
1200

 

Journal of Coastal Research, Special Issue 64, 2011 

Journal of Coastal Research SI 64 pg - pg ICS2011 (Proceedings) Poland ISSN 0749-0208  

Modelling nearshore circulation in a fringing reef system: Ningaloo 
Reef, Australia 

S. Taebi†, R.J. Lowe‡, C.B. Pattiaratchi†, G.N. Ivey† and G. Symonds∞ 
 
† School of Environmental 

Systems Engineering/ The UWA 
Oceans Institute, University of 
Western Australia, Perth 6009, 
Australia 

taebi@sese.uwa.edu.au 
chari.pattiaratchi@uwa.edu.au 
greg.ivey@uwa.edu.au 

‡ School of Earth and 
Environment / The UWA Oceans 
Institute, University of Western 
Australia, Perth 6009, Australia 

ryan.lowe@uwa.edu.au 

∞ CSIRO Marine and 
Atmospheric Research, Perth 6014, 
Australia 

graham.symonds@csiro.au 

 
ABSTRACT   

 

Taebi, S. Lowe, R.J., Pattiaratchi, C.B., Ivey, G.N. and Symonds, G., 2011. Modelling nearshore circulation in 
a fringing reef system: Ningaloo Reef, Australia, SI 64 (Proceedings of the 11th International Coastal 
Symposium), 1200 – 1203. Szczecin, Poland, ISSN 0749-0208 

The reef-lagoon circulation of Ningaloo Reef, Australia’s largest fringing coral reef system was investigated 
using data collected during a six-week field experiment and numerical modelling. The observed circulation 
followed a consistent pattern, with cross-reef flows driven over the reef flat and offshore directed return flows 
out the reef gaps (channels). A three-dimensional coupled wave-circulation model was developed for an ~10 km 
section of Ningaloo Reef at Sandy Bay, using the Regional Ocean Modelling System (ROMS) coupled to the 
wave model SWAN. The coupled model was forced with offshore wave conditions, tides and wind, and then 
compared to observations of currents and waves measured throughout the reef-lagoon system. Results 
demonstrated the capability of the coupled model to successfully reproduce the dominant wave and circulation 
patterns within this morphologically-complex system. It is concluded that surface wave breaking is the major 
mechanism driving the mean reef-lagoon circulation, with tides playing a secondary role. The response of the 
circulation to winds was found to be insignificant during the study period. 

ADDITIONAL INDEX WORDS: coral reef, wave-driven flows, wave-currents coupled model 
 

INTRODUCTION 
Water motion is known to control a number of key ecological 

and biogeochemical processes on coral reefs, such as 
biogeographic zonation, rates of nutrient uptake by coral reef 
communities, and the transport and dispersal of larval coral and 
other reef organisms. In general, the circulation within coral reef 
systems can be driven by a number of forcing mechanisms, 
including surface wave breaking, tides, wind and buoyancy 
effects. The relative importance of each of these mechanisms 
depends not only on the external forcing climate present at a given 
site, but may also depend strongly on the particular morphology of 
the reef itself (Lowe et al., 2009). 

Relatively few studies have focused on the physical 
oceanography of Ningaloo Reef, but recent field work has shown 
that its mean circulation is dominantly driven by the effects of 
wave breaking (Taebi et al., 2011). Conceptually, wave breaking 
near the reef crest drives a mean flow through the surf zone 
towards the lagoon. Although a number of analytical models have 
been developed to predict wave-driven flows on reefs (Gourlay 
and Colleter, 2005) (Symonds et al., 1995), such models have 
been derived by solving simplified forms of the 1-D cross-shore 
mass and momentum equations. While these 1-D approaches may 
be suitable for reefs that are not bounded by a coastline (e.g., 
atolls and barrier reefs), it is unclear (largely due to a lack of field 
data) whether these existing reef models can be utilized on 

fringing reefs such as Ningaloo where the flows are inherently 2-
D. 

The goal of the present study was to conduct a detailed 
numerical modelling study into the dynamics governing the 
circulation of a ~10 km section of Ningaloo Reef centred at Sandy 
Bay (Figure 1). The field data collected served as the foundation 
for the development and validation of a three-dimensional coupled 
wave-circulation numerical model, initially focused on this section 
of Ningaloo. Future work will concentrate on upscaling the model 
to simulate the circulation over much larger sections of Ningaloo 
[O(100 km)] and seasonal variabilities in the system; such a model 
will ultimately help to improve predictions of the transport of 
material (e.g., nutrients, contaminants, larvae, waterborne pests, 
etc.) within Ningaloo Marine Park. In the future, the model will 
also be used to investigate the relative importance of the different 
terms in the momentum equations. 

METHODS 

Site Description 
 Ningaloo Reef lies on the western coast of Australia between 

21° and 24° S latitude and along longitude 113° 30′ E. The reef 
tract runs parallel to the coastline, for a distance of some 280 km, 
and consists of a barrier reef ~1-6 km offshore (average 2.5 km 
width), backed by a shallow, sedimentary lagoon (mean depth 
about 2m) with occasional patch and nearshore platform reefs.  
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Aerial photographs of the northern part of the reef estimates that 
these gaps occupy about 15% of the length of the main reef under  
light swell conditions (Hearn and Parker, 1988). Our visual 
inspection of this aerial photography suggested that Sandy Bay 
has a fairly typical morphology of an individual reef/channel unit 
within the Ningaloo reef tract, so this site was chosen as the focus 
of an intense 6-week field experiment. During the experiment in 
April and May 2006, 21 moored instruments were deployed at 
sites spanning from the fore-reef slope to the lagoon (Figure 1). 
Results from this field study were described in detail in Taebi et 
al. (2011). 

Data Analysis 
Directional wave spectra were computed on the forereef (A2) 

using surface elevation time series from a Nortek AWAC. For all 
shallower wave sites, wave parameters were derived from pressure 
time series collected by the various current meters using linear 
wave theory. Hourly currents were obtained for each current meter 
by averaging all samples in a burst. The experiment captured a 
wide range of waves, tides and wind conditions. Offshore 
significant wave heights Hs incident to the forereef ranged 
between 0.5 m and 2.1 m, averaging 1 m (Figure 2a). The peak 
period Tp of the incident waves ranged from ~5 s (i.e., due to short 
period wind waves) up to ~20 s associated with long period swell 
events (Figure 2b). Throughout the experiment, waves were 
incident to the reef from a westerly direction (Figure 2c). The 
experiment captured three spring-neap tidal cycles (Figure 3d) and 
three periods with fairly strong (> 5 m/s) and continuous winds 
directed towards the north: these winds occurred in mid-April, 
toward the end of April, and mid-May (Figure 3e). The wind 
speed slowed down and changed direction frequently from the end 
of April to mid-May, and wave heights were also relatively small 
(Hs ~1 m) during this period (Taebi et al., 2011). 

Model Description 
Wave modelling of the Sandy Bay region was conducted 

using SWAN, which solves the wave action balance equation 
with sources and sinks for deep through shallow water waves. 
The numerical circulation model (ROMS) solves the 3-D 
incompressible Reynolds averaged Navier-Stokes equations 
of conservation of mass and momentum. The circulation 
model ROMS (Shchepetkin and McWilliams, 2005) was 
forced by radiation stresses due to wave breaking provided 
from the numerical wave model SWAN (Booij et al., 1999). 
 

To quantify the ability of model to predict waves and mean 
currents across this section of Ningaloo, a preliminary 
hindcast simulation was conducted for a 2-week period (10 
May to 24 May 2006), selected as a time when the incident 
wave conditions were most variable and included a spring-
neap cycle. The model was configured with a 50 m grid 
resolution and used high-resolution hyperspectral imagery 
derived bathymetry (3.5 m horizontal resolution, <10% rms 
depth error). We initially performed a wide range of 
simulations, in order to conduct a detailed investigation into 
sensitivity of the wave model output to its various parameters 
especially the wave breaker coefficient γ and the bottom 
roughness length Kn, with model skill computed as the index 
of agreement. The wave and circulation model were forced by 
the incident wave conditions observed at A2 (shoaling factor 
applied), observed wind parameters and water levels along 
the open boundaries were driven by 8 tidal constituents from 
the global OSU TPXO7.2 tidal solution (Egbert and Erofeeva, 
2002). 

MODELLING RESULTS 
The model was evaluated using a full combination of forcing 

mechanisms (wave, tide and wind), and then without some 
mechanisms to investigate the role that each played on the mean 

 
Figure 1. Map of the study area at Sandy Bay in Ningaloo Marine 

Park, located in the northwest of Australia (coordinates are based on 
UTM zone 49S) and the location of moored instruments during the 
field study. 

 

 
 
Figure 2. Oceanic and meteorological forcing conditions 

recorded during the field experiment. a) Significant wave height 
Hs measured on the forereef site at A2. b) Peak wave period Tp 
and c) Peak wave direction. d) Hourly mean water level and e) 
Wind velocity components measured locally (positive u is 
eastward and positive v is northward). 
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circulation and its variability. ROMS models parameters such as 
the hydraulic bottom roughness and horizontal eddy viscosity 
were varied for different values within a reasonable range, to 
examine the sensitivity of the model to these parameters. A 
comparison of the observed mean current patterns with the model 
forced by waves, tides and wind, shows that the model correctly 
predicts the dominant circulation pattern (Figure 3), with a wave-
driven flow over the shallow sections of reef that exits out through 
the main channel. To quantitatively compare the observed and 
modelled current speeds at each site, model skill was calculated 
for each site (Willmott, 1984): 
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The average Skill for all sites was 0.67, which is reasonably 

high considering the extremely complex bathymetry of this 
system and complex nonlinear forcing that drives its circulation. 
 

The contribution of each forcing mechanism to the overall 
circulation was investigated by switching different forcing 
mechanisms on and off. The time-averaged (over two-weeks) 
circulation pattern driven by wave forcing in the absence of tides 
and wind was examined for the same period as Figure 3 (not 
shown) and were nearly identical in both speed and direction. 
However, tide increased the current variability superimposed on 
the more dominant wave-driven flow, consistent with 
observations (Figure 4). To look at multiple aspects of model 
performance under different forcing mechanisms, Taylor diagrams 
were plotted for all sites and shown for few sites in the channel, 
reef flat and lagoon (Figure 5). This diagram provides a concise 
statistical summary of how well different patterns match each 

other in terms of their correlation, their root-mean-square 
difference, and the ratio of their variance (Taylor, 2001). In this 
particular case, we investigated the changes in model result in 
response to each forcing mechanism. The Taylor diagrams 
plotted for all sites suggest that although the centred root mean 
square difference between the model and observations in most 
sites were relatively insensitive to tide and wind forcing, they 
(tide in particular) played a role in current speed variability (or 
standard deviation in here) over time. 
 

DISCUSSION 
The wave model (SWAN) performed remarkably well across 

the entire domain (not shown). Preliminary numerical 
simulations of the 2006 experiment period successfully 
reconstructed the general pattern of onshore (over reef) and 
offshore (channel) flow in the reef channel system. The observed 
currents were very consistent, with flow directed onshore across 
the reef flat, turning alongshore in the lagoon and then forming a 
strong offshore directed outflow in the channel. Generally good 
agreement between observed and modelled mean current speeds 
and direction was found (Figure 3). Predicted variability in the 
mean currents was predominantly due to subtidal variability in 
incident wave forcing with modulations provided by the tide. The 
role of the tide in variability of modelled current was important 
during the entire modelling period (Figure 4) while wind stress 
played a minor role in the three statistical parameters (centred  

 
Figure 3. Comparison of the mean circulation patterns. Arrows 

represent the time-averaged current vectors during the two-week 
simulation period. 

 

 
 

 
 

 
 

Figure 4. Time series of the currents driven by different 
combinations of forcing (wave, tide and wind stress), shown for 
the current speeds observed in 3 stations in the channel (A5), reef 
flat (V1) and lagoon (A8) 
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root mean square difference, correlation coefficient, and 
standard deviation) shown in Taylor diagrams (Figure 5). The 
validated model will be used to investigate the seasonal 
variations, for example the influence of different wind wave 
regimes on the reef circulation and to investigate the relative 
importance of the different terms in momentum equations (e.g., 
advection term, pressure gradient, radiation stress gradient, 
bottom shear stress).  
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Figure 5. Taylor diagrams comparing model and observed current 

speeds for representative stations in channel (A5), reef flat (V1) and 
lagoon (A8). A is the reference point from the observations, B, C and 
D are model results forced by wave, by wave and tide, and by wave 
and tide and wind stress, respectively. 




