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A qualit ative description based on field measurements is given together with a simple modelling framework for
watert able heights and salinity structure in coastal barriers. In coastal barri ers of width less than one kilometre the
shape of the watert able and the salinity structure are quite different from the classical scenar ios. 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 tr avel towards the land rather than towards the ocean. Secondly, this landward flow of salty groundwater
makes the freshwater lens much thinn er than the "Ghyben-Herzberg thickness". Ashallow aquifer model is presented
for the watert able 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 tr ansport . The field measurements indicate that ID 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.

ADDIT IONAL INDEX WORDS: Salinity, coastal pollution, water table, ground water, wave setup, wave runup, tides,
coastal barriers, atolls.

INTRODU CTIO N

It has been known for some time that the act ion of waves
and tid es on sandy beaches tend to raise the coas ta l ground
water levels . With large wav es an d/or large tid es on a flat
slope , the overheight ma y 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 th e mor e the landward side is
protected from the waves and th e tid es. Also, if the landward
side is steeper than the ocean side, the tidal supere leva t ion
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 th e water
table slope and hence th e landward gro undwate r 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 significa nt cons equ ences for the en
vironmental management of coastal barriers. Firstly, it mu st
be noted that, contrary to what might have been expected,
any wastewater relea sed into the aquifer will travel towards
the continent rather than towards th e ocean. Secondly, the
fact that there is a net inflow of water through th e beach face
means that pollutants that land on the beach face will have
a strong tendency to enter the aquifer under the barrier. Thi s
means that the use of detergents to disperse oily pollutants
from barrier beaches mu st be discouraged since it will , mor e
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than anything, make the pollutants enter th e barrier ground
water system with increased speed . Thirdly, th e freshwater
lens under suc h 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 la rge waves after
a period wit h low rainfall.

The nat ure of th e processes and th e probable ranges of con
ditions will be discu ssed in th e followin g sect ions . Section 2
offers an introduction to th e details of the coastal boundary
condit ion for the groundwater sys te m. Section 3 th en consid 
ers th e wave forcing both qu alitatively and quantitatively.
Th e effects of the tid e are addressed in Section 4. The width
of the coastal strip in which the effects of waves and tid es
are important for groundwater modelling is qu antified in Sec
tion 5. The resulting groundwater dynamics in the interior
are described in Section 6. Some dyn ami c aspects of the sa
linity structure are analyse d in Secti on 7 and th e likely res
idence times of pollutants are discussed.

TH E COASTAL BOUNDARY

The watertable a few ten s of metres inland from the high
water mark on a beach will be considerably higher than the
Mean Sea level (MSL) even if th ere is no outflow due to rain
fall on the land. This overhe ight is partly due to waves and
partly due to tid es. Th e sit ua tion is illu strated in Figure 2
and a few useful defin itions will be given below.

Th e long term ave rage level of th e ocea n surface outside
the surf zone is th e mean se a level, MSL . The st ill water
surface, SWS is the flat (on th e scale cons ide red) sea surface
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Figure 1. The watertable und er coastal barrier s will be highest near th e ocean beach because of th e act ion of waves an d tides . Conseque ntly th er e is a
net flow of groundwate r toward s th e cont ine nt and th e fresh wate r lens te nds to be very th in .

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

The landward range of th e different oscillations depend s
on th eir 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 oscilla t ions due to wave height changes over
several days reach further. See th e data of NIELSEN et al.
(1988), NIELSEN (1990 ) and KANG et aZ. (1994). Th e time av
eraged effects influ ence the boundary condition for regional
groundwater modell ing.

The fact that salty sea water is poured in on top throughout
the swas h zone means th at th e classical large scale scena rio
shown, e.g., by COOPER (1959)-his Figure 5, must be sup
plemented with an area of sea water salinity on top of fres he r
water in the swas h zone. For a tide free situa tion, th e genera l
flow pattern which is driven by the waves on th e scale of the
surf zone was illustrated and modelled by LONGUET-HIGGINS
(1983).

The nature of th e t ida l watertable fluctuations on the two
sides of a coas tal barrier are shown in Figure 3.

Both ga uges were of th e order 10m inl and of th e respect ive
high water marks. The watertable variation on th e ocean side
is largest when the waves are big becau se th e wave setup
brings "the action" closer to th e well. The shape of the tid al
signa l is skewed towards a sa w tooth shape, and th e differ
ence in wate rta ble height bet ween th e wells is seen to cor
relate with th e offshore wave height.

WAVE FORCING

As indicated by Figure 3, the contribution to the watertabl e
height by wind wave s va ries on th e time sca le of hours as th e
height, H, period, T and direction of th e off shore waves
chan ges. The hydraulic conductivity, K of the sa nd and th e
changing beach topography will also play a role.

The amount of data is spa rse and when extrapola ti ng, it
should be kept in mind that th e inn er surf-zone/s was h-zone

MSL

Figure 2. Definitio n sketch for terms used in formulating the coast al boun dary condition for gro un dwater modelling.
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underlyin g distribution of the infiltration velocity between
th e shoreline and th e runup limi t are given by KANG and
NIELSEN (1994 ) and KANG (1995).

Irregular, Natural Waves

The situa tion is mor e complicated with natural waves be
cau se th e wind waves th emselves are ir regular with respect
to both period and height, and because groups of wind waves
drive surf beats, i.e., oscillations with periods of th e order
100s which can be dominant near th e shoreline .

Extracting information about the waves' contribution Tj +w

to the total groundwater overheight Tj + (Figu re 2) from field
data is complicated by th e presence of tid es. 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 th e inst anta
neous differ ences between those two watertabl e records and
suggested that th ey could be related to th e offshore wave pa
rameters by

and 13" is th e slope of th e beac h face . Some det ail s of th e

for th e runup height (cf NIELSEN and HANSLOW 1991) leads
to

where H is th e wave height in th e uniform part of th e flume,
th e deep water wave length is calcul ated from linear wave
th eory:

Figure 3. Wat ertable time series from th e exposed (Palm Beach) and
th e protected (Pitt water) sides of th e Palm Beach Isthmus, Sydn ey, Aus
trali a. The palm Beach Isthmus is approxima tely 200m wide at th e site .
The depth of sa nd to bed rock is of th e order 25 metres, but organ ic layers
of low perm eability may exist close to MSL. Dat a courte sy of th e New
Sout h Wales Departm ent of Soil an d Wat er Conse rvation .

(8)

(7)

TIDAL FORCING

Tj +W> 0.05VH'ormsLo

Tj +w = 0.44VH'o,rmsLo tan I3F

for all beaches .

where th e constant O.lm may be attributed non-linearity, to
the difference in tid e-generated over height on th e two sides
or to a carry-over effect from large waves to subsequent small
wave s. More data sets are clearly required for a definitive
estimator , but in th e mean time, we may conclud e that th e
wave generated over height is of th e order

where H 'o,rms is th e equivalent offshore root mean square
wave height, corrected for refraction (H 'o,rms =YcOSO'.o Horms
where 0'.0 is th e angle betw een th e wave crests and th e coast
offshore). A more reasonabl e fit to th e data in KANG and
NIELSEN'S Figure 7 is however

TjPalmBe=h - Tj Piltwoter = 0.1 + 0.44VH'o,rm.Lo tan I3F (6)

TjPaimBeach: - Tj Piltwater = 0.55VH'o.rmsLo tan I3F (5)

Contrary to the wave effects, th e tidal effects on th e coast al
watertable have been measured dire ctly in th e field , e.g. th e
"Pittwater data" in Figure 3 and th e dataset of NIELSEN
(1990 ). Also, some modelling success has been achi eved using
the Dupuit -Forchh eimer assumptions and ignoring th e cap-

for steep beaches (tan I3F> 0.1) like Palm Beach. Thi s result
is analogous to the regular-wave-result (3).

The result (7) which is derived from a set of stee p-beach
data should not be uncritically adopted to dissipative condi
tion s where the inner surf zone hydrodyn amics are qualita
tively different as mentioned above . It is unlikely that Tj +w

should ever be less than th e shoreline setup which according
to HANSLOW and NIELSEN (1993) is of the order O.4Horm a or
0.05YHo,rmsLo irrespective of I3F' In fact, th e effect of sur'f beat
swash is likely to lift th e watertable above th e shoreline level
on flat beaches so that

(1)

(3)

(4)

(2)

L; = gT 2/2'IT

Tj: = 0. 62~ tan I3F

which with th e formula

R =YHLotan 13"

Tj ,~.IR = 0.62

hydrodyn amic s are very different on dissipati ve and reflec
tive beaches. Reflect ive beaches (long waves on stee p beach
es) tend to have very vigorous wind wave swas h, see e.g. the
photo of NIELSEN (1992) P 262 whil e dissipativ e bea ches
(stee p waves on flat beache s) have little wind wave swas h but
exte ns ive waterline movements due to surf beat.

Regular Waves

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

KANG found from experi ments with two sa nd sizes
(0.18mm and 0.78mm) th at the ratio betw een th e wave gen
era ted groundwater overheight and th e runup height was in
depend ent of gra in size and hence of the hydraulic conduc
tivity
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illary fringe, i.e., by considering solutions to th e Boussin esq
Equ ation

wher e h is th e local height of the watertable above a horizon
tal, impermea ble base, K is th e hydraulic conductivity, n is
the porosity, x is a shore-norma l, horizontal coordinate and t
is time.

PHILLIP (1973) showed that a ti de of amplit ude A' ide acting
on a vertical beach with undisturbed aquifer depth D, will
create an asymptotic overheight compared to the mean sea
level (MSL) of

nah= K~(hOh)
at Ox ax

D lA - D = A7'<fe
2 +"2 7id e 4D

(9)

(10)

Recharge from pre cipitation

ii'i/,;!Ii:'j,;',~I//II/ ,!I/ I'~'M,}!II'l,:'/,~ :1/;:I//'IIIIIIII>j,lI'j/ ///0':1
Shoreline set-up due
to w av es and wind

MSL

D

Figure 4. In fluence on the watertab le height and groundwater sa linity
from waves and tides can be expect ed to be significant wit hin a coas ta l
st rip whe re th e sta t ic-ocean-waterta ble h .(x ) would be below th e highest
levels reached by tid es and wave s.

(11 )

(12)

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

ij (c)= 1]\ (I-e- 2k Bx )

where he is th e Boussinesq wave number

hB = J2';D
NIELSEN (1990) also considered th e effect of beach slope

and found that an extra overheight is genera ted if th e beach ,
instead of being vertical, forms the an gle [3 wit h th e horizon
tal. Thi s overhe ight is approximately

(13)

Under conditio ns of ext reme onshore winds a wind setup
may have to be added. The wind setup 1] +unnd at the shoreline
depend s on the wind speed and the wave condit ions thro ugh
the wind stress on the ocean surface. It also depends on the
effective length over which th e wind acts which may be lim
ited eithe r by the size of the sto rm or by the width of th e
conti nental she lf. No observations of 1] +unnd in isolation (with
no waves presen t ) are kn own to the wr iter bu t it is clea r that
1]+wind may be up to 5 or 6 metres du ring severe sto rms on
coasts with very wide shelves such as the Gulf Coas t of the
USA and the N E coas t of Austral ia .

OBSERVED SALINITY STRUCTURE IN A COASTAL
BARRIER

The sa linity st ructure under a coastal barrier like th e one
shown in Figure 1 is qui te different from the classical Ghy
ben -Her zberg case which ignores th e input of sa lt water from
wave runup. Without waves, a more or less symmetrica l pic
t ure is expected with the fres hwater flowing out toward s both
shorelines on top of the salt water and with the local depth
D L(x ) of the fres h water lens bein g of the order

a result which is accurate for E = he At i dj tan[3 < 0.5 provided
no seepage face is formed. A seepage face forme d during the
falling tide will cause a furthe r increase of 1] +a- See th e mea
surements of NIELSEN (1990) and TURNER (1993). For very
flat beaches of low perm eabil ity 1] +p will a pproach the tida l
amplitude (1] +p -7 AUdJ , but not exceed it .

THE WIDTH OF THE COASTAL GROUNDWATER
ZONE P sea (16)

(15)

The widt h of th e coasta l strip withi n which the effects of
waves and tides should be included in groundwater models
can be estimated by compa ring th e watertable elevation de
rived from Dupui t-Forchheimer th eory with the sum of ov
erheights created by tides, waves and winds .

For a general scenario as shown in Figure 4 thi s is t he
coastal st rip withi n which

hs(x) < D + 1]; + 1]t + 1]; + 1]; ,nd (14)

The waterta ble height in an unconfined, sha llow aquifer
due to the steady recharge rate i an d a static ocean level (=
MSL) is according to Equation (9) given by

J h 2 + iUIK - D2 ih (x) = D2 + r X - - x 2
S L K

where D is th e depth below the MSL of an impermeable
bounda ry and h, is t he watertable height at x =L. Th e over 
heights due to tid es (1]+u, 1] +p) and waves ( 71 "w) are given by
equations (8), (10) and (13) res pectively.

in accordance with the Ghybe n-Herzberg pri nciple, cf FET
TER (1988), pp 150-1 56. An example of the actua l watertable
heigh ts an d salinity st ruc ture measu red on Bribi e Island
North of Bris bane , Australi a are shown in Figu re 5.

The watert able is seen to be highest near the high wate r
mark and the fresh water lens opens up gradually on the
ocean side . It has a maximum thickness of about 1.1m an d
closes very abru pt ly on the landward side. A simila r scenario
was re ported by URISH (1980). However , Urish envisaged a
more gradua l thinning of the fresh water lens on th e land
ward side. Selected salinity profiles are show n in Figure 6.

We note that these profiles are , in general, not showing a
sharp in terface bu t a rather gradua l increase in salinity with
increasing depth below the watertable. The vertical salinity
gra dients 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 groun dwater is again fres h but rich in hydrogen su lfide.

J ourn al of Coas tal Research, Vol. 15, No.3, 1999
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Figu re 5. Wat ertabl e heigh ts and freshwater displ acem ent thickness
measured acros s the na rrow northern part of Br ibie Island , 2017-1997 .
Measurem en ts in a parallel transect , 100m to the Sout h, have indicated
tha t the situation is practi cally uni form in th e shore parall el direction.
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Figu re 6. Salini ty profiles at se lected posit ions in th e Bribie Island tran 
sect of Figu re 5, 2017-1997. Note th at the re is usually not a very sharp
int erface.
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THE MODELliNG FRAMEWORK

Modelling of th e watertable heights and sa linity stru ctu re
in coastal barriers is at te mpte d in two steps. Firstly, the wa
te rtable heights are est ima te d assuming pr edominantly hor
izontal flow. Secondl y, the corres ponding sa linity structure is
found in terms of the equivalent local depth DL(x,t ) of th e
freshwater lens defined as the fresh water displ acement
thickn ess

then the displ acem ent thickn esses based on den sity and sa 
linity are actually identical and the residual lp2 is zero at
z= O as well as at z =h, i.e., the picture is qu alitatively as in
Figure 8.

For pu rp oses of illustration th e magnitudes of lp \ and lp 2

have been exaggerate d by a factor 10 compared with lpa' Th at
is, Figure 8 corres ponds to ~=1/4 instead of the real ~=1/401 LhDL = -;;- (e sea - e ) dz

sea Z m m

(1 7)

P = Prresh + ~~ = P + Psea - Prmh CC [r esh: --
sea P rresh Csea

(22)

wher e ese" is the salinity of seawate r and e = e(x,z, t ) is the
local instantan eous sa linity, ef Figure 7.

The Velocity Potential

In the variable-den sity gro undwa te r flow, the velocity po
tential e is a funct ion of z as well as of x and t and it is given
by

Velocities and Flow Rates

Corresponding to the three components of the velocity po
ten tial , the local velocities u ix .z. t ) and th e depth integr ated
flow rates Q(x,t) can be written as a sum of the "Dupuit- For
chhe imer contribution" which assumes un iform density, a
"sharp in terface corre ction" and a residual :

(23)

for z < h - DL]

for z > h - DL

_Kah lK~ aD
L

ax + ax

o

+ u 2 (x , z, t)

U(x , z, t ) = ua(x , t) + U\(x , Z, t) + u2(x, z, t )

c]. Figure 8. The fact that u , is un iform below the assumed
in terface and zero above mak es its flow ra te contribution very
easy to calcula te , we find(20)

(19)

(18)

lp(x, z , t ) = lpa(x, t) + lp ,(x, z, t) + lp2(X, z , t)

where lpa is th e Dupuit-Forchheimer poten tial

lpa <Khix.t )

[ Lh'X." ( )]lp (x , z, t) = K z + ~ + _P- dz
z K Prresh

where w is the vertical flow velocity . In the case of w == 0 and
un iform fres hwate r, this potenti al becomes simply Kh ix.t ).

In order to obtain work abl e, approximate solutions we shall
split lp into th ree parts:

(21)

and lp, accounts for th e approxima te den sity effect based on
a sharp interface at z =h-D L , i.e.,

1
L

h - n l. (p )
K - - - I dz for z < h - DL

lp\ (x, z, t) = z Pr",h

o for z > h - DL .

If the densi ty is re lated lin early to th e sa linity, e.g., as

ah aD
Q = Qa + Q, + Q2 = -Kh- + K~(h - DJ)-L + Q2 (24)

ax ax

Due to th e fact that the relative den sity increment ~ =

(Pse"- Pfresh)/P fresh is approximately 1/40 , Qa is usu ally totally
dominant. For the sys te m observed in thi s study that is the
case eve rywhere except insid e the th in diffusive boundary
layer whe re Dr- varies mu ch more rapidly than h.

Journal of Coastal Resea rch, Vol. 15, No.3, 1999
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(26)

(27)

z z

( sea

counts approximately for density differ ences in te rms of a
sharp interfac e gives

n ah = K~(h ah) - Kt1~[(h - DL)aDL] + i s + i f
at ax ax ax ax

ah a [( ah ) aD L ] . .nat = K ax h ax - t1(h - DL ) ---;;;- + Is + If '

The Salinity Structure

Figure 7. The thi ckness D L of th e freshwater lens is defined as the fresh
water displacement thickn ess.

where is(x,t) is the sa lty recharge rate due to wave ru nup,
occurring only seaward of the runup limit and ilx,t) is the
fres h water recharge due to rainfa ll.

The next level of approximation, Q = Qo+Ql' which ac-

-~ JhCUdz - ~ Jh - E de dz
ax z e O ax z v O sax

a Jhn - c dz
at z=o

Equa tion (28) is simplified by introducing the fres hwater
disp lacement thickness (17). This sim plifies the flux terms as
indicated in Figure 9 and Equation (28) becomes

First Approximation: Neglecting Density Differences (u

== uO>

where the left han d side expresses the rate of change of the
local amount of sa lt 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 sa lt in the x
direct ion is Eg •

In the following we attempt to model th e sa linity st ruct ure
with a one dim ensional model which describes the behaviour
of the thick ness D L(x,t) of the equiva lent fresh water lens.
The dynamic equation for D L(x,t) is obtained by expressing
the conservation of sa lt in a control volume of unit length
which reads

(9)

(25)

va lid for h(ahl
Qo leading to the

a pproximation ,
we can use Q

where , as a first
ax)>>t1(h - D L )(aDL/ax),
Boussinesq equation

n
ah

= K~(h ah) + is + i f
at ax ax

WatertabIe Heights

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

oh oQ . .
n - = - - + I + I

ot ox s f

o

0.6
Interlace

-----'---

uo

Velocities

z/h
1.2

Salinity structure Potential

z/h z/h

1.2 1.2

1.0

0.8

0 .6

\jl

0.4

0.2

KMh-DL)

Csea 0 Kh

Figure 8. Salinity distribution and th e corres ponding velocity potential. For illu strat ive pu rp oses th e magn itude of Il and hen ce the magnitudes of 'PI
and 'P2 compared to 'Po have been exaggerated by a factor 10.
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Figure 9. Simplification of the sa lt flux terms for use in 1D modelling.

ctx.zf)
h

JU[dZ
, , 0 h

J- E 2..~ d Zax
z=o

OL

h-OL

c" ,ll (h-D ,J

_ C E _a(-,--h_-_D-e''-'-)
". ax

aDL a (ah ) a ( a[h - DLJ) .n- = K- -D - - E + I (31)
Of aXOx L Ox S Ox r

same as for the unstratified case. That is, given h(x,t ) there
is no change to the DL-equation due to introducing the two
layered density structure. This is because (31) is a "fresh
water equation" and the addition of 'PI> UI> and QI 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 "st rat ified" system of equations (27) + (31) mu st be
solved simultaneously because of the presence of DLin (27).

(30)

a a
n-=--(csea[h - DL ]) = --:-(uacsea[h - DL ])

ot ox

a ( a[h - DLJ) .
- -:- - EsCsea _ + Cseal s (29 )

ox ox

which after canceling C,.a and with u; = -Kahlax becomes

na(h - DL) = K~(h:) - K~(:DL)

a ( a[h - DLJ) .+ =- lOs _ + I s ·
ox ox

Diffusivity

A diffusion free model may give reasonable predictions of
DL(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, E,

The longitudinal dispersion coefficientldiffusivity generat
ed by a steady velocity U is according to MARSILY (1986) P
238

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

aDL a (ah ) a ( a[h - DLJ) .n- = K - -D - - E + I . (31)
ot Ox Ox L Ox s Ox r

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

(36)

(35)E, = CtLU

where CtL is a few centimetres for sand.
Back and forth motion due to tide of the form U'i<k = ~x,'i<k

wcoswt, where w = 2'11' IT is the angular frequency of the tide,
can generate further dispersion. The horizontal diffusivity
gen erated by such a motion is, according to Kurzweg and Jae
ger (1983) approximately

lO s = 0.075~~ 'ideIT = 0.075(Urnax
) 2~

, w 2'11'
(32)ah~ ~aDL =~ aDL.

ax ax 40 ax

Accounting for Density Differences Assuming a Sharp
Interface

In areas where the freshw ater displacement thickness
varies mor e than ten times faster than with x than does h,
a n extra salt water flux of magnitude QI mu st be accounted
for.

This transforms equation (29) into

a a
n-=--(c sea[h - DL ]) = --:-[(u o + u, )csea(h - DL ) ]

ot ox

a ( 6[h - Dd) .- -:- - EsCsea _ + Cseals (33)
ox ox

where Cx"a can be cancelled and (the top part 00 the expres
sion (23) inserted for u;+u 1• This leads to

n a(h - DL) = K _a [(h _ DL )(~h _ ~ a?L ) ]
ot ox ox ox

a ( a[h - DLJ) .+ =- lOs _ + I s . (34)
ox ox

Subtracting this equation from the corresponding watertable
equat ion (26) lead s to

where U rnax = K (ah'iJ aX)rnax and h'ide = D+Ati<ke -kxcos
(wt-kx ) with k=k B , cf Equation (12), this leads to

nKA 2
E = 0 012~e-2kBx

s • D

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 negl ecting den sity differ ences, at some length. The
simplest model which can be used to indicate th e general
shape of DL(x) and the thickness of th e diffusive boundary
layer is

1 [
L - x ] ) (37)- Qr(O ) + irx 1 - exp - 0.012nA~'deL '

DL(x) - Ct
L

+ TJ +D

Th e factor in front of the br acket describes a steady, dif
fusion free solution , neglecting density differences and th e
br ack et give s the shape of th e diffu sive boundary layer und er
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DISCUSSION

Residence Time for Pollutants

Water th at enters th e aquifer a distanc e L; from th e land
ward edge of th e barrier will tak e of th e order L j (K'f)+IL ) to
tra vel to th e edge and leave the aquifer . For sa lt water en
tering in th e runup zone, so that L o=L, this residence t ime
is about 520 days for th e syste m shown in Figure 10. Pollut
ants with th e ability to attach th emselves to soil particles for
longer or shorter periods of tim e th e residence tim e can be
much longer .

Due to th e infil tration of seawater from wave runup and
th e asymmet ry of tidal in/ex filt ration on sloping beaches the
groundwate r level near the coast (immedia te ly landward of
the high wate r mark ) is always cons idera bly above mean sea
level. The overheight which depend s on beach slope, ti dal
ran ge and wave conditions may be less than 0.5 during fair
weather conditio ns but it can be several metres during
sto rms . 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 asy mmetry in th e
wate rtable heigh ts and in the sha pe of the freshw ater lens
which has consequences for th e vegetation and for environ
men ta l man agement. The slope of the watertabl e drives a
steady "landwa rd" groundwa ter dr ift which mak es th e fres h
water len s thinner overall and gives it a wedge shape, pointed
towards the ocean. On th e protected side th e fresh water lens
ends rather abruptly due to diffusion through a diffusive
bound ary layer of th ickness less th an two metres.

The general landward dr ift of groun d water must be con
sidered in relati on to wast ewater rele ase and man agement of
beach pollution.

Th e watertable heights, can be modelled without cons id
eration of density va riations , i.e., using the genera lise d Bous
sinesq equa tion (9) in areas where D L varies reasonably slow
ly (Equation (32)). In areas with very fast variation of th e
fres hwater lens th ickn ess, an ext ra flux term must be con
sidered, c]. Equation (27).

The use of th e Boussinesq equation which assumes a sha l
low aq uifer with negligible vertical flow is consi dered va lid
in the in teriour. It is however not appropriate for modelling
the det ail s of the infiltration from wave ru nup. Hence, th e
infiltrat ion rates th at wer e derived from field and lab exper
iments by KANG (1995 ) usin g the exte nded Buossinesq equa 
tion (9) are to some exte nt "nomina l". It is however consistent
and, at th is stage, appropr iate to use th em in connection with
(9) .

The Dynamic Time Scale

Th e dynamic time sca le of the sys tem is of th e order nUl
(12KD) correspond ing to the fact th at th e height of a sym
metrical , parabolic watertable above MSL will decay as exp{
tl[nU 1(12KD)]} afte r th e ra in sto ps . For th e sys te m shown in
Figure 10 th is amounts to 7 days. For init ial conditions to be
reasonably removed from th e numeric al resul t s, simula tions
must be starte d a few time this time scale before a ti me of
in terest.

(38)

100

1996199519941993

-100

th e as sumption of const ant diffusivity given by (35) and (36)
and constant uo=-K'f)+IL. Q~O) is th e fres hwate r flux
through th e vert ical sect ion x= O.

Thi s simple approximation shows that th e magnitude of
th e diffusive boundary layer thickn ess is

o = (XL + 0 .012nA~idDeL
'f) +

700 ,------- ---- ---- ---- - - - - 
600 -t-- - -- - - ------ -- --- ------ - - ---
sao 1- - - - - - 
400 -t-- - - -

;~~ -- -~- J_-:'-':'~- --
100 - - --- ---+=-- - --

a ..,.,.,. r- ,.,.,.,.,.....,.".,.,..,.,.I-,"-M

1- sand level--Sepl'94 --Oc1'95 -x-March'96 -May'96 I

The wind , wave and rainfall condi tion s a re usu ally highly
variable with large events having th e typi cal duration of two
to three days. Therefore, the sys te m will have a cons iderable
dynamic ra nge as indic ated by the data in Figure 10.

We see th at th e measurements following a very dry period
in 1994 show almost no freshwater lens under th e sea ward
half of th e barrier while the wet weather in May 1996 created
a very fat fres hwa te r lens. These measu rements are, how
ever, not expected to be the absolute extre mes. Larger waves
in the per iod lead ing up to the 1994 measu rements would
have driven even more of the fres hwater out. Simila rly, the
first quart er of 1996 was characterise d by large waves as well
as th e high rainfal l. Th at is, if the waves ha d been smaller,
the fres hwater lens would have been even thi cker and ex
te nding further towards the ocean.

which is usu ally less th an two metres.

DYNAMIC CHARACTERISTICS

Figure 10. Top, Meas ure d freshwater dis place ment thick ness D ,.(x ) at
differen t ti mes from th e Bribie Island field site plotted downwards from
the MSL. Dimensions in metres. Below, Monthly rainfall totals at Bris
ban e Airp ort. Arrows point to th e tim es of sali ni ty measurements.
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The thickness of the freshwater len s can be modelled sat
isfactorily using the depth integrated salinity equ ation de
veloped in Section 7.4. The tim e dependent equation must be
solved numerically, but instructive analyt ical approximations
have been obtained for steady condit ions.

Estimates of the diffusivity are provided for both ste ady
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 th e boundary conditions. That
is, such models should use h = MSL+l1 ' at th e coastline, not
h=MSL.
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