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Abstract.

Long-term (1 month) observations of waves and currents over a natural reef

are presented which show a strong correlation between offshore rms incident wave
height and cross-reef currents at subtidal frequencies. The energy spectrum of the
cross-reef currents shows a significant peak at twice the semidiurnal tidal frequency,
while the spectrum of sea surface elevation over the reef flat shows no corresponding
peak. Furthermore, experimental results reported by Gourlay (1993) show setup over
the reef occurs in the absence of a beach, and the cross-reef transport decreases with
an increase in the sea surface slope across the reef flat due to an increase in setup at
the top of the reef face. Analytic solutions for flow forced by wave breaking over an
idealized reef explain the above features of cross-reef flows in the absence of a beach.
Through the surf zone on the reef face the cross-reef gradient in the radiation stress
due to wave breaking is partitioned between balancing an offshore pressure gradient
associated with setup over the reef and forcing a mean flow across the reef. Over the
reef flat, where the depth is constant, there is no forcing due to wave breaking and the
flow is driven by a pressure gradient which results from the setup through the surf
zone. The magnitude of the setup through the surf zone is such that the transport
across the reef flat matches the transport through the surf zone which is forced by the
gradient in the radiation stress. Solutions are presented for general reef geometry,
defined by the reef width and slope of the seaward reef face, and incident wave

forcing, defined by the depth at the breakpoint and the depth of water over the reef. As
the depth over the reef goes to zero, the solutions converge to the plane beach
solutions described by Longuet-Higgins and Stewart (1964), wave setup is maximized,
and the cross-reef transport is zero. In other cases the relative magnitudes of the setup
and the cross-reef transport depend on the geometry of the reef and the incident wave

forcing.

1. Introduction

Shallow, submerged reefs subject to significant wave
action are common throughout the Pacific and Indian
Oceans. The region of the Great Barrier Reef in Australia
stretches for 1600 km covering an area of 230,000 km?
[Maxwell, 1968]. Estimates of the total number of reefs vary
between 2500 and 3000 with an average area of 6.9 km? and
a total reef area of 20,055 km? [Hopley et al., 1989]. The tidal
range varies considerably throughout the reef with an aver-
age range of approximately 3 m. The reefs may be exposed
at low spring tides, while at high tide the maximum water
depth may be a few meters. Such reefs often surround
lagoons and low atolls and provide protection from incident
waves by dissipating the wave energy through the surf zone
on the seaward side of the reef. Wave-induced setup and
currents due to wave breaking over the reef could therefore
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have a significant impact on the circulation and flushing of
the lagoon [Black and Hatton, 1990]. Hearn and Parker
[1988] have shown that currents at subtidal frequencies in a
deep channel behind Ningaloo Reef in Western Australia
were highly correlated with the offshore rms wave height.
They estimated a volumetric flushing time between 5 and 23
hours.

Wave setup over coral reefs has been reported by Tait
[1972], Jensen [1991), and Gourlay [1993] and has been
explained using the concept of radiation stress introduced by
Longuet-Higgins and Stewart [1964]. The gradient in the
radiation stress through the surf zone over the reef is
balanced by an offshore pressure gradient analogous to the
plane beach solution described by Longuet-Higgins and
Stewart [1964] and Bowen et al. [1968]. However, this
mechanism cannot account for a downstream return to still
water level which could be expected for a reef in an
otherwise unbounded ocean. Alternatively, it has been sug-
gested that a pressure gradient develops to balance the high
friction usually associated with flow over shallow reefs, the
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Figure 1. Location of John Brewer Reef and the instru-
ment sites used in this study. Wave rider buoy (W1),
surface-piercing wave staff (S1), and current meter (S4) are
shown.

pressure gradient increasing as the current speed increases.
In this case the mechanism driving the current and the initial
increase in sea level is not accounted for. A complete
theoretical treatment is needed which includes wave forcing
over the reef incorporating both pressure gradients and
currents and allows sea level to return to a “*still’” water level
at a sufficient distance either side of the reef. In the limit as
the depth over the reef goes to zero, the solutions should
approach the well-known setup on a beach. In this paper we
present a theoretical framework over an idealized reef which
includes these features of the solutions.

Long-term observations of wave-driven flow over a shal-
low reef have not been reported previously, and in the next
section we present some observations demonstrating fea-
tures of the flow in this regime which have not been
described elsewhere. We present some unique long-term
observations of flow over a natural reef and discuss some
interesting laboratory results reported by Gourlay [1993].
The theoretical model is described in section 3, followed by
results in section 4 which provide an explanation of the
unusual features of the observations and valuable insight
into the dynamics of wave-driven flow over submerged
reefs. Discussion and conclusions follow in sections 5 and 6,
respectively.

2. Observations

In 1988 a unique measurement program was carried out on
John Brewer Reef located approximately 70 km northeast of
Townsville, Queensland (see Figure 1). The experiment was
designed to investigate wave attenuation and transformation
across an exposed offshore reef and involved an array of
surface-piercing wave staffs, current meters, and wave rider
buoys. The instrument array and observations of wave
attenuation and transformation have been reported by Hardy
et al. [1990] and Hardy [1993]. The experimental program
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ran for approximately 1 month, providing a unique opportu-
nity to examine the variability in wave-driven, cross-reef
currents due to tidal variations in sea level and wave height
variations associated with passing weather systems. Only
those instruments relevant to our particular application are
shown in Figure 1. An offshore wave rider buoy was located
500 m seaward of the reef edge at a depth of 50 m (site W1 in
Figure 1). The wave rider had a sampling rate of 2.56 Hz and
recorded 2048 points (approximately 13 min) every hour
throughout the experiment. Sea surface elevation was mea-
sured at the seaward edge of the reef flat at site S1 using a
wave staff based on the technique described by Zwarts
[1974] with an estimated mean water level accuracy of 1 cm.
The wave staff had a sampling rate of 4 Hz recorded for 20
min every 2 hours for most of the experiment. An Inter-
Ocean Systems, Inc., S4 current meter, located at site S4
approximately 150 m from the reef edge, recorded 1-min
averages of velocity at 10-min intervals for the period August
13 to September 23, 1988.

In Figure 2 are shown the low-pass-filtered cross reef
currents at site S4 and the corresponding low-pass-filtered
rms wave heights from the wave rider at W1. A Chebyshev
type I low-pass filter with a half-power point at 0.04 cycles
per hour was used to remove the tidal component from the
observed currents. The data clearly show that the cross-reef
currents at subtidal frequencies are highly correlated with
the offshore rms wave height. For convenience, positive
cross-reef currents here are directed into the lagoon. The
two periods of negative or offshore directed currents over
the reef are associated with very low waves. The corre-
sponding correlation coefficient is 0.92, demonstrating a
strong linear relationship between offshore wave height and
cross-reef currents. The along-reef currents were found to be
poorly correlated with offshore wave height.

The power spectrum of the unfiltered cross-reef currents is
shown in Figure 3. The spectral estimates were obtained
from 10 segments with 512 points per segment, giving 20
degrees of freedom. The 95% confidence interval is shown
on the figure. The largest peak in the spectrum appears at the
semidiurnal tidal frequency (0.082 cph), yet a second signif-
icant peak occurs at twice the semidiurnal frequency (0.164

0.5
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Figure 2. Filtered cross-reef currents (solid line) measured
at site S4 and rms wave height (dashed line) at W1.
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cph). The corresponding spectrum of sea surface elevation
does not contain a peak at 0.164 cph but does show signifi-
cant tidal peaks. Higher harmonics of the major tidal con-
stituents have been attributed to nonlinear distortion of the
tidal wave in shallow water [Uncles, 1981; Speer and Au-
brey, 1985]. Friedrichs and Aubrey [1988] document ‘‘over-
tides’’ along the east coast of North America and show the
magnitude of the harmonics is typically at least an order of
magnitude smaller than the major tidal constituent. Har-
monic analysis of tidal records in the vicinity of John Brewer
Reef [Gay et al., 1991] also reveal small but significant
contributions from overtides but are almost an order of
magnitude smaller than the major M, tidal constituent.
While overtides may contribute to the energy at harmonics
of the tidal constituents, in the following sections we pro-
pose an additional mechanism, unrelated to shallow water,
nonlinear tidal distortion, which causes the wave-driven,
cross-reef currents to be modulated at twice the tidal fre-
quency while the sea surface elevation over the reef flat is
not modulated.

Laboratory experiments reported by Gourlay [1993] also
reveal interesting features of wave-driven flow over a sub-
merged reef. A wave tank was partitioned into three sections
connected at both ends with an idealized reef in the center
section. Since the sections were connected, the water level
on either side of the reef was maintained at still water level.
Gourlay [1993] investigated the wave setup and cross-reef
currents generated by waves breaking on the reef face as a
function of incident wave height and still water depth over
the reef. The experimental results_show that as the depth
over the reef decreases, the setup increases and the cross-
reef transport decreases. However, since the water level at
the downstream end of the reef is maintained at the constant
still water level, increasing the setup over the reef would
increase the sea surface slope across the reef flat. Therefore
the results suggest that the cross-reef transport is decreasing
in the presence of an increasing sea surface slope across the
reef flat. Gourlay [1993] does not discuss this feature of his
observations.
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Figure 3. Power spectrum of the unfiltered cross-reef cur-
rents measured at site S4 on John Brewer Reef. The corre-
sponding periods, in hours, are shown above the two signif-
icant peaks.
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Figure 4. Schematic reef defining the parameters used in
the theoretical model.

3. Theory

A schematic of an idealized reef is shown in Figure 4. We
assume the top of the reef is flat, while on the seaward face
of the reef the depth # is given by

h=(x—X,)tan B+ H x>X, (1)

where B is the bottom slope, H is the depth over the reef,
and x is positive seaward. The width of the reef flat is X, and
uniform, normally incident waves break at x = L where the
depth is 4,

On a natural beach, wave setup is explained in terms of a
balance between an offshore pressure gradient and the
onshore gradient of the onshore radiation stress which can
be written as

3L 1 88,

g9 = ——

ax ph ox

(2

where ¢ is the sea surface elevation; g, the gravitational
acceleration; p, the density; and S, the x component of the
x-directed radiation stress which, in shallow water, is given
approximately by

Si=3E (3)
where E is the incident wave energy given by
E =3 pga’ @)

and a is the incident wave amplitude. Through the surf zone
the incident wave amplitude is assumed to remain a constant
proportion of the depth such that

(5)

where vy is a constant. Equation (5) has been widely used in
modeling wave height decay through the surf zone since the
early work by Longuet-Higgins and Stewart [1964], Bowen
et al. [1968], and Bowen [1969]. Furthermore, (5) has been
shown to be a good approximation for monochromatic
waves in the laboratory [Bowen et al., 1968] and on a natural
beach with random waves where the wave amplitude is
replaced with the root-mean-square wave height [Thornton
and Guza, 1982, 1983]. A recent application is given by
Thornton and Kim [1993]. On beaches the constant of
proportionality is in the range 0.3-0.5. On John Brewer Reef,
site S1 was the only site which was always within the surf
zone. At this site, Hardy et al. [1990] estimate y = 0.35.
Using (5), (2) then becomes

a=vyh
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9L
g—=-2gy*tan B (6)
ax

If we truncate the top of the beach as shown in Figure 4, the
radiation stress forcing may also accelerate a cross-reef
current and the steady momentum balance, assuming linear
friction, becomes

g = - — Y]
where u is the depth-integrated velocity and r is a constant
friction coefficient, while continuity gives

d(hu)
=0
ox

®

The use of linear friction allows analytic solutions of (7) and
(8) which, in the appropriate limits, are shown to converge to
the well-known solutions for setup on a plane beach, de-
scribed theoretically by Longuet-Higgins and Stewart [1964]
and Bowen et al. [1968] and experimentally by Guza and
Thornton [1981], Holman and Sallenger [1985], and Nielsen
[1988], all of which show a shoreward increase in sea surface
elevation through the surf zone, the magnitude increasing
with increasing offshore wave height. Linear friction has also
been widely used in modeling inean flow in the nearshore
[Thornton and Kim, 1993; Wu et al., 1985; Mei and Liu,
1977; Noda, 1974; Bowen, 1969]. Typically, r = ¢y u,, where
u,, is the wave orbital velocity and the friction factor ¢, is of
order 0.01 [Longuet-Higgins, 1970]. Over coral reefs, obser-
vations suggest friction coefficients are significantly higher
[Black and Hatton, 1990], though in our application, the
magnitude of the friction coefficient does not significantly
alter the main features of the solutions.

In this paper we solve (7) and (8) subject to the boundary
conditions

(=0 x=0 (9a)

{—0 X —> (9b)
To nondimensionilize (7) and (8), we scale the offshore
distance by the width of the surf zone and the depth by the
depth at the breakpoint where the incident waves first break.
The sea surface elevation is scaled by the setup predicted for
a plane beach with the same slope and surf zone width as our

idealized reef. The velocity is then scaled according to (7)

with 8{/dx = 0. Nondimensional variables denoted by
asterisks are then defined as follows
* ud 10
x* = I-x, (10a)
h* = hih,, (10b)
'S
{*= 3 2 (10c)
2 y¥L-X,) tan B
u
u* = (10d)

H
2gy*tan g —
r
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This choice of scaling allows us to easily compare our
solutions with the corresponding solutions on a plane beach.
Seaward of the surf zone, the wave amplitude increases
toward the shore which, on a plane beach, leads to a small
set down toward the breakpoint [Longuet-Higgins and Stew-
art, 1964]. For our purposes we will ignore the effects of
wave shoaling and assume the radiation stress forcing is zero
seaward of the breakpoint. Through the surf zone the wave
amplitude decreases according to (5), and the radiation
stress forcing term has the form shown on the right-hand side
of (6). Across the reef top, since the depth is constant, the
wave amplitude is also constant and the radiation stress
forcing is again zero. After scaling, the momentum equation
becomes for reef flat (region 1)

d{* R .u* 0 0 * R2 1 )
+ = =x*=
dx* | h* Y =1"g, U
for surf zone (region 2)
d(* Rlu* Rz 1
+ = — =x*= (11b)
dx* h* 1- Rz 1- Rz
and for seaward region (region 3)
d{* Ru* 0 . 1 o)
+ = >
dx* " h* 1-R, (e
The continuity equation becomes
d(h*u*)
—— =0 (12)

dx*

where R, = H/h, and R, = X,/L. Solutions in the three
regions defined in (11a)-(11c) are obtained as follows.

In region 1 the depth is constant and #* = R ;. Using (11a)
and (12), the equation for Z* is simply

d*{*dx*? =0 (13)

The solution is then given by
{*=C; + Cox* (14)
u* = ~C, (15)

where C, and C, are constants to be determined.
In region 2 the nondimensional depth, using (1), becomes

ht = x* - R2
1-R,

Using (12) and eliminating « from (11b) the equation for *
becomes

)(1 — Ry + R, (16)

d*¢* de*
h* F-*— 2(1 — Rl)dx* = -2(1 —R))

a7

If we let e’ = h*(x*), then changing variables in (17) yields
d*x dex
—z t—=
dt dt

2e!
1-R,

(18)

The solution for £* is then given by
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!

e
*=Cs+ Che ' — 19
{ 3 4€ 1-R, (19)

which can be written
NP S 20
=G TR (20)

where C; and C,4 are constants. Using (11b), the solution for
u* is given by
Ci(1—R))
* = - Y 1)
R h*

In region 3 the equation for £* is the homogeneous form of
(18), and the solution is given by

g* = C5 + C6/h* (22)
and the velocity is given by
Ce(1 - Ry)
s — 23
R (23)

The integration constants C; are obtained by applying the
boundary conditions

(¥=0 x*=0 (24a)

*—>0 x*— oo (24b)
and the additional matching conditions that £* and u* be
continuous at x* = R,/(1—R,) and x* = 1/(1 — R,) where
h* equals R and 1, respectively. Under these conditions the

constants are given by

C|=0 (253)
(1 -R;)(1-R»)
Cy= 25b
*" (1-RypR, + (1 - R)R, @b
Cy= ! 25
3TIR, (25¢)
_ |1 0-R)R,|™

Cy4= R, +m (25d)
C5=0 (256)
C6=C4 (25f)

An important consequence of using linear friction in (7) is
that the nondimensional sea surface elevation given by (14),
(20), and (22) is independent of the friction coefficient r
which only affects the velocity through the scaling in (10d).

The two ratios R and R, represent the geometry of the
reef and the magnitude of the forcing, and both vary between
0 and 1. R, is the ratio of the depth over the reef flat to the
depth at the breakpoint. The limit as the depth over the reef
flat vanishes (R; — 0) corresponds to the plane beach case,
and the cross-reef transport must vanish while the setup
approaches the plane beach solution. Alternatively, as the
depth over the reef flat approaches the depth at the break-
point (R, — 1), the waves would cease to break and there
would be no forcing and hence no setup or cross-reef

2643

transport. R, is the ratio of the reef width X, to the
breakpoint position L, which are relative to the origin
defined as the point where sea level returns to the still water
level. The reef width X, is defined as the distance, on the
reef flat, over which sea level returns to the still water level
which may not be equal to the physical width which is often
difficult to define on a natural reef. The case when R, tends
to 0 corresponds to a narrow reef, while the case when R,
tends to 1 corresponds to an infinitely wide reef. Here we
examine the limiting solutions as R, and R, approach 0 and
1. We consider the solution at the seaward edge of the reef
flat where x* = R,/(1 — R,) and h* = R, and the sea
surface elevation and cross-reef current are given by

C:R;
e (26)
and
u*=-C, 27
3.1. Case0 <R, <1

As R, tends to 0, using (25b), C, — (1 — R;)/R;, and the
solutions approach the following limits

=1 (28)

and

h*u*—0 29

In this case the depth over the reef is small compared to the
depth at the breakpoint, and most of the incident wave
energy is dissipated through the surf zone. The solutions
converge to the plane beach solutions where the cross-shore
transport is zero and the sea surface elevation approaches
the predicted setup on a plane beach.

In the limit as R, tends to 1, C, — 0, and we have

{(*—0 (30)

and

h*u*— 0 3D
In this limit the depth over the reef approaches the depth at
the breakpoint. The waves do not break so there is no
forcing, and the setup and cross-reef transport are 0.

3.2. Case0<R; <1
In the limit as R, — 0, C; — (1 — R{)/R,, and we have

{(*—0 (32)

and

h*u*— —(1 — Ry) (33)

In this case the reef is narrow compared to the width of the
surf zone. The radiation stress forcing goes entirely into
driving the cross-reef flow. In this limit the sea surface
elevation at the breakpoint, where x* = 1/(1 — R;) and
h* = 1, is given by

{*— —R, (34)

The significance of the set down seaward of the surf zone is
discussed later.
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Figure 5. Nondimensional solutions for (a) sea surface
elevation and (b) current and (c) transport for the case R; =
R, = 0.5 as functions of the nondimensional offshore
distance x*, and (d) reef bathymetry. The surf zone is
between x* = 1 and x* = 2.

As R, approaches 1, using (25b) and (26) we have, at x* =
R,/(1 — Ry)

{r—1 (35)

and, using (27)

h*u*—0 (36)
In this case the reef is very wide compared to the width of
the surf zone. For a given forcing the pressure gradient
across the reef flat becomes very small and the solutions
converge to the plane beach case.

The case R; = R, = 0 corresponds to a plane beach, and
a singularity occurs in u* since the boundary condition at
x* = 0 given in (9) is no longer appropriate. However, in this
limit the transport 2*u* remains finite since 2* vanishes. In
the following section we present results over the full range of
values of R, and R, between 0 and 1.

4. Results

Solutions for the case R; = R, = 0.5 are shown in Figure
5 as functions of the nondimensional offshore distance x*.
The bathymetry is shown in Figure 5d, and the surf zone is
defined by the region between x* = 1 and x* = 2. The
gradient in the radiation stress through the surf zone accel-
erates a current up the slope and produces a setup (see
Figure 5a) at the seaward edge of the reef flat. The resulting
pressure gradient across the reef flat forces a cross-reef flow
to match the transport through the surf zone. Seaward of the
surf zone, there is a corresponding set down to produce a
pressure gradient such that the transport A*u* is constant
across the model domain (0 < x* < o) as shown in Figure
Sc. As mentioned in the previous section, the nondimen-
sional setup over the reef is independent of friction.

Solutions for the nondimensional sea surface elevation
(Figure 6a) and the nondimensional cross-reef transport
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(Figure 6b) are shown at x = X, as a function of R and R;.
These results illustrate the limiting cases discussed in the
previous section and reveal some of the characteristics
observed in the data. For example, for a given R, the
cross-reef transport in the negative x direction (Figure 6b)
increases as R; increases from zero while the sea surface
elevation (Figure 6a), and consequently, the cross-reef sea
surface slope, decreases which is consistent with the labo-
ratory results of Gourlay [1993]. However, as R continues
to increase, the cross-reef transport goes through a maxi-
mum and then decreases with a continuing decrease in the
sea surface elevation and cross-reef pressure gradient.

Shown in Figure 7 is the nondimensional sea surface
elevation at x = L which is quite different than the results
shown in Figure 6a at x = X,. For a given R, proportionally
more set down occurs seaward of the surf zone as R;
increases, while the relative setup at the inner edge of the
surf zone decreases (see Figure 6a).

4.1. Variation Over a Tidal Cycle

On any given reef the geometry remains fixed, yet R, and
R, may change as the depth over the reef varies through a
tidal cycle. To gain some insight as to what happens on a reef
with a given width X, and slope tan B3, we have fixed the
breakpoint depth A, for a given incident wave height and
varied R; by changing the depth over the reef. As R, varies,
the width of the surf zone varies, and R, is given by

X, tan B8
" hy(1-R)+X, tan B

R, 37
Solutions for a range of breakpoint depths are shown in
Figure 8. As h, increases, the nondimensional setup at x =
X,, the seaward edge of the reef flat, decreases (Figure 8a)
while the cross-reef transport increases (Figure 8b). Propor-
tionally more of the incident wave momentum goes into
driving the cross-reef transport as the incident wave ampli-
tude increases and, correspondingly, less momentum is
accounted for by the pressure gradient through the surf
zone. For a given h, the nondimensional setup at the

02 04 06 08 1
R1

Figure 6. Nondimensional solutions at the seaward edge of
the reef flat where x = X, ; (a) sea surface elevation and (b)
cross-reef transport.
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seaward edge of the reef flat increases with decreasing depth
over the reef (decreasing R,) converging to the plane beach
solution (&* = 1) as the depth goes to zero. At this limit the
cross-reef transport is also zero.

When R; < 0.5, the setup decreases with increasing
depth over the reef (increasing R,;) while the cross-reef
transport increases, consistent with the observations re-
ported by Gourlay [1993]. Using (11a), the cross-reef trans-
port over the reef flat is given by A*u* = —h* 9{*/ox*, the
product of the depth and the sea surface slope over the reef
flat. As R, increases, the setup decreases (see Figure 8a),
and so the sea surface slope over the reef flat will also
decrease. When R; < 0.5 for a given h,, the cross-reef
transport (Figure 8b) is dominated by changes in A*; as £*
increases (increasing R,), the transport increases while the
pressure gradient decreases, as observed by Gourlay [1993].

For R, > 0.5 the transport is dominated by changes in the
sea surface slope, which decreases as the setup decreases
with increasing R, approaching 0 again as R, approaches 1
and the depth over the reef approaches #,. A consequence
of the solutions shown in Figure 8b is that it is possible for
the cross-reef transport to go through a maximum during
each half of the tidal cycle if at low tide, R; < 0.5 and at high
tide, R; > 0.5. In this case the wave-driven transport and
currents can oscillate at twice the tidal frequency, providing
an explanation for the 6-hour peak in the spectrum shown in
Figure 3. The corresponding sea surface elevation over the
reef flat increases monotonically with decreasing water
depth and so will not be modulated at twice the tidal
frequency.

4.2, Set Down Seaward of the Surf Zone

Set down occurs seaward of the surf zone (Figure 7) but is
not associated with wave shoaling as described by Longuet-
Higgins and Stewart [1964] since we have assumed the wave

0.9F

0.8}

0.7p

0.2

0.1fF 9

02 04 06 08 1
R1

Figure 7. Nondimensional sea surface elevation at the
breakpoint where x = L.
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Figure 8. Nondimensional solutions at the seaward edge of
the reef flat (x = X,) for specific breakpoint depths in meters
as shown on each curve, (a) sea surface elevation and (b)
cross-reef transport. X, = 100 m, and tan g8 = 0.1.

height is constant offshore. The set down shown in Figure 7
occurs to produce a pressure gradient driven transport
offshore to match the transport through the surf zone. The
magnitude of this set down therefore depends on the magni-
tude of the transport. In the discussion of the limiting cases
we saw the transport across the reef flat goes to 0 as R,
approaches 1 (see Figure 6b), the case where the reef is very
wide compared to the surf zone width. When 4, and tan 8
are constant and the width of the reef decreases, proportion-
ally more set down occurs at the seaward edge of the surf
zone (Figure 9a) while the cross-reef transport increases
(Figure 9b).

Since the set down is associated with the cross-reef
transport, we would expect to see a maximum at an inter-
mediate value of R;, corresponding to the maximum in
cross-reef transport, and zero set-down as R approaches 0
and 1. This is not apparent in the nondimensional results
shown in Figure 9a, where the set down increases with
increasing R ;. However, the sea surface elevation has been
normalized by the plane beach setup which also vanishes as
R/ approaches 1 (see Figure 6a), and the nondimensional sea
surface elevation seaward of the surf zone is given by the
ratio of two small numbers. To demonstrate this, the results
shown in Figure 9a have been dimensionalized using 10 with
h, = 1 mand tan B = 0.1. The results are plotted in Figure
10, where R has been replaced with H since the breakpoint
depth is kept constant. As expected, the set-down is maxi-
mized at an intermediate depth corresponding to the maxi-
mum in the cross-reef transport. While the sea surface
elevation over the reef flat is not modulated at twice the tidal
frequency, such a modulation might be expected seaward of
the surf zone though the magnitude of the set down is
expected to be only a few centimeters (as shown in Figure
10).

4.3. Model Versus Observations

A direct comparison between the observed currents,
shown in Figure 2, and the model predictions can be made by
using the observed offshore wave height and mean depths
over the reef to estimate the forcing parameter R,. We have
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Figure 9. Nondimensional solutions at the breakpoint (x =
L) for specific reef widths X, in meters as shown on each
curve, (a) sea surface elevation and (b) cross-reef transport.
Results obtained using #, = 1 m and tan 8 = 0.1.

used linear shoaling theory to estimate the wave height just
outside the surf zone using the observed wave height off-
shore and then estimated the breakpoint depth 4, using (5).
The mean water depth over the reef was obtained at two
hourly intervals using the sea level records at site S1 (Figure
1) and low-pass filtered as before to remove the tidal
components. Using these data, a time series of the forcing
parameter R was calculated. The parameter R, is given by
(37) where we have used tan 8 = 0.1 corresponding to the
measured slope at the top of the reef face [Hardy, 1993]. The
reef width parameter X, and the friction coefficient r are then
adjusted to obtain the best fit between the model and the
observed currents.

A comparison of the low-pass-filtered observed and mod-
el-derived currents is shown in Figure 11. Note the observed
currents are plotted in the model coordinate frame with x
positive offshore. Also, the time series are shorter than the
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-0.01F

-0.015p
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-0.025F

-0.03f

[} 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
H(m)

-0.035

Figure 10. Dimensional sea surface elevation at the break-
point as a function of depth over the reef flat H for different
reef widths X,, as shown in meters on each curve. Results
obtained using k4, = 1 m, and tan g = 0.1.
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Figure 11. Low-pass-filtered observed currents (dashed
line) and model-derived currents (solid line) with X, = 300
m and r = 0.25.

data shown in Figure 2 because the time series of sea level
data are shorter. The gaps in the model results correspond to
low wave conditions when according to the criterion ex-
pressed in (5), the waves were not breaking and the model
currents are zero. At these times the observed currents are
directed offshore and are not associated with wave breaking
over the reef.

While there is remarkably good agreement between the
observed and model-derived currents, the fit is not unique in
that a similar result can be obtained by suitably changing X,
and r. For example, increasing X, to 500 m with a corre-
sponding decrease in r to 0.1 produces a similar fit to the one
shown in Figure 11. In this latter case, if the setup at the edge
of the reef flat is of order 10 cm, then the sea surface slope
across the reef flat would be of order 2 x 10~* which is too
small to resolve in the present data. Furthermore, high
friction factors over reefs have been reported previously,
and considerable uncertainty exists over actual values which
will probably vary from site to site. The values for X, and r
used here are, at best, order of magnitude estimates. Regard-
less of the actual parameter values used, the agreement
between model and observations is very good, particularly
since current variability over these timescales is also asso-
ciated with other processes such as wind forcing and coastal-
trapped waves. It is beyond the scope of this paper to
examine these other processes.

5. Discussion

Through the surf zone over a shallow reef the wave
momentum lost through breaking is balanced by an offshore
directed pressure gradient and a cross-reef flow. The results
in the previous section demonstrate how the momentum is
partitioned between the pressure gradient and cross-reef
flow as a function of the ratios R| and R,. On the reef flat the
magnitude of the cross-reef transport depends on the pres-
sure gradient across the reef which is determined by the
setup at the seaward edge of the reef flat and the reef width.
Increasing the pressure gradient across the reef must result
in a corresponding increase in the offshore directed pressure
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Figure 12. Dimensional equivalent of the solutions shown
in Figure 8 at the seaward edge of the reef flat (x = X,) for
specific breakpoint depths in meters as shown on each
curve, (a) sea surface elevation and (b) cross-reef transport.
X, = 100 m and tan 8 = 0.1.

gradient through the surf zone which opposes the radiation
stress gradient. This results in a proportional decrease in the
wave-driven transport through the surf zone and ultimately
limits the maximum setup, which occurs when the cross-reef
transport is zero. This process determines the partition of
momentum between the cross-reef transport and wave-
induced setup through the surf zone. The maximum achiev-
able setup is equivalent to the plane beach solution. In this
case the momentum lost through wave breaking is entirely
balanced by the pressure gradient through the surf zone and
none goes into driving a current across the reef.

The nondimerisionalization in (10) allows us to readily
compare the theoretical results presented here with well-
known plane beach solutions. The discussion in the previous
section demonstrates that the model presented here is con-
sistent with established theory which is shown to be an
asymptotic solution of our model. To examine the solutions
for a specific reef and forcing requires dimensionalizing
using (10). For example, dimensional results corresponding
to Figure 8 are shown in Figure 12 for the case X, = 100 m
and tan 8 = 0.1. In this case, solutions for a given breakpoint
depth A, are calculated and the parameter R is replaced by
the depth over the reef H. As in Figure 8, the different
curves correspond to the breakpoint depths as shown. As h,,
increases, the setup increases (Figure 12a). For a given A4,
as the depth over the reef flat increases, the setup decreases
(Figure 12a). As the depth over the reef approaches zero, the
setup approaches the plane beach setup which can be
calculated using (6). The depth over the reef flat at which the
cross-reef transport (Figure 12b) is a maximum increases as
the breakpoint depth, and hence the incident wave height
increases. Therefore on a given reef the stage of the tide at
which maximum wave-driven cross-reef transport occurs
depends on the incident wave height. Furthermore, if we
assume an average transport of 0.1 m? s ~! over a reef 5 km
long, then the volume transported across the reef in 1 day
would be approximately 4 x 107 m3. This would be equiv-
alent in volume to a lagoon 5 km long by 2 km wide and 4 m
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deep, which is consistent with many natural coral reefs.
Hearn and Parker [1988] estimated a mean cross-reef trans-
port of 0.18 m? s ~! for a section of Ningaloo Reef in Western
Australia and estimated volumetric flushing times of the
lagoons from 5 to 23 hours. These estimates suggest that
wave-driven flows may provide an efficient mechanism for
flushing coral reef lagoons.

6. Conclusions

This paper examines the wave-driven component of cross-
reef flows. The linear model agrees remarkably well with the
observations and, more importantly, demonstrates how the
relative magnitudes of the currents and setup depend on the
geometry of the reef and the magnitude of the forcing. The
choice of scaling demonstrates that well-known solutions for
a plane beach can be obtained as asymptotic solutions of the
model presented here. Furthermore, the model provides an
explanation of the following and previously unreported
features of cross-reef flows from laboratory and field studies:
(1) a strong correlation between offshore wave height and
cross-reef currents at timescales greater than a day; (2) a
modulation of the cross-reef currents at twice the tidal
frequency while sea surface elevation over the reef is not
modulated; and (3) a decrease in cross-reef flow associated
with an increase in the sea surface slope across the reef flat.

In addition to explaining the above observitions, the
model also predicts a modulation of sea surface elevation
seaward of the surf zone at twice the tidal frequency, while
a similar modulation is not predicted over the reef flat. Tidal
analysis of currents and sea level over a reef subjected to
significant incident wave action could therefore produce
spurious results due to these wave-forced effects. The model
also predicts set down seaward of the surf zone which is not
associated with wave shoaling. This set down occurs to
provide a pressure gradient offshore to maintain a transport
to match the cross-reef flow resulting from wave breaking
through the surf zone.
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