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Abstract The circulation driven by wave breaking, tides
and winds within a fringing coral reef system (Ningaloo
Reef) in Western Australia was investigated using the ocean
circulation model ROMS two-way coupled to the wave
model SWAN. Currents within the system were dominantly
forced by wave breaking, with flow driven over the shallow
reefs and towards the lagoon, which returned to the ocean
through channels in the reef. Hindcast model simulations
were compared against an extensive field dataset, revealing
that the coupled wave–circulation model could accurately
predict the waves and currents throughout this morpholog-
ically complex reef–lagoon system. A detailed momentum
budget analysis showed that, over the reef, a dominant
cross-shore balance was established between radiation stress
gradients and a pressure (mean water level) gradient (similar
to a beach). Within the lagoon, alongshore currents were

primarily balanced by alongshore gradients in wave setup,
which drove flow towards (and ultimately out) the channels.
The importance of these wave-driven currents to Ningaloo
Reef was quantified over a full seasonal cycle, during peri-
ods when wave and wind conditions significantly differed.
These results showed that wave breaking still overwhelm-
ingly dominated the circulation and flushing of Ningaloo
Reef throughout the year, with winds playing an insignifi-
cant role.
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1 Introduction

Water motion is a primary driver of numerous ecological
processes on coral reefs, for example by limiting nutrient
uptake by coral reef communities (e.g. Falter et al. 2004;
Atkinson and Bilger 1992), by controlling population con-
nectivity through larval dispersal (e.g. Cowen and Castro
1994; Harii and Kayanne 2003) and by shaping reef com-
munity structure (e.g. Dollar 1982). Coral reefs also mor-
phologically function as protective barriers to many of the
world’s tropical coastlines, by buffering these coasts from
offshore waves, extreme storm events (e.g. cyclones) and
tsunamis (Kunkel et al. 2006). While the hydrodynamics of
coral reef systems have been increasingly investigated over
the past few decades, these systems are still relatively poorly
studied relative to other nearshore environments such as
beaches. The circulation over coral reefs can be driven by
a number of forcing mechanisms, including surface wave
breaking, tides, winds and buoyancy effects (see the review
by Monismith 2007). With most Indo-Pacific coral reef
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systems exposed to wave energy to some degree, many (or
most) reef field studies have found the circulation to be
primarily driven by the effects of wave breaking (e.g.
Lugo-Fernandez et al. 2004; Hench et al. 2008; Taebi et
al. 2011b; Lowe et al. 2009b).

Wave-driven flows on reefs are forced by the same
mechanisms that occur in all nearshore environments. That
is, wave dissipation (primarily due to wave breaking) in
shallow water generates radiation stress gradients that im-
pose forces on the water column (Longuet-Higgins and
Stewart 1964). However, the particular response to these
wave forces can differ widely among nearshore systems as
a result of variations in nearshore morphology (e.g. Lowe et
al. 2010). The nearshore response of beaches to wave forc-
ing was initially examined in detail on beaches nearly half a
century ago. For an alongshore uniform plane beach, theo-
retical and experimental results showed how these radiation
stress gradients are largely balanced by an opposing pres-
sure gradient that gradually increases the mean water level
(termed wave setup) towards the coastline (Bowen et al.
1968). Subsequent work demonstrated how shore-normal
waves interacting with alongshore variability in beach mor-
phology (e.g. the presence of submerged bars) can generate
alongshore variations in setup via the same dominant cross-
shore momentum balances established on plane beaches (i.e.
with radiation stress gradients roughly balancing wave setup
gradients). This alongshore wave setup variability can gen-
erate alongshore flows adjacent to the shoreline, with water
returning to the ocean through gaps in the topography (bars)
forming rip currents (e.g. Dalrymple 1978; Reniers and
Battjes 1997; Bellotti 2004).

In general, the morphology of coral reefs differs substan-
tially from beaches, but reef morphology is also highly vari-
able. Initial reef hydrodynamic studies largely focused on
those coral reefs classified as barrier reefs or atolls, i.e. sys-
tems where the shallow reef lies adjacent to a deep and
expansive lagoon that connects freely to the open ocean (e.g.
Munk and Sargent 1954; VonArx 1954; Atkinson et al. 1981).
Unlike beaches where the coastline imposes a natural barrier
to cross-shore flow, the presence of an unbounded lagoon
adjacent to these reefs can establish distinct momentum bal-
ances in different regions of the reef–lagoon system. In par-
ticular, the presence of a lagoon can allow strong wave-driven
currents to be established across reefs. Even in the vicinity of
wave breaking, the radiation stress gradients may be balanced
by not only wave setup gradients (as for beaches), but also by
shear stresses associated with a cross-reef flow. The presence
of this cross-reef flowmay reduce wave setup through the surf
zone (Symonds et al. 1995). Furthermore, on the reef flat
shoreward of the surf zone (where wave dissipation/radiation
stress gradients eventually vanish), a different momentum
balance can be established between the wave setup gradient
driving the flow and an opposing bottom shear stress

associated with the mean current flow. In this case, wave setup
thus decreases across the reef flat towards the lagoon and, for a
system with an unbounded lagoon, the setup at the back edge
of the reef (i.e. the start of the lagoon) must eventually return
to zero (i.e. to the open ocean mean water level). These
concepts have served as the foundation for several one-
dimensional analytical models that have been developed to
predict wave-driven flows over coral reefs (Symonds et al.
1995; Hearn 1999; Gourlay and Colleter 2005).

More recently, a number of studies have focused on the
dynamics of wave-driven flows generated on fringing
(coastal) reef systems, where the lagoon is bounded by a
coastline (e.g. Storlazzi et al. 2004; Coronado et al. 2007;
Lowe et al. 2009a; Taebi et al. 2011b). These fringing reefs
thus have some broad similarities to beach systems that have
submerged alongshore bars (e.g. Aagaard 1997; Haller et al.
2002; MacMahan et al. 2006). However, in contrast to these
beaches, fringing reefs still generally have much deeper
lagoons (relative to the trough depth of a barred beach),
they frequently have wider channels and generally have
much wider reef flats (relative to the cross-shore width of
submerged bars). As a result, the dominant morphological
characteristics of fringing reefs generally fall somewhere
between beaches and more traditionally studied atoll/barrier
reef systems. Lowe et al. (2010) investigated the response of
the wave-driven circulation of idealised fringing reefs to
variations in lagoon and channel morphology using numer-
ical modelling. This work indicated that fringing reefs hav-
ing very deep lagoons and wide channels function as barrier
reefs, i.e. their lagoons are effectively unconstrained, lagoon
wave setup is negligible and their flows can be reasonably
described using existing one-dimensional analytical reef
circulation models. However, for fringing reefs with rela-
tively shallower lagoons and/or narrower channels, flows
within the lagoon/channel region become constrained by
bottom friction, in turn, causing setup in the lagoon to be
finite and an overall reduction in the wave-driven flows. In
the limit where a fringing reef has a relatively shallow
lagoon or narrow channel, wave setup becomes effectively
uniform in the cross-shore (i.e. setup does not significantly
decrease between the reef and the lagoon), which in turn
dramatically reduces cross-reef flows. These results high-
lighted that the momentum balances established in fringing
reef systems are highly variable and must depend strongly
on the properties of the reef–lagoon morphology.

The objective of the present study is to examine the
detailed dynamics of wave-driven flows within Australia’s
largest fringing coral reef system, Ningaloo Reef in Western
Australia. The nearshore circulation of this reef was previ-
ously the focus of an intensive field study described in Taebi
et al. (2011b). During this study, its flows were found to be
dominantly wave-driven, yet they were still much weaker
than many other reefs experiencing comparable wave
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conditions. This was attributed to the role of significant
friction in the relatively shallow lagoon, supported by obser-
vations of substantial wave setup (comparable to the maxi-
mum over the reef) within the lagoon. The present study
builds on the work of Taebi et al. (2011a) to first develop
and test a new coupled wave version of the Regional Ocean
Modelling System (ROMS) (Warner et al. 2008) to accu-
rately predict the wave-driven flows within Ningaloo’s com-
plex reef morphology. The model is then used to examine
the detailed dynamics of the wave-driven flows, by exam-
ining the dominant momentum balances established locally
in various regions of the reef–lagoon system, and compare
these balances with those in other coral reef systems (i.e.
atolls/barrier reefs) as well as on beaches. The field study by
Taebi et al. (2011b) was conducted specifically in the austral
autumn when wave heights and wind speeds in the region
were seasonally at their minimum, so a second aim of the
present work was also to investigate the importance of wave
forcing to Ningaloo’s circulation, throughout an annual cy-
cle. The model was thus extended to different periods of
time, to investigate the relative importance of wave and
wind forcing during different seasons.

This paper is organised as follows: Section 2 provides a
description of the field experiment and the numerical model,

as well the seasonal statistics of the wave and wind forcing
conditions at Ningaloo Reef. A quantitative assessment of
the model performance using a series of hindcast simula-
tions is presented in Section 3.1. The model is then used to
investigate the dynamics of the wave driven flows in this
section of Ningaloo Reef, through a detailed examination of
the dominant momentum balances established in different
regions of the reef–lagoon system (Section 3.2). In
Section 3.3, seasonal variability in the circulation and flush-
ing of Ningaloo Reef is examined. Finally, a discussion of
the model results and a summary of conclusions are pre-
sented in Sections 4 and 5, respectively.

2 Methods

2.1 Study site and field observations

Ningaloo Reef lies on the west coast of Australia, near the
NW Cape, between 21° and 24° S latitude (Fig. 1). Ningaloo
is the longest fringing coral reef system in Australia (and
one of the largest in the world), extending nearly 300 km
along the coast. Its morphology consists of a shallow ~1–
2 m depth barrier reef located ~1–6 km offshore, backed by

Fig. 1 Map of the study area at
Sandy Bay in Ningaloo Marine
Park, located in the northwest
of Australia. The model domain
includes Sandy Bay (near the
centre of the domain) and two
well-defined adjacent channels
in the north and south. Flushing
times (Eq. 4) were calculated
for the volume enclosed within
the polygon (black rectangular
box), including all of the water
enclosed shoreward of the reef
crest in the Sandy Bay region
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a deeper sedimentary lagoon. Alongshore, the reef is peri-
odically broken by gaps (channels) in the reef, which have
been estimated to occupy roughly 15% of the entire length
of the reef tract (Hearn and Parker 1988). The present study
focuses on a section of Ningaloo Reef near Sandy Bay,
which was the focus of a major hydrodynamic field study
detailed in Taebi et al. (2011b) (see below). This site had
been specifically chosen because it has a fairly typical
morphology of the broader Ningaloo reef tract (i.e. in terms
of both its reef and lagoon geometry); as inferred from
inspection of aerial photography (Taebi et al. 2011b). At
Sandy Bay, the forereef slope (~1:30) rises to a shallow reef
flat (mean depth ~1–2 m) with dense coral coverage (Wyatt
et al. 2010). Waves incident to the reef break on the leading
edge of the reef flat (i.e. at the reef crest) located ~1 km from
shore. The reef flat (~500 m wide) is separated from shore
by a relatively deeper lagoon, comprised mostly of sand and
coral rubble. At Sandy Bay, the northern lagoon is relatively
shallow (mean depth ~2–3 m), whereas the southern lagoon
is incised by a deep lagoon channel (mean depth ~8 m). The
reef is broken at the centre of the study site by a relatively
deep channel (mean depth ~5 m), and deeper channels in the
reef are also present both north and south of this main Sandy
Bay channel (Fig. 1).

Ningaloo Reef experiences a maximum spring tidal range
of 1.5 m. The winds are predominantly from the south-east
throughout much of the year. In June (austral winter), the
wind blows moderately at around 3 m s−1 and strengthens
from July through November. It remains strong through
summer (January–March), frequently maintaining a velocity
of over 7 m s−1 for several consecutive days (Woo et al.
2006). The prevailing alongshore summer winds are aug-
mented by sea breezes, which through the influence of the
synoptic atmospheric conditions also blow parallel to the
coastline (Pattiaratchi et al. 1997). In April–May, a weaker,
more variable winter wind pattern is again re-established
(Woo et al. 2006).

This study relies on the detailed field observations
(waves and currents) from the austral autumn (May 2006)
reported in Taebi et al. (2011b), to develop and assess the
performance of a coupled wave–circulation numerical mod-
el for the same section of Ningaloo Reef. During that field
experiment, a total of 21 moored instruments were deployed
over the forereef slope, the reef flat and the lagoon (note that
the present study will refer to the same site names as in
Taebi et al. (2011b)). Data from a subset of the sites will be
used discuss the model performance below, which target a
number of key locations in the reef–lagoon system (Fig. 1).
This includes measurements of both wave and current con-
ditions on the forereef (A2) and at four sites on the reef flat
(V1, V3, V4, V6). Additional current measurements (but
with no waves) were also compared at three sites in the
lagoon (V7, V9, A9).

2.2 Numerical modelling

The numerical modelling was based on recent nearshore
developments (version 3, revision 517) within the ROMS.
In particular, coupled wave–circulation modelling was con-
ducted using the wave–current interaction routines imple-
mented into the source code by Warner et al. (2008). The
transformation of random, short-crested surface waves was
simulated using the SWAN wave model (Booij et al. 1999).
SWAN solves the wave action balance equation with energy
sources (e.g. wind-wave growth) and sinks (e.g. dissipation
by wave breaking and bottom friction). The SWAN model is
iteratively two-way coupled to the circulation model ROMS
(Shchepetkin and McWilliams 2005; Haidvogel et al. 2000;
Haidvogel 2008), which solves the three-dimensional in-
compressible Reynolds averaged Navier–Stokes equations
for conservation of mass and momentum on a horizontal
orthogonal curvilinear grid with a stretched vertical sigma-
coordinate system. Wave forces, responsible for driving
mean currents in ROMS, are provided by the passing of
radiation stress gradients (due to wave dissipation) derived
from SWAN, based on the wave–current interaction theory
by Mellor (2003, 2005, 2008). Other wave–current interac-
tion processes are also incorporated in ROMS, such as the
wave enhancement to bottom stresses and turbulent mixing.
With its two-way coupling, ROMS, in turn, provides SWAN
with water elevations and current fields (i.e. to account for
possible current-induced wave refraction).

The model domain extended roughly 15 km along the coast
and 7 km in the cross-shore direction (Fig. 1). The alongshore
dimension was chosen so that the lateral boundaries were
sufficiently far from the Sandy Bay focus region (i.e. at least
one reef channel section away), to avoid confining any along-
shore flow in the lagoon (see Section 3). The model was
initially setup with 100 m (square) horizontal grid resolution,
andwas then tested for finer grid resolutions down to 20m in a
series of sensitivity tests. Negligible changes in the results (i.e.
depth-averaged currents) were observed when decreasing the
resolution below 50 m, so a 50-m grid was used in all subse-
quent simulations to improve computational efficiency. The
depth-averaged currents were also insensitive to vertical layers
greater than 4, so four layers were used in all simulations.
Bathymetry was interpolated onto the grids using high-
resolution hyperspectral imagery-derived bathymetry (3.5 m
horizontal resolution, <10% rms depth error) described in
Taebi et al. (2011b).

SWAN was run in non-stationary mode with wind-wave
growth turned off in the model, given the relatively small
size of this nearshore domain. The incident swell was pre-
scribed along the open boundaries by specifying the signif-
icant wave height Hs, the peak period Tp, the mean wave
direction Dm and the directional spreading θsp, assuming a
JONSWAP frequency distribution with a default peak
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enhancement factor value of 3.3 and a cosine power
directional distribution (Booij et al. 1999). Wave dissi-
pation within the model was allowed to occur by both
depth-limited wave breaking and bottom friction. In
nearshore systems, the rate of wave breaking through
the surf zone is known to be sensitive to the empirical
breaker coefficient g. Given some uncertainty in appro-
priate values for g (particularly for reefs), several sen-
sitivity simulations were conducted for five values of g
(0.3, 0.4, 0.5, 0.6, 0.7) and then the wave model output was
compared with the observations (see below). Breaking dissi-
pation (as a function of g) was parameterized within SWAN
using the formulation by Battjes and Janssen (1979). To
include the effects of bottom friction dissipation, the formula-
tion of Madsen et al. (1988) was used, which depends on a
specified Nikuradse bottom roughness length scale (kn). The
roughness length kn is related (but not identical) to the phys-
ical roughness of the seafloor, and is thought to generally be
higher on coral reefs than sandy beaches, due to the physical
roughness formed by reef communities (Lowe et al. 2005).
For this application, a uniform kn was applied across the
domain and sensitivity simulations were conducted using five
values ranging from 0.01m (a value typical of a smooth sandy
sea floor) to a relatively large value 1.0 m (even greater than
the values previously observed on coral reefs) (Lowe et al.
2005).

For ROMS, a uniform horizontal eddy viscosity 0.1 m2 s−1

was applied based on values used in other coral reef hydro-
dynamic modelling studies (Lowe et al. 2009b). Bottom shear
stresses within ROMS were parameterised using a bottom
roughness length z0 based on a logarithmic formulation.
Note that for steady, unidirectional flow z00kn/30 but this
relationship can be altered by wave–current boundary layer
interactions (Grant and Madsen 1979). As for waves, the
sensitivity to the currents was investigated by varying z0 for
five values from 0.005 to 0.05 m (comparable with the equiv-
alent range kn tested in the wavemodel). Surface wind stresses
were applied uniformly to the model domain using a quadratic
drag law using the wind speed and surface drag coefficients
from Dean and Dalrymple (1991). At the open model bound-
aries, we specified tidal forcing with ‘Chapman’ and ‘Flather’
boundary conditions in ROMS for both the free surface and
barotropic velocities. A radiation boundary condition was
used for the baroclinic velocities. Tides were forced along
the open boundaries using eight tidal constituents from the
global OSU TPXO7.2 tidal solution (Egbert and Erofeeva
2002). The two-way coupling process between ROMS and
SWAN occurred every 5 min, with ROMS using a 0.25-s
barotropic time step and a 5-s baroclinic time step.

To quantify the ability of the model to predict waves and
mean currents within this section of Ningaloo, hindcast
simulations were conducted for a 2-week period (May 10–
24, 2006, Fig. 2). This was a subset of the longer 6-week

field study described in Taebi et al. (2011b), chosen as a
period of time (one spring–neap cycle) when the incident
wave conditions were most variable and were thus the most
rigorous test of the model. Due to the computational
demands of the simulations, to undertake numerous sensi-
tivity simulations for longer hindcast periods (>2 weeks)
was not feasible. For the simulations, incident wave con-
ditions were specified at the boundaries using hourly wave
conditions measurements at A2 on the forereef prior to wave
breaking, with heights corrected to deep water values using
a linear shoaling coefficient (e.g. Dean and Dalrymple
1991). Wind forcing was provided by the wind speed and
direction recorded every 30 min at a weather station (oper-
ated by the Australian Institute of Marine Science), located
on the coast at Milyering approximately 10 km north of the
northern boundary of the study domain. For the hindcast
simulations, the wave model parameters γ and kn were first
co-varied, and then output from the wave model was quan-
titatively compared to the field observations by evaluating
model skill, the root-mean-square error (RMSE) and the
bias (Willmott 1984; Warner 2005), defined respectively as:

Skill ¼ 1�
P

Xm � Xoj j2
P

Xm � Xo

�
�

�
�þ Xo � X o

�
�

�
�

� �2 ð1Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðXm � XoÞ2
q

ð2Þ

bias ¼ ðXm � XoÞ ð3Þ

In Eqs. 1–3, Xo is the observed variable (e.g. wave height
or current speed), Xm is the model predicted result, and the
overbar denotes time averaging. The wave fields were found
to not be significantly affected by the relatively weak O
(0.1 m s−1) currents generated within the domain (i.e.
current-refraction effects were small), so the wave parameters
(g and kn) producing the greatest skill (Eq. 1) were evaluated
using a stand-alone version of SWAN (no circulation). Using
these optimum wave parameters, a sensitivity of the ROMS
current fields to the bottom roughness length z0 was then
conducted. The z0 that predicted the currents with the best
skill for all sites was then used for all subsequent simulations.

Variability in the current vector fields simulated during
the study period was used to quantify the importance of the
various forcing mechanisms present (i.e. waves, winds and
tides) to the overall circulation. We also used the model
results to investigate the exchange rate of the lagoon with
the ocean, and how this also responded to physical forcing.
A variety of derived hydrodynamic parameters can be de-
fined to estimate the rate at which a coastal system
exchanges water with the ocean (Monsen et al. 2002). For
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this study, we used the modelled depth-averaged current
fields to calculate the flushing time Tf of the lagoon region
as (e.g. Fischer et al. 1979):

Tf ¼ V

Q
ð4Þ

where V is the volume of water in the reef–lagoon region
(Fig. 1) and Q represents the flow (in cubic metre per
second) of water from the reef–lagoon system back to the
ocean (see also Taebi et al. 2011b). The reef–lagoon volume
V included all of the water enclosed shoreward of the reef
crest in the Sandy Bay region, and incorporated changes in
the volume due to tides and wave setup. The volume flow
rate Q was calculated by spatially integrating the discharge
(q0Uh) exiting the volume boundaries.

2.3 Momentum balances

To investigate the detailed dynamics controlling the
wave-driven flows at Ningaloo, the momentum balances

established in the reef and lagoon were examined by
comparing the magnitude of the different terms in the
nearshore momentum equation. To focus on the re-
sponse to steady wave forcing alone (the dominant
forcing mechanism observed—see Section 3), winds
and tides were turned off in the model and four addi-
tional simulations were forced with different wave
heights (Hs00.5, 1, 2, 3 m) with a typical swell period
for the area (Tp013 s). This range of wave heights
captures the vast majority of wave conditions incident
to Ningaloo Reef; wave heights much greater than 3 m
are rare and only occur during strong storms and cyclo-
nes. Thus, with steady wave forcing applied, the model
was run for 1 day to achieve a quasi-steady state (this
generally occurred after ~6 h), and results from the final
time step were analysed.

For these simulations, the model output was used to
investigate spatial variability in the dominant momen-
tum balances established across the system. To achieve
this, the results were decomposed based on the terms in
the steady depth- and wave-averaged cross-shore (x) and
alongshore (y) momentum equations, neglecting surface

Fig. 2 Oceanic and
meteorological forcing
conditions used to drive the
hindcast model simulations. a
Significant wave height Hs

measured on the forereef at site
A2, b peak wave period Tp, c
peak wave direction, d hourly
mean water level and e local
wind velocity vectors
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wind stresses, defined respectively as (Mei et al. 2005;
Haller et al. 2002):

ð5Þ

0
)()(

11

hx

S

hy

S

hy
g

x

V
U

y

V
V yxyyy

advection   pressure gradient   radiation stress gradients bottom shear stress

ð6Þ

In both equations, the terms represent the advective accel-
erations by the depth-averaged horizontal velocity fields
(terms 1 and 2), forcing by the pressure/water level gradients
(term 3), forcing by radiation stress gradients (terms 4 and 5)
and bottom shear stresses (term 6). The variables U and V
denote the depth-averaged velocities in the in x and y direc-
tions (in metres per second), η is the mean water level due to
wave setup (in metres), ρ is density of seawater (kilogrammes
per cubic metre), h is the water depth (in metres) relative to the
offshore mean sea level (i.e. in the absence of wave setup),
Sxx, Syy and Sxy are the wave radiation stresses (in kilo-
grammes per square second), and tx and ty are the wave-
averaged bottom shear stresses (Newton per square metre).

2.4 Seasonal wind and wave forcing

The hindcast simulations described above focused on an
austral autumn period when the field measurements reported
in Taebi et al. (2011b) were available. To investigate poten-
tial seasonal differences in the dominant circulation of

Ningaloo Reef, the model was subsequently applied to
additional summer and winter periods. To first understand
the seasonal variability in wave and wind forcing at
Ningaloo, a wave and wind climatology was initially con-
structed and examined. Long-term (over 10 years) wave
data records are not available for the Ningaloo region, so
the wave climate was assessed from 40 years (1970–2009)
of high-resolution Indian Ocean wave model output (1/6°
resolution near the coast) using Wave Watch III (Tolman
2009). This was obtained using the model developed by
Bosserelle et al. (2011) with wind forcing from the NCEP/
NCAR re-analysis (Kalnay et al. 1996; Kistler et al. 2001).
This model was found to reproduce the wave heights well
(<0.3 m RMSE) for a more recent period when a directional
wave buoy was deployed off the North West Cape (~60 km
north of Sandy Bay). This model output 40-year wave
record for the grid cell nearest Sandy Bay was used to assess
the long-term seasonal wave height and period variations at
the site (Fig. 3a, b). Wave heights reach their largest values
(~1.5 m) during late winter and early spring (July–

Fig. 3 Monthly mean±standard deviation of a significant wave height Hs b peak period Tp predicted off Sandy Bay from the 40-year wave model
record. c Monthly mean±standard deviation of wind speed from a 13-year record
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November), whereas a minimum (~1 m) occurs during
spring (April–May). Much longer wind records (13 years;
1998–2010) are available for the study site at Milyering
(Fig. 3c). Wind speeds are greatest each year (~5.5 m s−1)
during summer months (October–January) and reach a min-
imum during autumn (April–May).

The seasonal variability in the flushing time (Tf) for this
section of Ningaloo Reef was thus investigated in two sets
of simulations. The first set consisted of 12 monthly simu-
lations forced by the historical monthly mean wave and
wind conditions (Fig. 3). To account for the mean effect of
the tides (dominantly semi-diurnal), these simulations were
also forced by a constant representative semi-diurnal (12 h)
tide with a range of 0.86 m (based on the historical mean
tidal range at the site, i.e. averaging over a spring–neap
cycle). These 12 simulations were run for 2 days, to allow
the model to spin up to a quasi-steady state. The flushing
time (Tf) was thus computed based on the velocity fields
over the previous 24-h period of the simulations (i.e. with Tf
averaged over two tidal cycles). Finally, to investigate the
response of Tf to natural variability in wave and wind con-
ditions in different seasons, two additional month-long hind-
cast simulations were included, focusing on a period in

summer (November 2006) and winter (July 2006) (Figs. 4
and 5). These were forced by realistic time series of wave
conditions (predicted from Wave Watch III), winds (from
the Milyering weather station) and tidal elevations (pre-
dicted from the OSU TPXO7.2 tide model)—see Figs. 4
and 5. For the July 2006 period, wave conditions averaged
Hs01.5 m, Tp015 s and the wind speeds averaged 4.1 m s−1.
For the November 2006, wave conditions averaged Hs0
1.3 m, Tp013 s and the wind speeds averaged 5.5 m s−1.

3 Results

3.1 Model performance

SWAN wave model outputs, evaluated for the range of g
and kn, were compared to the observed wave heights at
the five sites. These simulations revealed that the best
overall model skill occurred when g00.5 and kn00.5 m,
producing a site-averaged skill value of ~0.7 (Table 1).
Using these coefficient values, wave heights were gen-
erally very well predicted (skill 0.96) on the forereef
(A2); not surprising given that the deep-water corrected

Fig. 4 Oceanic and
meteorological forcing
conditions from the Wave
Watch III wave model and
weather station in July 2006. a
Significant wave height, b peak
wave period, c wind velocity
vectors

Fig. 5 Oceanic and
meteorological forcing
conditions from the Wave
Watch III wave model and
weather station in November
2006. a Significant wave
height, b peak wave period,
c wind velocity vectors
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wave heights imposed on the SWAN boundaries were
derived from this data. The skill for the reef flat sites
was typically 0.6–0.7 (Table 1). The RMSE for all sites
were typically 0.1–0.2 m with a typical bias of +0.1–0.2 m,
indicating the model was slightly over predicting the wave
height on the reef flat. Time series of wave model output for
the representative sites (Fig. 6) show that the wave model
accurately captured the variation in wave heights incident to
the forereef (A2). Wave heights on the reef flat (V1 to V6),
were significantly reduced due to dissipation (primarily due to
wave breaking) occurring offshore of this site at the leading

edge of the reef flat (Fig. 6). The wave model also accurately
predicted the significant tidal modulations in wave height that
are frequently observed over coral reef flats (e.g. Lowe et al.
2009b; Taebi et al. 2011b).

The performance of the circulation model was investigated
as function of varying bottom roughness z0, with the current
speeds best predicted for all sites using z000.03 m. For this z0,
site-specific model skill values generally ranged between 0.6
and 0.8, averaging ~0.7 for all sites (Table 1). RMSE values
were <0.1 m s−1 for all sites (averaging ~0.05 m s−1) and there
was no consistent bias across the sites. The time-averaged

Table 1 Model skill and error
parameters derived from the
predicted and observed wave
heights and current speeds, for
the nine sites shown in Fig. 1

The values reflect those predicted
with γ00.5 and kn00.5 m for the
wave model, and z000.03 m for
the circulation model—see text
for details

Significant wave height Current speed

Site Skill RMSE (m) Bias (m) Skill RMSE (m/s) Bias (m/s)

A2 (forereef) 0.96 0.15 +0.12 0.61 0.05 +0.03

V1 (reef flat) 0.60 0.20 +0.20 0.74 0.05 −0.01

V3 (reef flat) 0.72 0.14 +0.13 0.61 0.07 +0.06

V4 (reef flat) 0.66 0.18 +0.17 0.77 0.07 −0.04

V6 (reef flat) 0.57 0.21 +0.21 0.66 0.05 +0.03

A4 (channel) – – – 0.73 0.09 +0.05

V7 (lagoon) – – – 0.76 0.06 –0.04

V9 (lagoon) – – – 0.49 0.04 –0.03

A9 (lagoon) – – – 0.73 0.05 –0.02

Fig. 6 Time series of observed
and modelled significant wave
height at a A2 on the forereef, b
V1 on the northern reef flat and
c V4 on the southern reef flat,
for the hindcast period
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current vectors over the 2-week hindcast period generally
agree very well with the field observations, with a cross-reef
flow towards shore on reef flat, alongshore flow in the lagoon
and flow returning back to the ocean out the channel (Fig. 7).
The most obvious discrepancy in the mean currents occurs
on the reef flat at site V1, where the model predicted an
alongshore (northward) flow while the field observations
showed a flow mostly towards shore. Inspection of the
current time series for three representative sites (reef flat,
channel, lagoon) show that the model captures the subtidal
current variability (dominantly driven by waves—see be-
low) as well as modulations to the currents by the tides
(Fig. 8). The model does tend to slightly underestimate the
range of the subtidal current variability observed in the
currents, especially at A4.

The relative contribution of each forcing mechanism
(wave, tide and wind) to the overall circulation was inves-
tigated by switching different forcing mechanisms on and
off in the model. The time-averaged (2-week) circulation
pattern driven by wave forcing in the presence/absence of
tide and wind was nearly identical in all cases (not shown),
reinforcing the view that the circulation of this section of
reef was predominantly wave-driven. However, tidal forcing

increased the current variability superimposed on the more
dominant wave-driven flow (not shown), consistent with the
field observations (Taebi et al. 2011a).

3.2 Reef–lagoon momentum balances

To understand the dynamics of the dominant wave-driven
flow in this section of reef, the individual terms of the
momentum equations (Eqs. 5 and 6) were extracted from
the spatial fields of model output. Although these idealised
wave simulations were conducted for a range of incident
wave heights (Hs) between 0.5 and 3 m, we focus here on
the momentum balances established across the system under
a typical wave condition (Hs01 m) near the long-term
average height Hs01.3 m (Fig. 3a). For the other wave
conditions simulated, the same dominant momentum balan-
ces were established but the magnitude of the terms varied.

For this typical incident wave condition, the modelled
significant wave height field shows that the waves slightly
attenuate on the forereef (primarily due to bottom friction
dissipation) and then rapidly decrease near the seaward edge
of the reef flat due to wave breaking in the surf zone, with
some wave energy penetrating into the channels (Fig. 9a).

Fig. 7 Comparison between
the mean (2-week averaged)
current vectors predicted from
the hindcast model simulations
and from the observations
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The wave forces increase the mean water level (wave setup)
across the reef–lagoon system (Fig. 9b). Wave setup is
greater by a factor of ~2 in the northern half of the domain
compared to the southern half of the domain. The resulting
wave forces then drive mean flows across the shallow reef
flats, with water primarily returning to the ocean through
three major channels in the domain (Fig. 9c). The waves,
breaking at an angle to the reef, also generate a narrow band
of alongshore currents within the surf zone located near the
seaward edge of the reef flat (Fig. 9c).

To investigate sources of this spatial variability, the rela-
tive magnitude of the four terms in the momentum equations
(advection, pressure gradient, radiation stress gradient and
bottom shear stress) were quantified in both the cross shore
(Eq. 5) and alongshore (Eq. 6) directions. This analysis was
conducted along three cross-reef transects (northern reef,
channel, southern reef) and a single along-reef transect on
the reef flat (Fig. 9b). Note that for this analysis, a coordi-
nate system is introduced where x′ represents the cross-shore
distance (positive towards shore) from an origin (x′00)
chosen as the along-reef transect line. The alongshore origin
(y′00) is chosen as the location of the central Sandy Bay
channel (positive towards the north).

The momentum terms for the three cross-shore transects
are shown in Fig. 10. For the two cross-reef transects over

the shallow reef (‘northern reef’, Fig. 10a; ‘southern reef’,
Fig. 10e), the balance in the cross-shore (x) direction is
between the driving radiation stress gradients (dominated
by the @Sxx=@x component) and a mean water level (pres-
sure) gradient within a region extending from the forereef
(x’≈−200 m) to the back of the reef flat (x’≈+200), i.e.:

g
@η
@x

� � 1

ρðηþ hÞ
@Sxx
@x

ð7Þ

It is important to emphasise that, although these radiation
stress gradients are largely balanced by a pressure/setup
gradient, the difference in these two large terms must strictly
be non-zero to drive the wave-driven currents across this
reef that are observed (Fig. 9c), i.e. this small difference is
balanced by the bottom stress term. However, while the
bottom shear stress term tx=ρðηþ hÞ is comparatively much
smaller across the northern reef transect, for the southern
reef transect it contributes ~20% to balancing the radiation
stress gradient and thus explains why wave setup is lower in
the southern lagoon. This implies that cross-reef flows in the
southern reef section would be stronger than in the north;
indeed Fig. 9c shows that cross-reef current speeds are
nearly a factor of two greater across the southern reef
section, also consistent with the field observations reported

Fig. 8 Time series of current
speed at representative sites at a
A4 in the channel, b V6 on the
reef flat and c A9 in the lagoon,
both predicted from the model
and observed during the
hindcast period
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by Taebi et al. (2011b). Through the channel, the pressure
gradient (driving water out the channel) is balanced by a
combination of the bottom shear stress term, the radiation
stress gradient term and the advection term (Fig. 10c).

Now considering the alongshore (y) momentum balances,
inspection of the two cross-shore reef transects (northern
and southern) show that the bottom shear stress term
ty=ρðηþ hÞ is comparatively large near the seaward edge
of the reef flat (x′≈0) as a result of the alongshore surf zone
currents, for a region with cross-shore width ~300 m
(Fig. 10b, f). These alongshore currents are balanced by a
combination of the alongshore radiation stress gradient term
(mostly dominated by the @Sxy=@x component), generated
by the waves breaking at some angle to the reef, as well as a
contribution from the alongshore pressure gradient term
(especially on the southern reef flat). However, inside the
lagoon region (where wave forcing becomes negligible), the

dominant momentum balance in both the northern and
southern reef transects is between the alongshore pressure
gradient and bottom shear stress terms (Fig. 10b, f), i.e.:

g
@η
@y

� � ty
ρðηþ hÞ ð8Þ

Note that for the northern reef transect, the water level
decreases southwards towards the central Sandy Bay chan-
nel (Fig. 9b), which can explain the weak flow in the lagoon
towards the south (Fig. 10b). For the southern transect, the
water level also decreases towards the south towards a large,
but much more distant, channel at the southern limit of the
domain (Fig. 9b). A significant portion of the water crossing
the southern reef flat thus returns to the ocean through this
deeper and expansive southern channel (Fig. 9c). The along-
shore momentum balances through the channel transect

Fig. 9 Spatial maps of a
significant wave height (in
metres), b wave setup (in
metres) and c cross-reef depth-
averaged current velocity (in
metres per second) with current
vectors (one out of every five)
superimposed forced by waves
of Hs01 m. In b, the locations
of the three cross-reef and
along-reef transects used for the
momentum calculations are also
shown
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Fig. 10 Cross-shore (left) and alongshore (right) momentum terms for the cross-reef transects in Fig. 9b. a, b Northern reef, c, d channel and e, f
southern reef. The depth profile is shown as the solid black lines in all plots

Fig. 11 a Cross-shore and b alongshore momentum terms for the along-reef transect shown in Fig. 9b. The colour of the lines corresponds to the
same terms in Fig. 10
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(Fig. 10d) are highly variable, due to the convergence of some
flow coming towards the channel from both northern and
southern reef sections before the water exits this channel.

Figure 11 shows the cross-shore (x) and alongshore (y)
momentum terms for the along-reef transect in Fig. 9b. The
cross-shore momentum balances oscillate in response to the
presence of sections of reef broken by channels. Within the
longer sections of reef (i.e. centred at y′≈−1,500, +2,000
and +6,000 m), the cross-shore momentum balances are
dominated by the pressure gradient and radiation stress
gradient terms (i.e. Eq. 7). In areas within a channel (i.e.
centred at y′≈−4,500, 0, +4,500 and +8,000 m), there is still
a positive cross-shore pressure gradient (implying the mean
water level is higher towards shore), yet the radiation stress
gradient term becomes much smaller due to the reduced
wave dissipation within the deeper channels. In the channel,
the cross-shore pressure gradient is also balanced by the
bottom shear stress term due to flow out the channel and
the acceleration term.

For this same along-reef transect, the alongshore momen-
tum balances (y terms) are complex and highly variable
(Fig. 11b). Over broader sections of reef (i.e. centred at x

′≈2,000 m), the bottom shear stress term is significant and
positive (implying alongshore flow towards the north).
These are driven by a combination of alongshore radiation
stress and pressure and gradients. The alongshore momen-
tum balances are highly variable in the vicinity of the
channels, in part due to the convergence of flow from either
side of each channel (Fig. 9c), which implies a change in the
sign of the bottom shear stress term (and thus, a change in
the sign of the momentum terms is responsible for driving
this flow).

3.3 Seasonal variability in circulation and flushing

The field observations and hindcast simulations above fo-
cused on a 2-week period in May, at a time when wave
heights should seasonally be near their highest and wind
speeds near their lowest (Fig. 3). Here, we use the model to
investigate how the circulation of Ningaloo Reef varies (on
average) over a seasonal cycle, focusing specifically on how
the flushing time Tf of the reef–lagoon system (defined in
Eq. 4) responds. To achieve this, the model was forced with
the long-term historical monthly wave and wind conditions
in Fig. 3 (one each month; 12 simulations total). Figure 12
predicts that the Tf for this section of Ningaloo varies
seasonally from as low as ~3.5 h in late winter (July–
August) to as high as ~5.0 h in autumn (April). Visual
comparison with Fig. 3 suggests that the variability in the
mean seasonal circulation and flushing of Ningaloo is large-
ly driven by seasonal variability in the incident wave con-
ditions (primarily variations in Hs), which is discussed
further in Section 4.3.

The winter (July 2006) and summer (November
2006) hindcast simulations were used to specifically
investigate variability in Tf within these months, i.e. as
opposed to only the monthly mean response (Fig. 12).
The histograms of Tf in Fig. 13 reveal considerable
variability in the flushing time within both periods.
For July 2006, Tf typically varied between 2 and 6 h,
averaging ~4 h. During November 2006, Tf was more
variable (typically varying between 3 and 12 h), and

Fig. 12 Predicted variability in the mean flushing time Tf, forced by
the historical seasonal monthly averaged wave, wind and tidal con-
ditions (see Fig. 3)

Fig. 13 Flushing time
histograms (Tf) predicted from
the a July 2006 and b
November 2006 hindcast
periods, with the cumulative
probability distributions
superimposed
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averaged ~5 h. Therefore, while the monthly mean Tf
differs by up to 2 h over a seasonal cycle (Fig. 12),
significant variability also occurs throughout the year,
which often causes Tf to vary considerably, even over
daily time scales (i.e. consistent with the historical var-
iability in forcing, as expressed by the standard devia-
tion of Hs in Fig. 3a).

4 Discussion

4.1 Model performance

This paper represents one of just a few studies that have
applied a coupled-wave–circulation numerical model to in-
vestigate the dynamics of wave-driven flows in a nearshore
coral reef system, and the first reef study using recent
nearshore developments in ROMS (Warner et al. 2008).
Hindcast simulations of the field study period described in
Taebi et al. (2011b), revealed that using key wave dissipa-
tion parameters of g00.5 and kn00.5 m, the wave model
(SWAN) predicted the wave heights across the study area
with a site-averaged model skill ~0.7. These optimum wave
dissipation parameter values are comparable to those
reported in other reef modelling studies (i.e. g00.6–0.8
and kn ~0.1 m) (Lowe et al. 2009a; Hoeke et al. 2011).
The model predicted a rapid attenuation of wave energy
on seaward edge of the reef flat/forereef primarily due to
wave breaking, with considerable wave energy penetrating
through the deeper channels and into the lagoon.

The coupled circulation model (ROMS) accurately
predicted the dominant (time-averaged) circulation pattern
observed during the field study period (Fig. 7), with a
shoreward flow across the shallow reef flats returning to
the ocean through the deeper channels in the domain.
The currents were most accurately predicted (site-aver-
aged model skill ~0.7) using a uniform bottom roughness
z000.03 m (equivalent to a Nikuradse roughness length
kn00.9 m). This roughness value is of the same magni-
tude to the independent optimal kn value for SWAN, and
notably much greater than values typically reported for
other nearshore environments such as sandy beaches (i.e.
kn of order 0.01 m) (see Nielsen 1992). ROMS success-
fully reproduced most of the subtidal current variability
(dominantly driven by waves) during the hindcast period,
as well as the smaller tidal current fluctuations. The
model did tend to slightly underpredict the magnitude of the
subtidal current variations in response to the wave forcing at
some sites, which has also been observed in other studies of
wave-driven circulation on reefs using a different model (e.g.
Lowe et al. 2009a). The source of this discrepancy is unclear,
but could be due to a number of factors, including some non-
model related issues such as: (1) uncertainty in the

hyperspectral-derived bathymetry (10% RMSE) that will lead
to a proportional error in the local depth-averaged current
(with the volume discharge q conserved); (2) there is consid-
erable smaller scale topography on the reef (i.e. with scales
finer than the grid resolution) which may locally influence the
currents measured by the instruments (yet is not captured in
the 50-m grid resolution of the model). Nevertheless, the
coupled wave–circulation numerical model does predict the
circulation in this morphologically complex fringing reef with
reasonably good skill, driven by realistic and highly variable
forcing provided by waves, tides and winds.

4.2 Dynamics of the wave-driven flows

For the typical incident wave conditions at this site (Hs01–
2 m), wave-driven currents of 0.1–0.2 m s−1 were generated
over the reef flat (Fig. 8c). While these wave-driven reef
currents still dominate over those generated by the tide and
wind, the currents on this fringing reef are still much weaker
than those observed on other reef systems with more expan-
sive lagoons (i.e. barrier reef and atolls) where waves of
comparable height typically generate flows in excess of
0.5 m s−1 (e.g. Hench et al. 2008). For Ningaloo Reef, where
the lagoon is shallow and constrained, the cross-shore mo-
mentum terms (Fig. 10) reveal that the radiation stress
gradients are mostly balanced by an opposing pressure
gradient (Eq. 7), causing wave setup to be mostly uniform
in the cross-reef direction shoreward of the surf zone
(Fig. 9b). For the northern reef section, the cross-shore
bottom shear stress term (dependent on the cross-shore
current speed) is very small over the transect (Fig. 10a).
Thus, the dominant momentum balances in this region more
closely resemble those on beaches (i.e. where radiation
stress gradients are almost entirely balanced by a pressure
gradient; Eq. 7), rather than those traditionally assumed for
coral reefs (i.e. where the bottom shear stress term may also
significantly balance radiation stress gradients). This is due
to Ningaloo Reef having relatively shallow lagoons with
narrow channels, which significantly restricts its wave-
driven flows. Interestingly, while the same dominant mo-
mentum balance exists in the southern reef section (i.e.
Eq. 7), the bottom shear stress term is significantly greater
(balancing ~20% of the radiation stress gradient) in com-
parison to the northern reef section. This is a result of the
southern section being much deeper than the northern la-
goon and shorter in the reef length, which reduces the
frictional resistance experienced by the southern lagoon
return flow and allows much greater wave-driven flows
(by a factor of ~2) to be generated across the southern reef
flat.

In the alongshore direction, alongshore radiation stress
gradients generated by wave breaking at a mild angle to the
reef contribute to the generation of alongshore currents via
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the same mechanisms that are well-established on beaches
(e.g. Mei et al. 2005). However, the alongshore currents
inside the lagoon are primarily forced by alongshore gra-
dients in wave setup, i.e. a momentum balance is established
in the lagoon between the alongshore pressure gradient term
and the alongshore bottom shear stress term (Eq. 8). This
alongshore lagoon setup variability is largely maintained by
alongshore variability in the radiation stress gradients per
Eq. 6, since radiation stress gradients over the shallow reefs
are much greater than in the deeper channels (see Fig. 11).
The dynamics of the wave-driven flows generated on this
fringing reef thus have similarities to topographic rip cur-
rents generated on beaches with submerged bars. Analytical
approaches used to predict these flows generally assume that
the cross-shore bottom shear stress term is small enough that
wave setup in the trough of the bar adjacent to shore can be
approximated using Eq. 7 (e.g. Dalrymple 1978; Bellotti
2004; Apotsos et al. 2007). The resulting water level differ-
ence from behind the bar (where wave setup is high) and the
rip channel (where wave setup is low) is used to estimate the
alongshore flow towards the channel that feeds the rip
current. The momentum dynamics of the wave-driven
flows on this fringing reef are thus very different from
those traditionally assumed for barrier/atoll coral reef
systems, where water flowing over the reef empties into
an expansive lagoon with a water level near mean sea
level (see Monismith 2007 for a review). However,
despite the dynamics being similar to those occurring
on barred beaches, they are still not identical, i.e. the
topography of fringing reefs is generally much steeper
and the bottom much rougher than in sandy beach
environments.

4.3 Seasonal flushing of the reef–lagoon system

The flushing time Tf of this section of Ningaloo Reef on
average varies between as little as 3 h in winter (minimum in

July–August) to as much as 5 h in the autumn (maximum in
April). Yet, at any time throughout the year, the flushing
time can also vary significantly on daily time scales (i.e.
frequently ranging from 2 to 12 h). This variability in Tf is
primarily driven by variability in incident wave forcing (on
both seasonal and event time scales). Wave setup η on reefs
has been observed to increase linearly with the incident
wave energy flux (power), which is proportional to H2

s Tp
(Seelig 1983; Gourlay and Colleter 2005; Lowe et al.
2009b). The alongshore pressure (water level) gradients
within the lagoon of fixed geometry would thus also in-
crease proportional to H2

s Tp . When balanced by quadratic
bottom friction (i.e. where the shear stress is proportional to
the current speed squared), this predicts that the wave-
driven flows within the reef–lagoon system (and hence Q

in Eq. 4) should increase proportional to HsT1=2
p . With Tf

inversely proportional to Q (via Eq. 4), we would thus

expect T�1
f / HsT1=2

p , and this prediction is confirmed by

the results (Fig. 14a). Note that over a seasonal cycle, both
Hs and Tp increase by ~20% from summer to winter (i.e. Hs

from ~1.3 to ~1.5 m; and Tp from ~13 to ~15 s). This
implies that the seasonal variability in T�1

f is primarily

driven by changes in wave height rather than period, given
that T�1

f increases linearly with wave height, but only to the

power 1/2 with wave period.
Within the 2-month-long winter (July 2006) and summer

(November 2006) hindcast simulations, variability in the flush-
ing time is also well-predicted by changes in the incident wave
conditions alone, i.e. T�1

f also increases roughly proportional to

HsT1=2
p (Fig. 14b). In general, the numerical modelling results

confirm that the circulation and flushing of Ningaloo Reef is

dominantly driven by variability in incident wave conditions

throughout the year, with winds playing a very minor (or

negligible) role even during summer periods when winds are

seasonally at their strongest and waves are at their lowest.

Fig. 14 Inverse flushing time
T�1
f of the reef–lagoon system

as a function of HsT1=2
p . a

Predictions for different months
forced by the seasonal monthly
averaged wave and wind
conditions from Fig. 3
(numbers refer to months from
January to December). b
Predictions from the 2-month-
long hindcast simulations in
2006. Black lines denote the
line of best fit
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5 Summary and conclusions

The performance of a new ROMS–SWAN coupled wave–
circulation numerical model was evaluated in a morpholog-
ically complex fringing coral reef system where the local
forcing is provided by a combination of waves, tides and
winds. Both wave heights and mean currents were well-
predicted throughout the study domain (forereef, reef flat
and lagoon), when appropriate model coefficients were cho-
sen to account for the large bottom roughness characteristics
of this reef.

The results from hindcast model simulations and field
observations from a period in autumn (May) revealed the
circulation of Ningaloo Reef to be dominantly driven by
wave breaking. The wave-driven currents within this fring-
ing reef were still comparatively weak (typically 0.1–
0.2 m s−1), relative to other coral reef systems, where much
stronger wave-driven flows have been observed under sim-
ilar wave forcing. A detailed analysis of the momentum
terms over the reef flat revealed that the radiation stress
gradients are largely balanced by an offshore pressure gra-
dient, as a result of wave setup being significantly elevated
within the shallow lagoon of this fringing reef—this con-
tributes to significantly reducing the cross-reef wave driven
flows. Nevertheless, the wave-driven currents over the
southern reef flat were found to be much larger than in the
north (by a factor of ~2), due to the lagoon being substan-
tially deeper in the southern region. The deeper southern
lagoon allowed water to more freely return to the ocean, i.e.
due to the reduction of the bottom stress term in a deeper
water column. As a result, wave setup in the southern
lagoon was significantly lower than in the northern lagoon.
These results highlight the important role that the morphol-
ogy/geometry of a lagoon plays in regulating the wave-
driven flows and setup variability across fringing reef sys-
tems (even within the same reef system).

Previous field work at Ningaloo had focused on the
dynamics of its circulation in the austral autumn, at a time
when the wind speeds are at their minimum. The model was
thus used to investigate how the importance of wave forcing
may vary over a full seasonal cycle, and whether winds ever
become of comparable importance or even dominate during
other times of the year. The simulations revealed that the
flushing time of this section of Ningaloo Reef varied by 30–
40% throughout the year; however, this variability was
found to be very well correlated to the seasonal variability
in the incident wave forcing alone. Winds appear to play an
insignificant role in this section of Ningaloo Reef year
round, including during summer periods when winds are
comparatively large.
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