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A qualitative description based on field measurements is given together with a simple modelling framework for
watertable heights and salinity structure in coastal barriers. In coastal barriers of width less than one kilometre the
shape of the watertable and the salinity structure are quite different from the classical scenarios. On this scale the
extra watertable height caused by wave runup on the ocean side can drive a significant landward ground water
velocity. A primary consequence of this is that any wastewater released into the aquifer, including oil spills on the
beach, will travel towards the land rather than towards the ocean. Secondly, this landward flow of salty groundwater
makes the freshwater lens much thinner than the “Ghyben-Herzberg thickness”. A shallow aquifer model is presented
for the watertable including quantitative boundary conditions that account for the effects of waves and tides. The
salinity structure is modelled in terms of the thickness of the freshwater lens, accounting for freshwater recharge as
well as convective and diffusive salt transport. The field measurements indicate that 1D modelling can be done with
a simple uncoupled model except within a narrow (one or two metres) diffusive boundary layer on the landward side
of the barrier within which the freshwater displacement thickness varies very rapidly.

ADDITIONAL INDEX WORDS: Salinity, coastal pollution, water table, ground water, wave setup, wave runup, tides,

coastal barriers, atolls.

INTRODUCTION

It has been known for some time that the action of waves
and tides on sandy beaches tend to raise the coastal ground-
water levels. With large waves and/or large tides on a flat
slope, the overheight may be several metres. This means that
the ground water dynamics in coastal barriers are often as
shown in Figure 1.

The effect will be greater the more the landward side is
protected from the waves and the tides. Also, if the landward
side is steeper than the ocean side, the tidal superelevation
is further reduced. These details will be discussed further in
Sections 3 and 4. For a given difference in levels from the
exposed to the protected side it is also clear that the water-
table slope and hence the landward groundwater flow will be
greater the narrower the barrier is.

The general picture of the groundwater flow shown in Fig-
ure 1 has a number of significant consequences for the en-
vironmental management of coastal barriers. Firstly, it must
be noted that, contrary to what might have been expected,
any wastewater released into the aquifer will travel towards
the continent rather than towards the ocean. Secondly, the
fact that there is a net inflow of water through the beach face
means that pollutants that land on the beach face will have
a strong tendency to enter the aquifer under the barrier. This
means that the use of detergents to disperse oily pollutants
from barrier beaches must be discouraged since it will, more
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than anything, make the pollutants enter the barrier ground-
water system with increased speed. Thirdly, the freshwater
lens under such a barrier is thinner than in the classical Ghy-
ben-Herzberg scenario and the vegetation may be subject to
salt poisoning under extreme conditions of large waves after
a period with low rainfall.

The nature of the processes and the probable ranges of con-
ditions will be discussed in the following sections. Section 2
offers an introduction to the details of the coastal boundary
condition for the groundwater system. Section 3 then consid-
ers the wave forcing both qualitatively and quantitatively.
The effects of the tide are addressed in Section 4. The width
of the coastal strip in which the effects of waves and tides
are important for groundwater modelling is quantified in Sec-
tion 5. The resulting groundwater dynamics in the interior
are described in Section 6. Some dynamic aspects of the sa-
linity structure are analysed in Section 7 and the likely res-
idence times of pollutants are discussed.

THE COASTAL BOUNDARY

The watertable a few tens of metres inland from the high
water mark on a beach will be considerably higher than the
Mean Sea level (MSL) even if there is no outflow due to rain-
fall on the land. This overheight is partly due to waves and
partly due to tides. The situation is illustrated in Figure 2
and a few useful definitions will be given below.

The long term average level of the ocean surface outside
the surf zone is the mean sea level, MSL. The still water
surface, SWS is the flat (on the scale considered) sea surface
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Figure 1. The watertable under coastal barriers will be highest near the ocean beach because of the action of waves and tides. Consequently there is a
net flow of groundwater towards the continent and the fresh water lens tends to be very thin.

which would exist in the absence of winds and waves. It
moves up and down due to astronomical tides and changes in
barometric pressure. Local short time (15 to 20 minutes) av-
eraging of the water level defines the mean water surface,
MWS, which intersects the beach at the shoreline (SL) and
becomes the watertable. The mean water surface/watertable
is not a flat surface. Offshore of the breakpoint it may be a
few centimetres below SWS due to wave setdown and inside
the surf zone it rises towards the beach due to wave setup
and wind setup. The watertable rises further landward of the
shoreline. On a low tide, this rise may be caused partly by
stored water from the previous high tide. On a rising tide,
however, it is entirely due to the infiltration from wave run-
up. This gives rise to the humped shape of the watertable
with the hump being near the runup limit, RL. Landward of
the high water mark (the high tide runup limit) the water-
table oscillates inside an envelope (UENV, LENV) which ta-
pers off to define an average superelevation m* above the
mean sea level.

The landward range of the different oscillations depends
on their period. Wind waves, surf beats and even tides are
not felt more than a few tens of metres landward of the high
water mark but oscillations due to wave height changes over
several days reach further. See the data of NIELSEN et al.
(1988), NIELSEN (1990) and KANG et al. (1994). The time av-
eraged effects influence the boundary condition for regional
groundwater modelling.

The fact that salty sea water is poured in on top throughout
the swash zone means that the classical large scale scenario
shown, e.g., by CooPER (1959)—his Figure 5, must be sup-
plemented with an area of sea water salinity on top of fresher
water in the swash zone. For a tide free situation, the general
flow pattern which is driven by the waves on the scale of the
surf zone was illustrated and modelled by LONGUET-HIGGINS
(1983).

The nature of the tidal watertable fluctuations on the two
sides of a coastal barrier are shown in Figure 3.

Both gauges were of the order 10m inland of the respective
high water marks. The watertable variation on the ocean side
is largest when the waves are big because the wave setup
brings “the action” closer to the well. The shape of the tidal
signal is skewed towards a saw tooth shape, and the differ-
ence in watertable height between the wells is seen to cor-
relate with the offshore wave height.

WAVE FORCING

As indicated by Figure 3, the contribution to the watertable
height by wind waves varies on the time scale of hours as the
height, H, period, T and direction of the off shore waves
changes. The hydraulic conductivity, K of the sand and the
changing beach topography will also play a role.

The amount of data is sparse and when extrapolating, it
should be kept in mind that the inner surf-zone/swash-zone

Figure 2. Definition sketch for terms used in formulating the coastal boundary condition for groundwater modelling.
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Figure 3. Watertable time series from the exposed (Palm Beach) and
the protected (Pittwater) sides of the Palm Beach Isthmus, Sydney, Aus-
tralia. The palm Beach Isthmus is approximately 200m wide at the site.
The depth of sand to bed rock is of the order 25 metres, but organic layers
of low permeability may exist close to MSL. Data courtesy of the New
South Wales Department of Soil and Water Conservation.

hydrodynamics are very different on dissipative and reflec-
tive beaches. Reflective beaches (long waves on steep beach-
es) tend to have very vigorous windwave swash, see e.g. the
photo of NIELSEN (1992) p 262 while dissipative beaches
(steep waves on flat beaches) have little windwave swash but
extensive waterline movements due to surf beat.

Regular Waves

Some of the above mentioned variables may be eliminated
by considering laboratory experiments with regular waves
like those of KaNG (1995) which were also reported in some
detail by KANG and NIELSEN (1994).

KanG found from experiments with two sand sizes
(0.18mm and 0.78mm) that the ratio between the wave gen-
erated groundwater overheight and the runup height was in-
dependent of grain size and hence of the hydraulic conduc-
tivity

Mn../R = 0.62 (1)
which with the formula

R=VHL,an By (2)

for the runup height (¢f. NIELSEN and HansLow 1991) leads
to

M. = 0.62VHL, tan B (3)

where H is the wave height in the uniform part of the flume,
the deep water wave length is calculated from linear wave
theory:

L, = gT%2m (4)
and By is the slope of the beach face. Some details of the

underlying distribution of the infiltration velocity between
the shoreline and the runup limit are given by KanG and
NIELSEN (1994) and KanaG (1995).

Irregular, Natural Waves

The situation is more complicated with natural waves be-
cause the wind waves themselves are irregular with respect
to both period and height, and because groups of wind waves
drive surf beats, i.e, oscillations with periods of the order
100s which can be dominant near the shoreline.

Extracting information about the waves’ contribution m*,
to the total groundwater overheight n* (Figure 2) from field
data is complicated by the presence of tides. However, the
dataset in Figure 3 which contains data from two beaches
with identical tides but very different waves offer an oppor-
tunity. KANG and NIELSEN (1994) considered the instanta-
neous differences between those two watertable records and
suggested that they could be related to the offshore wave pa-
rameters by

= 0.56VH',,, L, tan B, (5)

where H',,,. is the equivalent offshore root mean square
wave height, corrected for refraction (H',,,., =Vcosa, H,,,,,,
where q, is the angle between the wave crests and the coast
offshore). A more reasonable fit to the data in KanG and

NIELSEN’s Figure 7 is however

— Mpittwater — 0 1 + 0 44 Y H’ormsL tan BF (6)

NPatm Beach — MPittwater

NPatm Beach

where the constant 0.1m may be attributed non-linearity, to
the difference in tide-generated overheight on the two sides
or to a carry-over effect from large waves to subsequent small
waves. More data sets are clearly required for a definitive
estimator, but in the mean time, we may conclude that the
wave generated overheight is of the order

= 0.44VH',, L, tan B, %)

orms o

for steep beaches (tan B> 0.1) like Palm Beach. This result
is analogous to the regular-wave-result (3).

The result (7) which is derived from a set of steep-beach-
data should not be uncritically adopted to dissipative condi-
tions where the inner surf zone hydrodynamics are qualita-
tively different as mentioned above. It is unlikely that m*,
should ever be less than the shoreline setup which according
to HANSLOW and NIELSEN (1993) is of the order 0.4H, .,
0.05VH,,,, L, irrespective of 3. In fact, the effect of surf beat
swash is likely to lift the watertable above the shoreline level
on flat beaches so that

«>0.05VH', L. (8)

o,rms™“o

for all beaches.

TIDAL FORCING

Contrary to the wave effects, the tidal effects on the coastal
watertable have been measured directly in the field, e.g. the
“Pittwater data” in Figure 3 and the dataset of NIELSEN
(1990). Also, some modelling success has been achieved using
the Dupuit-Forchheimer assumptions and ignoring the cap-
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illary fringe, i.e., by considering solutions to the Boussinesq

Equation
ot ox\ ox

where A is the local height of the watertable above a horizon-
tal, impermeable base, K is the hydraulic conductivity, n is
the porosity, x is a shore-normal, horizontal coordinate and ¢
is time.

PHILLIP (1973) showed that a tide of amplitude A, acting
on a vertical beach with undisturbed aquifer depth D, will
create an asymptotic overheight compared to the mean sea
level (MSL) of

/ 1 Az
;= [D*+ A%, - D~ 4"D"‘f (10)

and NIELSEN (1990) showed by different means that this
height is approached exponentially as

Me)= " (1—e 2*s) 11)

where kg is the Boussinesq wave number

nw
ky = /% (12)

NIELSEN (1990) also considered the effect of beach slope
and found that an extra overheight is generated if the beach,
instead of being vertical, forms the angle B with the horizon-
tal. This overheight is approximately

Mm%, = 0.5€A,,, (13)

a result which is accurate for e = ky A, /tan < 0.5 provided
no seepage face is formed. A seepage face formed during the
falling tide will cause a further increase of m*,. See the mea-
surements of NIELSEN (1990) and TURNER (1993). For very
flat beaches of low permeability m*; will approach the tidal
amplitude (n*; — A,.), but not exceed it.

THE WIDTH OF THE COASTAL GROUNDWATER
ZONE

The width of the coastal strip within which the effects of
waves and tides should be included in groundwater models
can be estimated by comparing the watertable elevation de-
rived from Dupuit-Forchheimer theory with the sum of ov-
erheights created by tides, waves and winds.

For a general scenario as shown in Figure 4 this is the
coastal strip within which

hx) <D+ my +mg + 5 + Nia (14)

The watertable height in an unconfined, shallow aquifer
due to the steady recharge rate i and a static ocean level (=
MSL) is according to Equation (9) given by

h? + iL?*/K — D? i
= 2 : b il 7 P -
h (x) \/D + i X Kx (15)

where D is the depth below the MSL of an impermeable
boundary and 4, is the watertable height at x=L. The over-
heights due to tides (n*,, m*,) and waves (n*,) are given by
equations (8), (10) and (13) respectively.

Recharge from precipitation
L e
Wittt i g e o

Shoreline set-up due
to waves and wind
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Figure 4. Influence on the watertable height and groundwater salinity
from waves and tides can be expected to be significant within a coastal
strip where the static-ocean-watertable A (x) would be below the highest
levels reached by tides and waves.

Under conditions of extreme onshore winds a wind setup
may have to be added. The wind setup n*,,,., at the shoreline
depends on the wind speed and the wave conditions through
the wind stress on the ocean surface. It also depends on the
effective length over which the wind acts which may be lim-
ited either by the size of the storm or by the width of the
continental shelf. No observations of m,,,, in isolation (with
no waves present) are known to the writer but it is clear that
N* wina May be up to 5 or 6 metres during severe storms on
coasts with very wide shelves such as the Gulf Coast of the
USA and the N E coast of Australia.

OBSERVED SALINITY STRUCTURE IN A COASTAL
BARRIER

The salinity structure under a coastal barrier like the one
shown in Figure 1 is quite different from the classical Ghy-
ben-Herzberg case which ignores the input of salt water from
wave runup. Without waves, a more or less symmetrical pic-
ture is expected with the freshwater flowing out towards both
shorelines on top of the salt water and with the local depth
D, (x) of the fresh water lens being of the order

Psea

sea pfresh

D,(x) = n(x) = 40m(x) (16)
in accordance with the Ghyben-Herzberg principle, c¢f. FET-
TER (1988), pp 150-156. An example of the actual watertable
heights and salinity structure measured on Bribie Island
North of Brisbane, Australia are shown in Figure 5.

The watertable is seen to be highest near the high water
mark and the fresh water lens opens up gradually on the
ocean side. It has a maximum thickness of about 1.1m and
closes very abruptly on the landward side. A similar scenario
was reported by UrisH (1980). However, Urish envisaged a
more gradual thinning of the freshwater lens on the land-
ward side. Selected salinity profiles are shown in Figure 6.

We note that these profiles are, in general, not showing a
sharp interface but a rather gradual increase in salinity with
increasing depth below the watertable. The vertical salinity
gradients tend to be greatest near the watertable. At the Bri-
bie Island field site, an impermeable layer of “coffee rock” is
found between 1.3m and 1.5m below MSL. Below this layer
the groundwater is again fresh but rich in hydrogen sulfide.

Journal of Coastal Research, Vol. 15, No. 3, 1999



736 Nielsen

MSL

-100 100

2 =

Figure 5. Watertable heights and freshwater displacement thickness
measured across the narrow northern part of Bribie Island, 20/7-1997.
Measurements in a parallel transect, 100m to the South, have indicated
that the situation is practically uniform in the shore parallel direction.

THE MODELLING FRAMEWORK

Modelling of the watertable heights and salinity structure
in coastal barriers is attempted in two steps. Firstly, the wa-
tertable heights are estimated assuming predominantly hor-
izontal flow. Secondly, the corresponding salinity structure is
found in terms of the equivalent local depth D,(x,t) of the
freshwater lens defined as the fresh water displacement
thickness

1 h
c

sea

(Cooe — €) dz a7

Zmin

where ¢, is the salinity of seawater and ¢ = c(x,z,t) is the
local instantaneous salinity, cf. Figure 7.

The Velocity Potential

In the variable-density groundwater flow, the velocity po-
tential ¢ is a function of z as well as of x and ¢ and it is given

by
hix,t) w p
z + =+ dz
J; (K pfresh)

where w is the vertical flow velocity. In the case of w = 0 and
uniform freshwater, this potential becomes simply Kh(x,t).

In order to obtain workable, approximate solutions we shall
split ¢ into three parts:

olx, z, t) = @ (x, 1) + @,(x, 2, t) + @y, 2, t) (19)

¢olx, 2, t) =K

(18)

where ¢, is the Dupuit-Forchheimer potential
¢, =Kh(x,t) (20)

and ¢, accounts for the approximate density effect based on
a sharp interface at z=h-D,, i.e.,

h-Dy,
Kf P _1)de forz<h-D,
@ (x,2,t) = R Presh (21)

0 forz >h — D,.

If the density is related linearly to the salinity, e.g., as

|
relative salinity

0.00 0.20 0.40 0.60 0.80 1.00 1.20
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| ——X=-13.25m
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depth below watertable(m)

Figure 6. Salinity profiles at selected positions in the Bribie Island tran-
sect of Figure 5, 20/7-1997. Note that there is usually not a very sharp
interface.

C Psca — Prresn C
P = Ppar + AT = P + =T (22)

sea Prresh C

then the displacement thicknesses based on density and sa-
linity are actually identical and the residual ¢, is zero at
z=0 as well as at z=h, i.e, the picture is qualitatively as in
Figure 8.

For purposes of illustration the magnitudes of ¢, and ¢,
have been exaggerated by a factor 10 compared with ¢,. That
is, Figure 8 corresponds to A=1/4 instead of the real A=1/40

Velocities and Flow Rates

Corresponding to the three components of the velocity po-
tential, the local velocities u(x,z,¢t) and the depth integrated
flow rates Q(x,t) can be written as a sum of the “Dupuit- For-
chheimer contribution” which assumes uniform density, a
“sharp interface correction” and a residual:

ulx, z, t) = u,(x, t) + u,(x, 2, t) + u,lx, 2, t)

aD,

:—K%—{- KA()T fOI‘Z<h‘DL
ox
0 forz >h — D,
+ u,x, z, t) (23)

cf. Figure 8. The fact that u, is uniform below the assumed
interface and zero above makes its flow rate contribution very
easy to calculate, we find

R=Q,+Q, +Q,= —Kh% + KA(h — DL)% +Q, (24)

Due to the fact that the relative density increment A =
(Psea™ Prresn)/Prresn 1S @approximately 1/40, @, is usually totally
dominant. For the system observed in this study that is the
case everywhere except inside the thin diffusive boundary
layer where D, varies much more rapidly than A.

Journal of Coastal Research, Vol. 15, No. 3, 1999
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Figure 7. The thickness D, of the freshwater lens is defined as the fresh-
water displacement thickness.

Watertable Heights

If the aquifer is bounded by a horizontal, impermeable lay-
er the watertable height h(x,t) can, in the first instance, be
modelled using the 1D equation

5h _
L S i (25)
ot ox

where, as a first approximation, valid for h(oh/

dx)>A(h—D,)(dD,/ox), we can use @ = @, leading to the

Boussinesq equation
a(,oh
= K—(h—) + i, + i 9)

oh
n—
at ox\ ox

where i(x,t) is the salty recharge rate due to wave runup,
occurring only seaward of the runup limit and ifx,t) is the
fresh water recharge due to rainfall.

The next level of approximation, @ = @, +®,, which ac-

counts approximately for density differences in terms of a
sharp interface gives

oh oh J oD

n 2 k(W) - kAL k- DT i, i, (26)
ot ox\ ox ox ox

W k() Ak - D v i i, @D
ot ax ox ox

The Salinity Structure

In the following we attempt to model the salinity structure
with a one dimensional model which describes the behaviour
of the thickness D,(x,t) of the equivalent fresh water lens.
The dynamic equation for D,(x,t) is obtained by expressing
the conservation of salt in a control volume of unit length

which reads
a (" a " a [" ac
n—f cdz=——f cudz——j — e, —dz
at J, ox J,_, ax J, 0x
+ ¢l (28)

where the left hand side expresses the rate of change of the
local amount of salt and the terms on the right express, re-
spectively, the convective and the diffusive fluxes of salt and
the infiltration of salt water. The diffusivity of salt in the x-
direction is €,.

First Approximation: Neglecting Density Differences (u
=u,)

Equation (28) is simplified by introducing the freshwater
displacement thickness (17). This simplifies the flux terms as
indicated in Figure 9 and Equation (28) becomes

Salinity structure Potential Velocities
z/h z/h z/h
1.2 1.2 1.2
p\e p\e
ater 12 or 12
1.0 watet= 1.0/ _wat 1.0
\ Wwatef table
0.8 D 0.8 0.8
%c:(z) | uo
0.6 0.6 & 1 0.6
\nterfac I \nterface
\n\e\"ace | LY
0. \ 0.4 W: o 0.4
Yot
h—DL \ 0 1_.: °F]
0.2 0.2 Yo 0.2
\ KAh-D) |
0 B ern 0 Kh ‘ 0

Figure 8. Salinity distribution and the corresponding velocity potential. For illustrative purposes the magnitude of A and hence the magnitudes of ¢,

and ¢, compared to ¢, have been exaggerated by a factor 10.
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Figure 9. Simplification of the salt flux terms for use in 1D modelling.

nZ(dh = D) = —Z(upeonlh — D,))
ot ox

- i_(—e-:scma[h;DL]) + Cl,  (29)

- - sea”s
ox ox

which after canceling ¢, and with u, = -Koh/dx becomes

Lk _—DL) :K_i(ha_) —K_i(%DL)

ot ox\ Ox 0x \ 0x
- _i(esa[h__—m) +i,. (30)
(0% 4 0ox

Subtracting this equation from the generalised Boussinesq
equation (18) gives

na_& = K_i(?—hDL) - i(esu) +i. (31

ot 0x \ 0x 0x 0x

This equation is applicable wherever the assumption u = u,
is reasonable, i.e., where

1 oD,
— >> — —
ox 0x

: 2
40 ox 2

Accounting for Density Differences Assuming a Sharp
Interface

In areas where the freshwater displacement thickness
varies more than ten times faster than with x than does A,
an extra salt water flux of magnitude @, must be accounted
for.

This transforms equation (29) into

n2(cunlh = D)) = =, + u)epe(h — Dy)]
ot ox

- —6—<—escmu) +c..i, (33)

_ sea’s
ox ox

where c_, can be cancelled and (the top part of) the expres-
sion (23) inserted for u,+u,. This leads to

WD) g Dn(‘?—h - Aa_ﬂ)
ot 0x 0x 0x
% i(ea—[h_—DL]) +i, (34)
0x ox

Subtracting this equation from the corresponding watertable
equation (26) leads to

n& = Ki(?—hDL) — i(es——a[h — DL]) +i, (31
Ox
same as for the unstratified case. That is, given A(x,t) there
is no change to the D;-equation due to introducing the two
layered density structure. This is because (31) is a “fresh-
water equation” and the addition of ¢,, u,, and @, adds only
a flux of pure salt water under the sharp-interface-assump-
tion, cf Figure 8. However, while the governing equations (9)
and (31) for the unstratified problem can be solved separate-
ly, the “stratified” system of equations (27)+(31) must be
solved simultaneously because of the presence of D; in (27).

Diffusivity

A diffusion free model may give reasonable predictions of
D, (x) near the ocean side and in the central part. However,
it cannot satisfy the boundary condition that the fresh water
lens disappears at the right hand boundary. In reality, the
lens will disappear gradually due to diffusion of salt through-
out the depth. Thus, a complete model requires a reasonable
estimate of the diffusivity for salt, €,

The longitudinal dispersion coefficient/diffusivity generat-

ed by a steady velocity u is according to MARSILY (1986) p
238

€ = oqu (35)

where q is a few centimetres for sand.

Back and forth motion due to tide of the form u,, = A, ...
weoswt, where w = 2w /T is the angular frequency of the tide,
can generate further dispersion. The horizontal diffusivity
generated by such a motion is, according to Kurzweg and Jae-
ger (1983) approximately

2
€, = 0.075A2 /T = 0.075(%) % (36)

Where Unpax = K (ahtide/ax)max and htlde = D+Andee -kxcos
(ot —kx) with k=Fkg, cf Equation (12), this leads to

KA?
€, = 0.012”,#‘%*%1

Steady State Solutions

Although the natural system will always be changing in
response to changing wave conditions and rainfall, it is of
interest to consider the shape of the steady state solutions.

NIELSEN (1997) discussed such steady state solutions, sim-
plified by neglecting density differences, at some length. The
simplest model which can be used to indicate the general
shape of D,(x) and the thickness of the diffusive boundary
layer is

Qf(o) + ifx L - X
Dyfay =——p=——,1 —emp ooiznaz | ©7
o, + ——m—
mD

The factor in front of the bracket describes a steady, dif-
fusion free solution, neglecting density differences and the
bracket gives the shape of the diffusive boundary layer under
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Figure 10. Top, Measured freshwater displacement thickness D, (x) at
different times from the Bribie Island field site plotted downwards from
the MSL. Dimensions in metres. Below, Monthly rainfall totals at Bris-
bane Airport. Arrows point to the times of salinity measurements.

the assumption of constant diffusivity given by (35) and (36)
and constant w,=—Km*/L. Q{0) is the freshwater flux
through the vertical section x=0.
This simple approximation shows that the magnitude of
the diffusive boundary layer thickness is
nAz, L

d=~aq, + 0012—1]?? (38)

which is usually less than two metres.

DYNAMIC CHARACTERISTICS

The wind, wave and rainfall conditions are usually highly
variable with large events having the typical duration of two
to three days. Therefore, the system will have a considerable
dynamic range as indicated by the data in Figure 10.

We see that the measurements following a very dry period
in 1994 show almost no freshwater lens under the seaward
half of the barrier while the wet weather in May 1996 created
a very fat freshwater lens. These measurements are, how-
ever, not expected to be the absolute extremes. Larger waves
in the period leading up to the 1994 measurements would
have driven even more of the freshwater out. Similarly, the
first quarter of 1996 was characterised by large waves as well
as the high rainfall. That is, if the waves had been smaller,
the freshwater lens would have been even thicker and ex-
tending further towards the ocean.

The Dynamic Time Scale

The dynamic time scale of the system is of the order nL?
(12KD) corresponding to the fact that the height of a sym-
metrical, parabolic watertable above MSL will decay as exp{-
t/lnL? /(12KD)]} after the rain stops. For the system shown in
Figure 10 this amounts to 7 days. For initial conditions to be
reasonably removed from the numerical results, simulations
must be started a few time this time scale before a time of
interest.

Residence Time for Pollutants

Water that enters the aquifer a distance L, from the land-
ward edge of the barrier will take of the order L /(Km*/L) to
travel to the edge and leave the aquifer. For salt water en-
tering in the runup zone, so that L ,~L, this residence time
is about 520 days for the system shown in Figure 10. Pollut-
ants with the ability to attach themselves to soil particles for
longer or shorter periods of time the residence time can be
much longer.

DISCUSSION

Due to the infiltration of seawater from wave runup and
the asymmetry of tidal in/ex filtration on sloping beaches the
groundwater level near the coast (immediately landward of
the high water mark) is always considerably above mean sea
level. The overheight which depends on beach slope, tidal
range and wave conditions may be less than 0.5 during fair
weather conditions but it can be several metres during
storms. Details of its estimation have been given in sections
3 and 4.

For coastal barriers and ocean atolls which are exposed to
waves on one side only, this leads to an asymmetry in the
watertable heights and in the shape of the freshwater lens
which has consequences for the vegetation and for environ-
mental management. The slope of the watertable drives a
steady “landward” groundwater drift which makes the fresh-
water lens thinner overall and gives it a wedge shape, pointed
towards the ocean. On the protected side the freshwater lens
ends rather abruptly due to diffusion through a diffusive
boundary layer of thickness less than two metres.

The general landward drift of ground water must be con-
sidered in relation to wastewater release and management of
beach pollution.

The watertable heights, can be modelled without consid-
eration of density variations, i.e., using the generalised Bous-
sinesq equation (9) in areas where D, varies reasonably slow-
ly (Equation (32)). In areas with very fast variation of the
freshwater lens thickness, an extra flux term must be con-
sidered, c¢f. Equation (27).

The use of the Boussinesq equation which assumes a shal-
low aquifer with negligible vertical flow is considered valid
in the interiour. It is however not appropriate for modelling
the details of the infiltration from wave runup. Hence, the
infiltration rates that were derived from field and lab exper-
iments by KANG (1995) using the extended Buossinesq equa-
tion (9) are to some extent “nominal”. It is however consistent
and, at this stage, appropriate to use them in connection with

(9).
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The thickness of the freshwater lens can be modelled sat-
isfactorily using the depth integrated salinity equation de-
veloped in Section 7.4. The time dependent equation must be
solved numerically, but instructive analytical approximations
have been obtained for steady conditions.

Estimates of the diffusivity are provided for both steady
flow and oscillatory (tidal) flow. The diffusivity generated by
the alternating tidal motion will often dominate within the
boundary layer near the protected side.

The time averaged coastal groundwater overheight, quan-
tified in Sections 3 and 4 should be accounted for in regional
ground water models through the boundary conditions. That
is, such models should use A=MSL+m" at the coastline, not
h=MSL.
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