined by the equation:
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The shape of the lens is asymmetric due to the sloping water table which is in
contrast to the traditional Ghyben-Herzberg case that, after neglecting salt input from
wave run-up, predicts a symmetrically shaped lens. The lens thickens towards the
continent and ends at the sheltered boundary.

Figure 7: Cross-barrier fresh water lens shapes for Bribie Island along with
monthly rainfall from nearby Brisbane airport. The arrows on the rainfall plot indicate
the time of salinity measurements [from Nielsen and Voisey, 1998].

Leading up to September 1994 very little rainfall was recorded and as a result
the freshwater lens is significantly truncated with salt water intruding more than half
way through the island. In contrast, the much wetter period in early 1996 saw the
fresh water lens extend most of the way through the island. It is important to note that
the fresh water lens will also depend upon the offshore wave climate, with a period of
large waves causing the lens to move towards the continent. Nielsen [1999] describes
a modelling framework for this dynamic salinity structure.

Small Scale Salty-Fresh Interface Dynamics

Figure 8(a), shows the tide to be approaching a spring cycle. Around the time
of measurements the offshore root mean square wave height (Hrms) had increased
from 0.5m to 1m before dropping off to around 0.75m. Figures 8(b) through to (f)
show the salinity depth profiles obtained from the sampling cluster shown in figures
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(4d) and (9). The two control locations at 24.1m (+) and 38.1m (*) indicate only slight
variations, confirming that the salty-fresh interface remained in this region for the
duration of sampling.

Hrms

Tide
-1

-0.5

0

0.5

1

1.5

0 20 40 60 80 100 120

Time [hrs]

E
le

va
ti

on
 [m

, A
H

D
]

(a)

t = 39.5 hrs

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1
Relative Salinity

D
ep

th
 b

el
ow

 W
T

 (m
)

 (b)

t = 42.5 hrs

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

Relative Salinity

D
ep

th
 b

el
ow

 W
T

 (m
)

(c)

t = 44.5 hrs

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

Relative Salinity

D
ep

th
 b

el
ow

 W
T

 (m
)

 (d)

t = 57.5 hrs

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1
Relative Salinity

D
ep

th
 b

el
ow

 W
T

 (m
)

 (e)

t = 61.5 hrs

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1
Relative Salinity

D
ep

th
 b

el
ow

 W
T

 (m
)

 (f)

Figure 8: (a) Observed tide from Mooloolaba (26° 40.9' S, 153° 7.0' E) and
offshore root mean square wave height from wave rider buoy off Point Lookout.
Symbols (•) indicate time of salinity measurements. (b) to (f) Salinity depth profiles
for several locations along the North Stradbroke Island transect, (+) 24.1m, (◊) 29.5m,
(∆) 32.3m, (×) 34.9m and (∗) 38.1m seaward of the local bench mark. The indicated
times on the profiles correspond to the time axis of the tide plot.

The depth profiles become increasingly saline with time indicating an
intrusion of salt water. The surface salinity's are the first to increase suggesting that a
layer of salty water infiltrated the sand on the rising tide (cf. RL(HT) in Fig. 9),
overlying a seaward moving fresh water tongue. The latter profiles (e and f) do not
become fresher with a falling tide, suggesting that the positional variation of the salty-
fresh interface has a time scale much longer than a single tidal period.
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Figure 9: Profile plot of salinity sampling transect, North Stradbroke Island. Low and
high tide water table profiles and wave run-up limits (RL) are shown as indicated. The
symbols represent the sampling points corresponding to the symbols used in the
salinity profiles in figure 8. The dashed line (--) is the topography.

A possible hypothesis is that the salty-fresh interface varies with the
progression from neap to spring tidal cycle. As the high water level becomes higher
with the approaching spring tide more salt water encroaches on the fresh water
tongue. Then as the neap tide is approached, the high water level becomes lower,
allowing the fresh water to again move seaward. The extent of this motion, of course,
will also depend upon recent local rainfall history, inland infiltration rates, local
aquifer properties and the offshore wave climate. To confirm this hypothesis further
data collection, ideally over a whole neap to spring tidal cycle, but at least over an
approaching neap tidal cycle, is required.

CONCLUSIONS

Additional water table overheight from wave run-up and infiltration causes an
asymmetric, cross-barrier water table profile driving a landward flow through the
barrier. Data from the Bribie Island field site indicate corresponding flow rates to be
in the range of 8 to 12mm per day. Cross-barrier salinity profiles indicate a skewing
of the freshwater lens due to the sloping water table. Local, recent rainfall history is
found to be a dominant factor in the extent of the freshwater lens with dry periods
resulting in the lens being confined to the landward half of the barrier. It is noted that
if a large wave period event were to coincide with such a period the lens would be
pushed even further landward as a result of the increased water table overheight.

An analytical model by Nielsen [1990] was tested against field data and the
best agreement between measured and calculated water table levels was achieved
upon using the GDB as the forcing boundary condition. This finding is supported by
the comparison of spectra by Nielsen [2000] where the water table spectral peak is
almost exactly matched, in both position and magnitude, by the GDB spectral peak.
There were still however, some discrepancies between the model and measurements,
the most significant being the model peaks occurring slightly before the measured.
This comes from the wave numbers obtained via harmonic analysis on the measured
data where a constant mean function is assumed. This was not the case for the
measured data.

Field observations of the water table exit point, the GDB, for both the steady
state and instantaneous cases were compared with the theory of Dracos [1963, cf.
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Turner, 1993]. In the steady state case, the measured drainage rates were found to be
3.1 times faster than those predicted by Dracos. The instantaneous case found
measured drainage rates to be two orders of magnitude faster than those predicted.
The theory of Dracos neglects both wave run-up and sub-surface pore pressure
distributions which, certainly for the instantaneous case, need to be considered in
future theoretical developments.

Data collection on the small scale dynamics of the salty-fresh water interface
at the coastal boundary appears to indicate motion on the time scale of a neap to
spring tidal cycle. Further data is required to confirm and quantify this observation.
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