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Executive Summary 

The coastal marine region of  southwestern Australia is affected by the very large scales of  the 
Pacific and Indian Oceans, down to the small scales of  waves crossing the reefs. There are 
significant time-scales from the seconds associated with breaking waves up to the decades 
associated with climate change. Capturing this range of  scales involves a diversity of  data sets 
collected from ships, moorings, and satellites, and generated by models.

At long time scales, the water temperature at coastal stations in the region rose by around 
0.017 ºC per year over the last 50 years, consistent with the global temperature rise attributed 
to climate change. At the same time, salinity off  the WA coast has also increased. Sea-level at 
Fremantle is rising at about 1.5 mm per year. There is also a clear suggestion of  a lengthening 
warm season.

The southward-flowing Leeuwin Current conveys much of  the large-scale influence on the 
shelf/coast. The Fremantle sea-level is an indicator of  the strength of  the Leeuwin Current on 
timescales from days to years. The average flow rate of  the current is about 3.4 x 106 m3s-1. 
An increase in the flow rate of  1 million m3s-1 will be reflected by an increased Fremantle sea-
level of  about 7.5 cm. The strength of  the current varies by about a factor of  2 over the year, 
being weakest in summer, when it is opposed by southerly winds, and strongest in winter. It 
is also about 40% stronger during a La Nina year than during an El Nino. The La Nina-El Nino 
oscillation is principally based in the Pacific Ocean, with a time-scale of  several years. The 
Leeuwin Current also responds to a smaller signal called the Pacific Decadal Oscillation, which 
can also be monitored by the Fremantle sea-level. 
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Eddies form south of  the Abrolhos Islands (29ºS) from meanders of  the Leeuwin Current. The 
eddies are more intense when the Leeuwin Current is flowing strongest, in the winter and in 
La Nina years. Warm-core eddies drift from the shelf  offshore and may persist for months. The 
eddy drift carries a volume of  water roughly equivalent to flushing the southern shelf  twice 
per year. The eddies are believed to carry nutrients and phytoplankton from inshore waters, 
significantly enhancing offshore primary production, and probably play a significant role in the 
advection of  fish larvae.

Satellite technology enables the Leeuwin Current and its eddies to be observed at large scale, 
at least at the surface. The current is apparent in images of  both sea-surface temperature and 
sea-surface height. The satellite data have been augmented by subsurface and inshore data 
collected from vessels, and by the deployment of  moorings.

Three moorings were maintained for a year off  the coast at Two Rocks. The moorings were 
at water depths of  20 m, 40 m and 100 m, and primarily recorded currents and temperature. 
At the innermost mooring (approx. 5 km offshore), the currents follow the wind direction, 
principally north in the summer and south in the winter, with the water speed close to 3% of  
the wind speed. At the 100 m mooring, about 50 km offshore, surface waters tend to follow the 
wind direction, while waters below 50 m flow south under the influence of  the Leeuwin Current. 
Water temperatures are warmer inshore during the summer, but during the winter the Leeuwin 
Current keeps the offshore water warmer. The surface water in 100 m is about 2 ºC warmer 
than the bottom, but the water is well-mixed during the winter.

As the water shallows toward the shoreline, the water movement is increasingly dominated by 
the effect of  surface waves. The 20-m mooring included a pressure sensor to measure waves, 
and an acoustic doppler current profiler, which could be used to infer the sediment suspended 
from the seabed by the waves and currents. The data were used to calibrate a sediment-
transport model, which indicates that, at this inshore location, the waves are sufficiently 
energetic to keep the medium-sized sand particles mobile most of  the time.

South and north of  Perth, the sediment mobility was examined by nesting a local wave model 
(SWAN) inside a global model (WAVEWATCH 3). The modelling suggests high levels of  sand 
mobility (>60% of  the time) in Geographe Bay throughout the year, with an increase (to 80%) 
in the winter. There is a small area in the lee of  Cape Naturaliste where the mobility is much 
reduced. Mobility rates are similar off  Geraldton, although the high-mobility region is more 
limited in area during the summer.

In December 2005, 4 acoustic doppler velocimeters, capable of  measuring wave orbital 
velocities, were deployed across the Marmion reef  to measure the cross-shore change in wave 
signature. The amplitude diminished by up to 1/3 as the waves travelled 1500 m across the reef. 
This behaviour was reproduced by a standard wave model (SWAN). The longer-term intention is 
to quantify the relationship between the varying wave environment and the benthic habitat.

2.1 Introduction

Physical oceanography determines the environment in which marine organisms live. Ocean 
currents change the environment by moving constituents like heat, salt and nutrients. Currents 
also obviously carry drifting organisms themselves, including propagules. The fate of  
propagules in part determines the distribution of  species along the coastline.

At large scale, the most prominent feature along the WA coastline is the Leeuwin Current, a 
warm, low-salinity current that flows southward along the shelf-break, strengthening in the 
winter, and weakening in summer. The Leeuwin Current responds to the very large-scale 
dynamics of  the Indian and Pacific Oceans, and is strongest in the La Nina phase of  the El 
Nino cycle. South of  Geraldton, the current meanders and sheds eddies that may last for 
months as they drift offshore into the Indian Ocean. The eddies are thought to be a major 
mechanism for carrying nutrients and organisms across the continental shelf.
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A well-known consequence of  the Leeuwin Current is the high level of  correlation between the 
Southern Oscillation Index (SOI, a measure of  the El Nino cycle), the Fremantle sea-level and 
lobster larval recruitment on the WA coast ( Pearce and Phillips, 1988). When the SOI is high (a 
La Nina), the Leeuwin Current is flowing strongly, Fremantle sea-level is up, and there is above-
average recruitment of  larval rock lobsters.

A key objective of  SRFME was to better understand and characterise the Leeuwin Current. The 
results of  this study are contained in the following sections. Section 2.2 describes the Leeuwin 
Current in detail, quantifying its flow rate and variability within the year and from year to year. It 
describes the connection to Fremantle sea-level, and the extension of  the current that extends 
to western Tasmania. It also introduces the eddy energetics associated with the current, and 
the way this varies seasonally and interannually. 

Section 2.3 considers the role of  the Leeuwin Current eddies in transporting water and its 
constituents across the shelf. Warm-core (clockwise-rotating) eddies tend to be the most 
productive waters off  the southwestern coast. They are formed over the shelf, principally in 
autumn and winter, and are thought to contribute to the general productivity of  the Indian 
Ocean in this region. Chapters 3 and 4 deal in more detail with the primary productivity of  the 
shelf  and slope waters.

There are 2 sources of  local long-term marine measurements. The first is Fremantle sea-level, 
which has been monitored since the late 19th century. The second is CSIRO’s Rottnest station, 
in 50 m of  water, which has been occupied, discontinuously, since 1951. Water level from the 
former, and temperature from the latter, reflect a signal that is attributed to climate change. 
The data also reveal the so-called Pacific Decadal Oscillation in the tropical Pacific. These 
long timescale events are discussed in Section 2.4. This is followed, in Section 2.5, by a brief  
discussion of  a shorter-timescale (1-2 year) event called the Indian Ocean Dipole, which 
appears to be triggered by external forcing, e.g. the El Nino-Southern Oscillation in the Pacific.

On the inner continental shelf, the influence of  the Leeuwin Current becomes less pronounced, 
and the local effects of  wind, solar heating and evaporation become more important. The 
inshore physics were measured in SRFME on the regular Two Rocks transect (described in 
detail in Chapter 3), and particularly by the year-long deployment of  three moorings across 
the shelf, to measure currents, temperature and salinity. The results of  these studies, focussed 
more on the inner shelf, are presented in Section 2.6.

While wind, particularly, plays an increasingly important role in the ocean dynamics in 
shallower water, close inshore, surface waves also begin to dominate. If  the waves actually 
break on fringing reefs, they will be almost totally responsible for pumping water into and out of  
the reef  lagoon. Waves are likely to have a dramatic effect on benthic habitat, especially over 
the reefs. The characterisation of  the wave dynamics, both at shelf  and nearshore scales, was 
begun relatively late in SRFME, with the implementation of  both measurement and modelling 
studies. The results to date are presented in Section 2.7.

The use of  numerical models has been a key feature of  the SRFME physical oceanography. 
Much of  the analysis of  the Leeuwin Current and its eddies is based on a relatively simple 
(geostrophic) model interpretation of  satellite altimeter data. Further, as part of  the study, 
a 10-km-resolution, fully 3-dimensional hydrodynamic model was implemented for the 
SRFME region. The primary role of  this model has been to provide the physical setting for a 
biogeochemical model describing the nutrient dynamics and primary production over the SW 
WA continental shelf  and slope. Details of  the model are presented in Chapter 4.

A sediment model also forms part of  the modelling package, as described in Section 2.8. 
Sea-bed sediments are lifted by waves, and then carried by currents. Sediment movement may 
result in change in substrate, light exclusion from the water, and redistribution of  chemicals, 
including nutrients, that adsorb onto the particles. Understanding of  sediment dynamics is 
essential for predicting, and managing, inshore waters.
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2.2 The Leeuwin Current

The Leeuwin Current is a narrow and meandering eastern boundary current that flows 
southward along the continental shelf  break off  the Western Australian coast (Cresswell and 
Golding, 1980). An anomalously large meridional pressure gradient, set up by the warm, 
low-density tropical Pacific Ocean water entering the Indian Ocean through the Indonesian 
Archipelago (the Indonesian Throughflow) is believed to account for the existence of  the 
Leeuwin Current (Godfrey and Ridgway, 1985). The meanders and eddies in the Leeuwin 
Current system are likely due to the instability of  the current (e.g. Feng et al. 2005). The El 
Niño/Southern Oscillation (ENSO) related upper ocean variations propagate poleward as 
coastally-trapped waves along the northwest to western Australian coast as illustrated in Fig. 
2.1 (Feng et al. 2003). The waves transmit high coastal sea-levels during the La Niña years and 
low sea levels during the El Niño years.

Pearce and Phillips (1988) hypothesized that coastal sea level at Fremantle could be a proxy 
for the Leeuwin Current strength. Interannual variability of  the Fremantle sea level is highly 
correlated to the recruitment to a number of  local fisheries, including the western rock lobster, 
Australia’s most valuable single species fishery. Thus, the Fremantle sea level is used in fishery 
recruitment research to represent the Leeuwin Current strength (Caputi et al. 1995). However, 
the relationship between the Fremantle sea level and the Leeuwin Current still needs to be 
established, as does the effect of  the Leeuwin Current variability on ecosystem processes and 
fisheries recruitment off  Western Australia. The role of  both eddies in the marine ecosystem 
off  Western Australia, and the eddy-induced cross-shelf  transport, have not been carefully 
quantified. Thus, there is a need to understand the annual and interannual variability of  the 
Leeuwin Current and its eddy field, as well as their impacts on regional marine ecosystems 
and fisheries off  Western Australia.

The aims of  this study are two-fold: to understand and characterize the natural variability of  
the Leeuwin Current system, the mean flow and the eddy field, and the ENSO influence; and 
to understand and characterize the influences of  the Leeuwin Current and its eddy field on the 
marine ecosystem off  the southwest Western Australia coast. 

The contribution from this study toward the understanding of  the biophysical coupling off  the 
southwest Western Australia coast is reported in more detail in the Chapters 3 and 4, and in 
the collaborative project report by Waite et al. (Vol. 1, Sec. 3.3.1). More detailed analysis of  a 
data-assimilating model output in the Leeuwin Current region can be found in the collaborative 
project report by Berthot et al. (Vol. 1, Sec. 3.3.3). 
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Figure 2.1: Schematic of  the major surface currents in the east-southeast Indian Ocean. ITF: Indonesian 
Throughflow; SEC: South Equatorial Current; SJC: South Java Current; EGC: East Gyral Current; LC: 
Leeuwin Current; ACC: Antarctic Circumpolar Current. A transparent arrow is used to highlight the wave 
guide along which the Pacific ENSO signals propagate (from Feng et al. 2003).

Annual and interannual variations of the Leeuwin Current

Through the SRFME research, significant progress has been made in understanding the 
annual and interannual variations of  the Leeuwin Current by constructing a monthly upper 
ocean thermal climatology off  southwest Western Australia. Using 300 m as the reference 
depth, the annual mean volume transport of  the Leeuwin Current is estimated to be 3.4 Sv 
(106 m3s-1). On the annual cycle, the Leeuwin Current is stronger during austral autumn to 
winter with peak transport of  about 5 Sv during May-July, and is weak during austral spring-
summer with transport of  2-3 Sv (Fig. 2.2; Feng et al. 2003). The seasonal variation of  the 
Leeuwin Current induces a 20 cm seasonal variation of  the steric height on the inshore side 
of  the current, consistent with the annual variation of  the Fremantle sea level. Thus, the annual 
variation of  the Fremantle sea level can be mostly explained by the annual variation of  the 
Leeuwin Current.

The wind forcing not only plays a crucial role in the annual cycle of  the Leeuwin Current, but 
is also responsible for forcing coastal current systems on a variety of  temporal and spatial 
scales, such as coastal upwelling and vertical mixing of  the water column. Wind data for the 
period 2000 to 2004 have been acquired from the Bureau of  Meteorology stations at Rottnest 
Island (assumed representative of  the offshore waters) and on the coast at Ocean Reef. The 
original wind measurements at the two weather station sites are at 1-minute intervals but these 
have been converted to hourly values for the present analysis, and monthly averages have also 
been derived to more clearly show the seasonal wind fields. The overall mean wind speed over 
the 5-year period at Rottnest Island was 7.5 m s-1, and marginally weaker at 6.2 m s-1 at Ocean 
Reef. As a result of  the annual meridional migration of  the subtropical high-pressure belt, a 
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pronounced seasonal cycle is evident in the monthly mean wind vectors at the two sites (Fig. 
2.3). Through much of  the year, the meridional wind stress is dominantly northward, albeit with 
a weak southward component in winter. During the summer months when the high-pressure 
belt is furthest south, the zonal wind stress is westward (offshore) but as the belt moves 
northwards in winter, this switches to a strong eastward, or onshore, component. 

During the austral winter, a continuous current, extending from its origin at North West Cape 
to the southern tip of  Tasmania, with a total distance of  5500-km, is portrayed in the satellite-
derived altimetry data and sea surface temperature (Fig. 2.4), as well as in the SRFME-CARS 
climatology (Ridgway and Condie, 2004). Surface buoy tracks confirm the location and 
continuity of  the current trajectory. A naming convention is proposed for the boundary flow, 
with the Leeuwin Current representing flow from North West Cape to the Great Australian 
Bight (GAB), The South Australian Current denoting the current between the eastern GAB and 
western Bass Strait, and the Zeehan Current located off  western Tasmania. The poleward 
penetration of  the warm, low-salinity waters of  the Leeuwin Current is the underlying 
mechanism for the migration, and subsequent distribution, of  many marine pelagic fauna from 
the tropical northern waters to the temperate shelves of  western and southern Australia, and 
west coast of  Tasmania. The connection of  the shelf  currents during the austral winter may 
also be responsible for spawning behaviours of  the Australian salmon species Arripis trutta.

From the upper ocean climatology, the Leeuwin Current is stronger during the La Niña years, 
with a mean transport of  4.2 Sv, and weaker during the El Niño years with a mean transport of  
3 Sv (Fig. 2.2; Feng et al. 2003). The interannual variations of  the Leeuwin Current influence 
the interannual variations of  the Fremantle sea level. The Fremantle sea level is 3.4 cm lower 
than the climatological mean in an El Niño year, while it is 5.6 cm higher in a La Niña year. The 
linear relationship between the Fremantle sea-level and the volume transport of  the Leeuwin 
Current across 32°S on the annual and interannual time scales (Fig. 2.2, lower panel) supports 
the use of  Fremantle sea-level to represent the strength of  the Leeuwin Current in fisheries 
management practices. 

The transmission of  the ENSO signals along the coastal wave guide, as illustrated in Fig. 2.1, 
is further demonstrated in the correlations between regional altimeter sea-level anomalies 
and the Southern Oscillation index (SOI) for the years 1992-2002 (Fig. 2.5; Feng et al. 2003). 
The correlations are generally 0.6-0.7 along the northwest and west Australian coast. The 
correlation is also significant along the southern coast. The high correlation between the 
Fremantle and altimeter sea-level anomalies along the coasts (Fig. 2.5) suggests that the 
Fremantle sea-level index may apply to a large geographic range of  the Leeuwin Current, 
although the calibration to the current strength will vary with locations. 

There are differences in the responses of  the Fremantle sea-level to ENSO in different seasons, 
as revealed by a partial least square regression (PLSR) analysis to model the relationship 
between Fremantle sea-level anomalies and sea-surface temperatures of  the Indo-Pacific 
Ocean (Fig. 2.6). The PLSR has advantage over the frequently used empirical orthogonal 
function (EOF) analysis in reducing spatial dimensions, because it takes into account the 
variance in the responsible variable, in this case the Fremantle sea-level. The PLSR reveals 
that two leading SST patterns together account for more than 65% of  total Fremantle sea-level 
variances in all the seasons. The first pattern was related to equatorial Pacific ENSO, and the 
second pattern is similar to the global warming signatures in the Indo-Pacific. The time-series 
of  the first pattern explains a significant portion of  the interannual variability of  the Fremantle 
sea-level in all seasons, with the highest explained variance in the austral spring-summer.
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Figure 2.2: (upper panel) Monthly climatology, El Niño and La Niña scenarios of  the Leeuwin Current 
volume transport and (lower panel) the quasi-linear relationship between the monthly Fremantle sea-level 
anomalies and the volume transport of  the Leeuwin Current (from Feng et al. 2003). 
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Figure 2.3: Monthly mean wind vectors from Rottnest Island (representing open-shelf  conditions) and 
Ocean Reef  (coastal). North is upwards (A. Pearce).



� �    S R F M E  f i n a l  r e p o r t  2 0 0 6

1.2

1.0

0.8

0.6

0.4

0.2

0.0

-0.4

-0.6

July

Jan

20°S

25°S

30°S

35°S

40°S

45°S 112°E
120°E 128°E 136°E 144°E
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(from Ridgway and Condie, 2004).

0°

5°S

10°S

15°S

20°S

25°S

30°S

35°S

40°S

0°

5°S

10°S

15°S

20°S

25°S

30°S

35°S

40°S
95°E 100°E 105°E 110°E 115°E 120°E 125°E 130°E 135°E 95°E 100°E 105°E 110°E 115°E 120°E 125°E 130°E 135°E

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 

Correlation with SOI Correlation with Fremantle SLA

Figure 2.5: (left panel) Correlations between the satellite altimeter sea level anomaly in the east-southeast 
Indian Ocean and the SOI, and (right panel) between the altimeter and the Fremantle sea level anomalies 
(from Feng et al. 2003).
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Figure 2.6: Interannual variations of  seasonal Fremantle sea level anomalies and the reconstruction from 
the first two partial least square regression modes (from Y. Li, manuscript).

 
Annual and interannual variations of the eddy energetics in the Leeuwin Current system

The anomalous large-scale pressure gradient in the East Indian Ocean, which drives the 
Leeuwin Current, also fuels an eddy kinetic energy level in the Leeuwin Current system 
which is the strongest of  all the mid-latitude eastern-boundary currents (Fig. 2.7a; Feng et 
al. 2005). A revisit of  the momentum balance of  the Leeuwin Current shows that, north of  
the Abrolhos Islands, the alongshore momentum balance is between the pressure gradient 
and northward wind stress (Table 2.1). South of  the Abrolhos Islands, the Leeuwin Current 
is highly unstable and strong eddy kinetic energy is observed offshore of  the current axis 
(Fig. 2.7a). The longshore momentum balance on the offshore side of  the current reveals an 
increased alongshore pressure gradient, weakened longshore wind stress, and a significant 
Reynolds stress exerted by mesoscale eddies (Table 2.1). The Reynolds stress term indicates 
a significant offshore transfer of  the southward momentum of  the Leeuwin Current by the 
formation of  mesoscale eddies (Fig. 2.7b). As shown later, the formation of  the Leeuwin 
Current eddies also carries a significant amount of  the Leeuwin Current and shelf  water, heat, 
and plankton biomass offshore (Feng et al. 2006).

The eddy field in the Leeuwin Current has a strong seasonality, as derived from satellite altimetry 
data (Fig. 2.8). The Leeuwin Current eddies tend to be less energetic during the austral spring-
summer. The Leeuwin Current increases its current speed and volume transport in the austral 
autumn due to the relaxation of  the opposing longshore wind. Intense current instability and 
large meanders are observed along the path of  the current during May-July, as indicated by 
the high eddy kinetic energy off  the southwest Australian coast (Fig. 2.8). Long-lived warm-
core eddies tend to form from meanders of  the Leeuwin Current during the austral autumn, and 
then propagate offshore during the austral winter (Fang and Morrow, 2003), as indicated by the 
offshore migration of  the high eddy kinetic energy region with seasons (Fig. 2.8).

Interannual variations of  the Leeuwin Current eddy field are also derived from the satellite 
altimetry data. There have been 12 years of  continuous satellite altimeter measurements since 
1993. The May to October average sea-surface eddy kinetic energy in the individual year is 
highly related to the Fremantle sea-level (not shown), or the strength of  the Leeuwin Current. 
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There are stronger eddy kinetic energies during the La Niña years such as 1999 and 2000, and 
weaker energies during the El Niño years such as 1994, 1997, 2002, and 2004 (Fig. 2.9). Note 
that 2002 and 2004 are classified as weak El Niño years. An interesting observation is that when 
the overall energy level is high, the region with high eddy energy extends to further south. 

Mesoscale eddies are an integral part of  the ocean circulation. The roles of  mesoscale eddies 
in enhancing ocean production have been identified in recent years. Eddy-induced upwelling, 
vertical mixing, horizontal stirring, and cross-shelf  exchange could all affect the ocean 
production. Recognition of  the ENSO-related variability of  eddy energetics in the Leeuwin 
Current system is a first step in studying their impacts on both the interannual variations in the 
ocean production off  the Western Australia coast, and the latitudinal distribution of  the rock 
lobster recruitment (N. Caputi, personal communication, 2005).
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Table 2.1: Vertically integrated longshore momentum balance of the Leeuwin Current (From Feng et al. 2005)

 
 North South

Orientation 247T 252.4T
Integrated Pressure Gradient -1.00† -1.51

Wind Stress 0.92 0.65  
     (0.87)*    (0.62)

Reynolds Stress Divergence 
(offshore side of  the LC axis) -- -1.00

†unit: 10-4 m2s-2. 

*numbers in the parentheses are from the scatterometer wind stress climatology.

Fig. 2.8: Seasonal evolution of  the surface eddy kinetic energy off  SW Western Australia inferred from 
satellite altimeter data (from Feng et al. 2006).
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Figure 2.9: Interannual variations of  eddy energetics during May-October in the Leeuwin Current 
system (M. Feng).



   v o l u m e  t w o    � �

2.3 Seasonal chlorophyll a pattern and eddy-driven cross-shelf transport

Off  the southwest Western Australian coast, seasonal blooms of  sea-surface chlorophyll a, 
which is an indicator of  phytoplankton biomass, can be derived from multi-year SeaWIFS 
satellite data (Fig. 2.10). The chlorophyll a peaks during the late austral autumn to early winter 
(May-July) on the shelf  and shelf  break, leading the general late-winter peak in the open 
ocean. The late autumn-early winter chlorophyll a blooms on the shelf  and shelf  break are 
in phase with the seasonal strengthening of  the Leeuwin Current and its eddy field, and are 
consistent with the phytoplankton biomass on the shelf  and shelf  break observed during over 
3-years along the biophysical transect from Two Rocks (see Chapter 3). Hypotheses for the 
phytoplankton cycle behaviour are introduced in Chapter 3.

Cross-shelf  exchange due to warm-core eddies is common along the western boundaries of  
the ocean basins. In recent years, warm-core eddies generated on the eastern boundaries 
of  the ocean basins have also been recognized to cause cross-shelf  transport of  nutrient/
phytoplankton. Cross-shelf  transport due to the formation of  the Leeuwin Current eddies has 
also been hypothesized (Feng et al. 2006). 

To identify the pathways of  the cross-shelf  transport, the finite-size Lyapunov Exponent (FSLE) 
method is used to calculate the manifolds in the surface flow field. The stable and unstable 
manifolds are convergence and divergence trajectories of  particles in a 2-dimensional flow 
field. The stable and unstable manifolds form strong constraints to the flow field so that the 
cross-over points of  stable and unstable manifolds, called hyperbolic point, are key locations 
for cross-frontal exchange. 

The manifold structure of  the 2-dimensional current field derived from the altimeter data is used 
to characterize the horizontal stirring by mesoscale eddies during 2003 off  southwest Western 
Australia. High stirring is generally observed in the region of  high eddy kinetic energy and the 
manifolds of  the current field tend to follow the southward meandering path of  the Leeuwin 
Current (Fig. 2.11). Hyperbolic points are identified in the flow field between the Leeuwin 
Current eddies and the shelf. High-biomass waters from the continental shelf  are drawn into a 
warm-core eddy following the pathway defined by the manifolds and the hyperbolic points, as 
evidenced in the satellite chlorophyll a images (Fig. 2.11). 

Given that six similar warm-core eddies may form off  the southwest coast each year (Fang and 
Morrow, 2003), the exchange between the shelf  and open ocean is estimated to be 1.4 × 1012 
m3 year-1. Based on this crude estimate, the shelf  off  the southwest Western Australia can be 
flushed twice a year by the formation of  the mesoscale eddies. The entrained shelf  water would 
make up a few percent of  the volume, but contribute nearly 20% of  the phytoplankton biomass, 
within the warm-core eddies. The impact of  the cross-shelf  exchange may be two-fold: on the 
one hand, high production waters are carried offshore with the formation of  the eddies, and are 
important for the ocean production in the oligotrophic subtropical marine environment. On the 
other hand, the exchange may lead to loss of  teleost eggs and larvae, and have negative impact 
on the teleost recruitment on the shelf  (D. Gaughan, personal communication).

As these warm-core eddies eventually detach from the Leeuwin Current, they carry a 
significant amount of  water, heat, and biomass from the Leeuwin Current and shelf  region 
into the open ocean. One of  the warm-core eddies was surveyed during a Southern Surveyor 
cruise in October 2003. The research results from this cruise are reported in the collaborative 
project (Vol 1, Sec. 3.3.1). Here, one figure from Feng et al. (2006) highlights the impacts of  
the mesoscale eddies. From the cruise data (Fig. 2.12), the chlorophyll a concentration in the 
surface layer of  the warm-core eddy (a mixture of  Leeuwin Current water and shelf  water) was 
higher than in a cold-core eddy (open ocean water); the warm-core eddy is more productive 
than the cold-core eddy. Overall the offshore transport by the warm-core eddies is estimated to 
be 20% of  the Leeuwin Current’s annual mean transport. The long-lived eddies of  the Leeuwin 
Current off  the southwest coast can also transport 0.004 PW (1015 W) of  heat and about 109 g 
of  chlorophyll a biomass offshore annually. Adding the contribution from short-lived eddies, the 
total offshore transport of  phytoplankton biomass could add to up to 4×1011 g carbon every 
year along the whole WA coast.
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The reason for the enhanced productivity and high chlorophyll concentration of  the warm-
core eddy has been closely investigated using a coupled physical-biological numerical 
model (Greenwood et al. 2006). The model considers eddies as a trapped body of  water and 
follows them as they detach from the Leeuwin current and move offshore. With specification 
of  the appropriate density and nutrient properties during eddy formation, the model could 
successfully distinguish between productivity in the warm and cold-core eddies. This is the 
first time that this has been attempted for a warm and cold-core eddy pair and has provided 
important insight into the role of  vertical mixing and nutrient regeneration. The primary 
mechanisms supporting production were found to be different in the two eddies. While 
production in the cold eddy was consistent with a balance between vertical nitrate flux and 
gravitational settling, the enhanced production of  the warm eddy resulted from a combination 
of  elevated initial nutrient concentrations, and increased mixed-layer nutrient recycling 
efficiency.  Most importantly, the nutrient content of  the surface water during the formation 
of  the warm–core eddy in May 2003 was found to make a considerable contribution to its 
enhanced productivity up to six months later (Fig. 2.13). This result emphasises the importance 
of  understanding offshore transport during eddy formation for its role in biological production 
in this region. 

 
Figure 2.10: Seasonally-averaged sea surface chlorophyll a concentration in the southeast Indian Ocean 
calculated from multi-year SeaWIFS satellite data. The unit is mg m-3 (from Feng et al. 2006).
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Fig 2.11: (a) Surface geostrophic current anomaly on 25 May 2003 off  southwest Western Australia. A 
and B are two anticyclonic structures and C is a cyclonic structure. The contours denote the sea surface 
height anomalies with a 5 cm interval. (b) Spatial distribution of  the forward (positive) and backward 
(negative) FSLE, indicating the stable and unstable manifolds of  the current field. G and H are the two 
hyperbolic points mentioned in the text. (c) MODIS sea surface chlorophyll a image on 25 May 2003 (from 
Feng, manuscript; the MODIS image is contributed by L. Majewski).
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Figure 2.12: Vertical temperature structures along two transects across the warm-core eddy (a) and the 
cold-core eddy (b) during the October 2003 Southern Surveyor cruise. The colour shadings denote the 
fluorescence measurements and the solid squares denote the depth of  the mixed layer (defined by a 
density increase of  0.125 kg m-3 from 10 m). The station numbers of  the CTD casts are denoted on the 
tops of  the panels (from Feng et al. 2006) 

Fig 2.13: Enhanced production of  warm core eddy (between September and December 2003) when 
nutrient content of  surface water during eddy formation (in May 2003) is high, and representative 
of  productive shelf  water (filled bars), compared with that when nutrient content is low, and more 
representative of  off-shore water (open bars) (from Greenwood et al. 2006).           
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2.4 Decadal and climate-change signals on the WA coast

Decadal variations of the Fremantle sea-level

In addition to the ENSO variability, Fremantle sea-level also experiences variability on decadal 
time-scales, related to Pacific Decadal Oscillation (PDO) in the tropical Pacific (Fig. 2.14). The 
PDO has similar spatial sea surface temperature anomaly patterns as ENSO. The PDO-caused 
upper-ocean anomalies transmit a high sea-level anomaly to Fremantle during its cool phase 
due to enhanced trade winds in the Pacific (e.g. 1950’s—mid 1970’s), and transmit a low 
sea-level anomaly during the warm phase of  the PDO due to slackened trade winds (e.g. mid 
1970’s—mid 1990’s). This is demonstrated in the detrended Fremantle sea-level (Fig. 2.14). 
Thus, the Fremantle sea-level can be used as an index for low-frequency climate variability 
in the tropical Pacific. The multi-decadal variation in the Fremantle sea-level anomaly helps 
explain its slower rising trend relative to the global average value from 1950’s to 1990’s (Feng 
et al. 2004). 
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The decadal variations of  the Fremantle sea-
level may also be a signature of  a decadal 
variability in the strength of  the Leeuwin 
Current. During a PDO cool phase, when high 
temperature water accumulates off  north-
west Western Australia, via the Indonesian 
throughflow, the slope in the sea-surface 
height extending from north-west to the south-
west of  Western Australia increases. Reduced 
slope is observed during a PDO warm phase 
(Fig. 2.15). The forcing of  the Leeuwin current 
therefore increases (decreases) during a PDO 
cool phase (warm phase).

Figure 2.14: (a) Annual mean Fremantle sea level 
anomaly, (b) numbers of months with missing sea 
level data, (c) global average surface temperature, 
(d) power spectrum of the Fremantle sea level 
anomaly, (e) annual mean detrended sea level 
anomaly, and (f) annual mean Southern Oscillation 
Index and average easterly wind stress anomaly at 
the equatorial Pacific (crosses, unit: 10-3 Nm-2). The 
heavy lines in (a), (c), (e), and (f) are smoothed time 
series using a 19-year Hanning filter. The dashed 
lines in (a) and (c) show the linear trends, and the 
dashed line in (f) is the smoothed Pacific Decadal 
Oscillation index (from Feng et al. 2004).
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Figure 2.15: Pacific Decadal Oscillation (grey bars) and Sea Surface height slope anomaly (red line).  
The thick Red line represents the SSH slope anomalies filtered with a 19-years Hanning filter.  Black lines 
represent linear trends during the different PDO phases (from Berthot et al. manuscript).

Climate change signals along the Western Australian coast

A long-term rising trend of  1.54 mm per year is observed in the Fremantle sea-level in the 20th 
century, corresponding to the warming in the global average surface temperature (Fig. 2.14). 
This rising trend is not obvious during the decades from 1950’s to mid 1990’s due to the multi-
decadal variation. Similar rising trends in coastal sea-level can derived for other shorter time-
series along the Western Australian coast, after removing the multi-decadal signals from them, 
and are consistent with the trends in the global sea-level.

In the decade of  1991–2000, the average SST in the Indian Ocean was 0.6°C warmer than the 
1900-1960 base, and continued to warm in 2001-2004. The largest increase is located in the 
Southern Ocean south of  Madagascar, with secondary maxima off  Somalia and the northwest 
of  Western Australia (Fig. 2.16). In the Leeuwin Current, the temperature change is less than 
that further offshore and closer to the global average SST increase. This is due to the influence 
of  El Niño/Southern Oscillation on the coast of  Western Australia. Since the mid-1970’s, the 
Leeuwin Current is likely to have been weaker, and the SST warming is damped by a shallow 
inshore thermocline.

As examples, the seasonal cycle of  decadal sea-surface temperature variations (from the 
Hadley Centre for Climate Prediction and Research dataset) are shown off  Ningaloo reef, 
the Houtman Abrolhos Islands, and Rottnest Island (Fig. 2.17). There is an expansion of  the 
warm season in the annual cycle, especially in the southern latitudes at the Abrolhos and 
Rottnest. This could be due to the influence of  the Leeuwin Current. Thus, in additional to the 
general temperature rise in the recent decades, there is also a change of  seasonal cycle, most 
dramatically observed in 1970’s-1980’s. Off  Rottnest, the warm season extends by almost two 
months into the autumn.

The CSIRO commenced a series of  coastal monitoring stations around Australia in the early 
1950s, including six along the Western Australian continental shelf, but most ran for only a few 
years. The site off  Rottnest Island is the only surviving site off  the west coast, operating from 
1951 to 1956 and then 1970 to the present. The water depths at these stations are about 55m 
and sampling was undertaken approximately fortnightly to monthly. Temperature, salinity and 
selected nutrients were measured at 10m depth-intervals between the water surface and the 
seabed using classical oceanographic methods (reversing thermometers and Nansen/Niskin 
bottles, with the salinities being analysed on an Autolab salinometer). The number of  yearly 
samples at the Rottnest station varied between 5 and over 30 depending on personnel and 
boat availability. The annual mean temperatures and salinities were derived as the simple 
depth-averages of  all available sampling days in each calendar year for those years where 
there were more than 6 sampling days fairly evenly spread through the year to reduce possible 
seasonal bias. There has been a clear and consistent upward trend in the annual temperatures 
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of  this coastal station over the past 5 decades, with ENSO-related variability superimposed 
(Fig. 2.18). The coastal time-series off  Rottnest Island matches both the linear trend and the 
interannual variability of  the global dataset very well.

In the upper 150 m, the Indian Ocean is becoming more saline at all latitudes (Boyer et al. 
2005). There is a reasonably consistent rise in salinity in both the World Ocean Database and 
the Rottnest station data (Fig. 2.19). It is unfortunate that the World Ocean Database salinities 
did not extend beyond 1996, as there was a dramatic and sudden fall in salinity of  over 0.5 
psu off  Rottnest Island between 1998 and 1999. This was apparently associated with the 
reduced salinities observed to the northwest of  Australia at the time by Phillips et al. (2005), 
and presumably transported southwards by the Leeuwin Current. The salinity drop in the mid-
1970s was also reflected in both datasets but was of  much shorter duration near the coast. 
The linear trend at the Rottnest station for the period up to 2004 (which includes the dramatic 
salinity decrease) is 0.0036 psu/year, which agrees closely with the rate of  0.0040 psu/year 
for the World Ocean Database. The rate rises appreciably to 0.0066 at Rottnest if  we take the 
period 1951 to 1998 before the salinity drop. The mechanism for the salinity rise in the coastal 
region off  WA still needs further research.

The rising trend of  water temperature off  the Western Australia coast is further demonstrated 
by the reconstructed sea surface temperature anomalies from coral oxygen isotope data 
at Ningaloo reef  and Houtman Abrolhos Islands (Fig. 2.20). From the coral records, the 
temperatures at Ningaloo and Abrolhos are rising at the rate of  0.0158 and 0.0177 degree C 
per year over the second half  of  20th century, respectively. By comparison, the temperatures 
from the adjacent grids of  Hadley Centre data have trends of  similar magnitude. The CSIRO 
Mark-3 coupled ocean-atmosphere model (MK3) was run for 1990-2100 under the IPCC 
A2 greenhouse gas scenario (SRESA2) to assess future global climate changes. Although 
the model does not resolve the shelf  current off  the coast, it still produces similar rising 
temperature r trends as in the data. This suggests that the long-term trend in the surface 
temperature on the shelf  is likely due to local air-sea fluxes, rather than the detailed structure of  
the ocean currents. The research on climate change impact on the Western Australia coastal 
sea-level and temperature, and current will be a continuing effort of  CSIRO research in WA. 
Both the rising temperature and the shift in seasonal cycle would have important implications 
for the marine ecosystem.
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Figure 2.17: Seasonal cycle of  the decadal mean sea surface temperatures off  Ningaloo Reef, Houtman 
Abrolhos Islands, and Rottnest Island from the Hadley Centre for Climate Prediction and Research 
dataset. The left panels provide a contour view of  the same data to highlight the lengthening of  the warm 
season (Slawinski and Feng 2006, informal SRFME report).

Figure 2.18: Annual mean temperatures off  Rottnest from the World Ocean Database (WOD) global 
datasets and the Rottnest station time series. The WOD data are offset by 1°C to separate the two time 
series (from Pearce and Feng 2006, manuscript).
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Figure 2.19: Annual mean salinities from the World Ocean Dataset (blue) global dataset, with the Rottnest 
station salinity shown in orange. The WOD data are offset by 1°C to separate the two time series (from 
Pearce and Feng 2006, manuscript).

Figure 2.20: Sea surface temperature anomalies at Ningaloo and Abrolhos from coral oxygen isotope 
data, Hadley Centre data, and CSIRO Mark-3 model output. The unit for the trend is degree C per year 
(Slawinski and Feng, informal SRFME report).
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2.5 Indian Ocean Dipole

In recent years, there have been a growing number of  studies of  interannual variability in the 
tropical Indian Ocean, especially of  the Indian Ocean Dipole (IOD) events. An IOD event starts 
with anomalous SST cooling along the Sumatra-Java coast in the eastern Indian Ocean during 
May-June. The normal equatorial westerly winds during June-August weaken and reverse 
direction. An IOD event peaks near September-October, with warmer than usual SST over 
large parts of  the western basin. Because there is non-negligible correlation between ENSO 
and IOD indices, there is a vigorous scientific debate over whether or not IOD is in any way 
independent of  ENSO. 

The SRFME contribution to IOD research results from examination of  the evolution of  
subsurface ocean temperature in the tropical Indian Ocean during IOD events (Feng and 
Meyers, 2003). Here we only show the dominant empirical orthogonal function (EOF) patterns 
from the altimetry sea-level anomaly in the whole tropical Indian Ocean, and from the upper-
ocean temperatures along two XBT sections in the Indian Ocean (Fig. 2.21). The dominant 
EOF pattern in sea-level anomaly exhibits an east-west dipole. Negative sea-level anomaly (a 
shallow thermocline) appears in the eastern Indian Ocean with peak values of  about 6 cm 
along the Sumatra-Java coast, extending northward into the Bay of  Bengal and southward 
to northwest Australia, likely along the coastal wave guides. The western Indian Ocean has 
dominantly positive anomaly (a deep thermocline), with peak values of  more than 6 cm at 
the South Equatorial Current/South Equatorial Counter Current ridge. The dominant EOF 
pattern in the XBT temperature data is consistent with that of  the sea level anomaly (Fig. 2.21, 
lower panels). Along the IX1 section in the eastern Indian Ocean, the dominant EOF pattern 
shows mostly negative temperature anomaly, with a peak value of  –1.2oC near the Sumatra-
Java coast. Along the IX12 section in the western to central Indian Ocean, the dominant EOF 
pattern shows positive temperature anomaly with a peak value of  1oC near 6-12oS in the South 
Equatorial Current/South Equatorial Counter Current ridge. The dominant EOF patterns in sea-
level anomaly and XBT temperature represent the peak phase of  an IOD event, on the basis 
of  comparing the temporal evolution with the index of  the IOD (the zonal wind in the equatorial 
Indian Ocean). Thus, the ocean dynamics in the Indian Ocean have an influence on the 
evolution of  the IOD events, which may have independence from Pacific ENSO.

To further clarify this, a partial correlation analysis is carried out. The subsurface evolution in 
the tropical Indian Ocean (indexed by the zonal equatorial wind) is strongly affected by the 
Indian Ocean SST zonal gradient, and to a lesser extent by the El Niño-Southern Oscillation. 
The correlation between inverted SOI and SST difference is 0.56. The wind-index correlation 
with the inverted SOI is 0.67. Both the SST difference and the wind index have dissimilarity 
with inverted SOI. On the other hand, the wind index is highly correlated with the interannual 
SST difference across the tropical Indian Ocean, with a zero-lag correlation of  0.82 (Fig. 2.22) 
and a lag correlation of  0.86 (SST difference leading by 1 month). The observed behaviour of  
the tropical Indian Ocean and the role of  internal ocean dynamics suggest a coupled ocean/
atmosphere instability which may be initiated by ENSO or other anomalies during the early 
Sumatra-Java upwelling season; however, proof  of  its existence will require further research, 
including modelling and model validation with these observations. The impact of  the IOD on 
the Australian climate is demonstrated in Meyers et al. (manuscript).
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Figure 2.21: Empirical orthogonal function (EOF) analysis of  altimeter sea level anomaly (SLA) and 
upper ocean temperature along two frequently repeated XBT sections. Dominant EOF loadings for sea 
level anomaly (top panel), and temperature anomaly along the two XBT sections (lower panel: right, 
IX1; left, IX12). The unit for sea level anomaly loading is cm and the contour interval is 2 cm. The unit for 
temperature loading is °C and the contour interval is 0.1°C. The locations of  the XBT sections are denoted 
with black dots in the upper panel (from Feng and Meyers, 2003).

Figure 2.22: Sketch of  the partial explanation relationship between SOI, SST difference in the tropical 
Indian Ocean, and the IOD wind index. The arrows denote influence and the numbers are correlation 
coefficients (from Feng and Meyers, 2003).
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2.6 Inshore Dynamics 

Much of  the SRFME field research was focused on a transect seaward from Two Rocks (see 
Figs 3.2 and 3.3). The transect was based on 5 stations, A to E, in nominal depths of  15, 40, 
100, 300 and 1000 m. The three inshore stations were occupied approximately monthly from 
2002 to 2004, with the outer two stations visited approximately every 3 months. In addition, 
moorings were deployed at stations A, B and C for the period July 2004- July 2005. Each 
mooring was planned to contain an ADCP (acoustic doppler current profiler) and CTD 
(conductivity-temperature-depth) sensor, in addition to tide gauges and chemical sensors. 
The Two-Rocks transect is described in detail in chapter 3, and the mooring data in a separate 
report (Fandry, et al. 2006). In this section, we review the inshore physical oceanography 
inferred from the data.

Currents

Longshore currents near the coast at the shallow (20m deep) site, A, are strongly correlated 
with the longshore component of  wind (Fig. 2.23) which reveals a close dynamical balance 
between wind stress and bottom stress which means that the longshore current, V, can be 
estimated by the following formula

                            V = (τW / CD ρwater)
 ½  

where τW is the wind stress, CD the coefficient of  bottom friction (~0.003) and ρwater the density 
of  water (1024 kg m-3). (Strictly, this relationship assumes that the cross-shore component of  
current is much smaller than the longshore component, which is a generally safe assumption 
near-shore.) 

Another relationship, consistent with the above formulae, and often used as a rule of  thumb, 
estimates the current speed as 3% of  the wind speed. In fact, a linear relationship with 
the longshore current given by between 2.5% and 3% of  the longshore wind speed has a 
correlation coefficient of  at least 0.87 (Fig. 2.24, Table 2.2). The northward coastal current 
driven by winds during summer was identified by Cresswell et al. (1989), and later named the 
Capes Current by Pearce and Pattiaratchi (1999).

Table 2.2: Linear regression analysis for Station A  for the relationship, V=aW+b, where V is the depth-
averaged longshore current speed (m/s) and W is the longshore wind speed (m/s).

Measurement Period a b Correlation 
	 	 	 Coefficient,	r

July 04 to Oct 04 0.0281 -0.0358 0.87
Oct 04 to Jan 05 0.0253 -0.0161 0.87
Jan 05 to June 05 0.0295 -0.0566 0.88

By contrast with the shallow site A, currents at the deeper offshore site C (100m deep), are 
generally not well correlated with wind (Fig. 2.25), even during summer when the Leeuwin 
Current is at its weakest. Currents below 50m are generally southwards, indicating the 
influence of  the Leeuwin Current. Monthly averaged current profiles at sites A and C (Fig. 
2.26) show important differences that are related to the relative influence of  the wind near 
the coast and the Leeuwin current offshore. The current at site A is northwards during the 
months October to April and southwards during the months May to September. This is in direct 
response to the prevailing winds. At site C, however, the Leeuwin current is evident in the 
southward flow during all months except January and February. In fact in depths below 50m, 
the current is always southwards.
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Figure 2.23: Longshore wind stress vs bottom stress at mooring A

Figure 2.24:  Long-shore surface currents vs 3% of  longshore wind speed at mooring A

Figure 2.25: Longshore currents and wind stress at mooring C



� �    S R F M E  f i n a l  r e p o r t  2 0 0 6

 

Figure 2.26:  Monthly averaged longshore current profiles observed at moorings C and A

Temperature and salinity

The influence of  the Leeuwin Current is also evident in the temperature data (Fig. 2.27). Near-
shore waters are warmer than offshore waters during the summer months as expected, but 
this is reversed in winter due to the influence of  the warm Leeuwin Current offshore. However, 
periodic storm events cause strong horizontal and vertical mixing and inshore waters mix with 
warmer Leeuwin Current offshore waters with a consequent rise in near-shore temperatures. 

Figure 2.27:  Comparison of  water temperatures at all mooring sites
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The near-surface temperatures from the transect stations (Fig. 2.28), and derived from satellite 
data (Fig. 2.29) show a similar annual cycle to the moorings data reflecting the seasonal 
presence of  water in the Leeuwin Current (offshore) and the exchange of  heat with the 
atmosphere (especially inshore). 

Consistent with the mooring data, the greatest variability occurred in the shallow coastal 
waters at the inshore Station A. Monthly mean nearshore temperatures varied from about 17°C 
in August/September to 23°C in mid-summer (Fig. 2.29); on occasion, however, individual 
nearshore temperatures from the mooring fell below 16°C between July and September (Fig. 
2.27). 

At the offshore stations, monthly-averaged, near-surface temperatures peak perhaps a month 
later than inshore (March rather than February, Fig. 2.30). Inshore waters cool much more 
rapidly, from March to August, while offshore surface temperatures, maintained by the Leeuwin 
Current, stay above 20°C through to June or July (Fig. 2.30C). Offshore, the winter trough of  
19°C occurs as late as September/October. The seasonal temperature range at stations D and 
E is therefore only 4°C while close inshore it is 6 to 7°C, with a seasonally-reversing cross-shelf  
temperature gradient. 

The cross-shelf  temperature structure in summer results from coastal heating (a narrow band 
of  warm nearshore water in the coastal boundary layer: Zaker et al. submitted, Pearce et al. 
submitted), slightly cooler water in the north-going Capes Current, and then warming again 
into the (weak) Leeuwin Current. With the rapid loss of  heat to the atmosphere in autumn/
winter from the shallow nearshore waters, coincident with the inflow of  warmer water in the 
strengthening Leeuwin Current along the outer shelf, there can be a marked temperature 
gradient of  up to 5°C between the shore and the shelf-break.

According to the transect data (Fig. 2.31), inshore salinities rose from 35.4 in winter (due to 
precipitation and coastal run-off) to 36.4 in summer (due to evaporation) in the shallow water, 
an annual range of  1 psu, while the corresponding near-surface range in the Leeuwin Current 
was between 35.4 and 35.8 (only 0.4 psu). The elevated salinities >36 psu between January 
and April did not extend as far offshore as the inner-shelf  station B (25 km offshore). 

 

15
16
17
18
19
20
21
22
23
24
25

2002 2003 2004

Te
m

pe
ra

tu
re

Year

Stn.A
Stn.B
Stn.C
Stn.D
Stn.E

Figure 2.28: Near-surface (5 m depth) temperature from the CTD profiles at the Two Rocks Transect 
stations over the 3-year period.
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Figure 2.29: Monthly-mean SST derived from satellite data for the Two Rocks stations A, C and E between 
2002 and 2004. 
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over the 3-year period.
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2.7  Wave Propagation and Dissipation

As waters shallow across the continental shelf  towards the shore, surface waves become 
increasingly important for both the physics and ecology. Offshore regions of  the South West 
Australian Shelf  are dominated by oceanic swell and seas with an average significant wave 
height about 3 m and period from 5 to 20 s. Most of  the year the waves arrive from the south-
west, though winter storms often result in waves from the west and north-west bringing high 
energy conditions to the coast for short periods. Inshore, much of  the coastline is sheltered 
from the direct impact of  the swell-wave activity by an extensive chain of  reefs, which cause 
significant attenuation of  the ocean waves (Steedman 1993; Sanderson and Eliot 1999). In 
open areas with little or no presence of  reefs, ocean waves propagating inshore experience 
much less dissipation than in a reef  protected areas and any alterations in the offshore wave 
conditions may have direct impact on the coast.  

The high productivity of  reef  environments has been attributed to direct and indirect affects 
of  waves associated with the oscillatory water motion, turbulent fluxes across wave boundary 
layers, and wave driven mean flows. Wave exposure has also been linked to habitat type, 
species diversity and patchiness in algal distribution. The attenuation of  wave height, in the 
absence of  breaking, provides a measure of  dissipation due to bottom friction over rough 
reefs, high friction implying a more turbulent bottom boundary layer. Higher turbulence in turn 
has implications for turbulent fluxes of  particles and nutrients between the water column and 
the underlying plant canopy, and bottom stress affecting habitat, diversity and patchiness.

Modelling waves in open coastal waters

Wave dynamics have been assessed for both open and reef  waters along the SW WA coast 
using both measurement and modelling. The model is SWAN (Simulating Waves Nearshore), 
which is described and validated in Booij et al. (1999) and Ris et al. (1999). SWAN includes wave 
dissipation due to bottom friction, wave breaking and white-capping. For open waters, the wave 
studies are motivated primarily by the role of  waves in sediment dynamics (Section 2.8).

The offshore boundary conditions for the wave modelling are supplied by the 9-year record 
of  significant wave height, period and direction (Fig 2.32), obtained from global simulations 
with the model WAVEWATCH III (WW3) (Tolman, 1999). To assess the accuracy of  the WW3 
predictions in the study area, the modelled waves were tested against wave measurements from 
a site located north-west from Cape Naturaliste near the shelf  break at 50 m depth (Fig 2.33a). 
As shown in figure 2.34, the modelled wave heights tend to exceed the measurements. This 
discrepancy may be attributable to wave attenuation over the shelf, not properly represented 
in the coarse resolution (1ox1o) WW3 model. However, subsequent numerical experiments, 
conducted with a fine-resolution implementation of  the SWAN model have indicated that the 
wave attenuation over the shelf  would account for only 7 % of  the required wave height decline 
at the Cape Naturaliste site (Fig 2.33b), insufficient to match the model to data. 

Based on these and similar experiments with the Rottnest wave station, we conclude that the 
global-scale WW3 model may systematically overestimate offshore wave height in this region. 
Scaling of  the wave height by a factor of  9/11 matches the model to data (Fig. 2.34). Similar 
scaling (9/12) fits the model to measurement at Rottnest Island site (Fig. 2.35).  
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Figure 2.32:  Wave characteristics near the Geographe Bay as predicted by WAVEWATCH III model.
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Figure 2.33:  Geographe Bay (a) bathymetry and (b) simulated significant wave height for south-westerly 
waves (SWAN model).  The square dot in (a) indicates location of  the measurement site.
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Figure 2.34:  Significant wave height predicted by WAVEWATCH III model vs measurements at Cape 
Naturaliste Station (a) original model output (b) the model output scaled by factor 9/11.
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Figure 2.35:  Significant wave height predicted by WAVEWATCH III model vs measurements at Rottnest 
Island  Station (a) original model output (b) the model output scaled by factor 9/12.
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Wave measurement over Marmion reef

As a first step towards quantifying wave dissipation due to bottom friction over reefs, direct 
measurements of  wave attenuation were made. Four, 3D acoustic doppler velocimeters, 
were deployed across a section of  the reefs off  Marmion, south of  the Hillary’s boat harbour, 
as shown in Figure 2.36. The bathymetry shown in figure 2.36 was derived from soundings 
provided by the W.A. Department of  Planning and Infrastructure and gridded to 30m horizontal 
resolution.

The velocimeters were set to record at 2Hz for two hours every four hours and were deployed 
for the period December 2-19, 2005. The current meters were bottom mounted on rigid 
frames and measured the three components of  velocity at a height of  0.6m above the bottom. 
Corresponding pressure measurements were made 0.1m above bottom. The measurement site 
was chosen because very high resolution (sub-metre horizontal) bathymetry was available from 
a multi-beam survey undertaken by Fugro Pty Ltd allowing the opportunity to quantify bottom 
roughness. The bathymetry measured by Fugro (decimated to 2.5m horizontal resolution) 
is shown in Figure 2.37 which also shows the measurement locations and the depth profile 
along the instrument transect. The instruments had to be separated far enough that we might 
hope to see measurable attenuation in wave height, yet not so far apart that other effects such 
as refraction might dominate changes in wave height. The reef  crests in this region are also 
deep enough to avoid any dissipation due to depth-induced wave breaking, which to a first 
approximation is where the wave height is 0.8 times the water depth. In the absence of  any 
previous measurements, the maximum distance between velocimeters was determined by the 
size of  the Fugro survey region. Instruments ADV1, ADV3 and ADV4 were located on and near 
the base of  reefs in depths of  10.4m, 10.5m and 9m, respectively. ADV2 was located near the 
top of  a reef  in a depth of  7.8m. 
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Figure 2.36:  Map showing the location of  the ADV 
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See figure 2.37 for detail.
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Figure 2.37:  Locations of  the four Nortek Vector Velocimeters plotted on the multibeam bathymetry, 
decimated to 2.5m horizontal resolution.  (bathymetry courtesy of  Fugro Pty Ltd).

The significant wave height (Hs) is calculated from the zeroth moment of  the sea surface 
elevation spectrum calculated from the measurements according to

2

1

4 ( )
f

s
f

H E f dfh= ∫         (3)

Where Eη(f) is the spectrum of  sea-surface elevation, f1 and f2 were set at .05 and 0.15 Hz, 
respectively, and a trapezoidal method used to integrate the spectrum. Time-series of  the 
significant wave height for each two-hour measurement period, calculated from the observed 
pressure at each of  the ADVs, are shown in Figure 2.38. Also shown in Figure 2.38 is the 
time-series of  significant wave height from the Rottnest Island wave buoy located in 80m water 
depth about 30km south west of  the Marmion reefs. 
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Figure 2.38:  Time series of  significant wave height (Hs) derived from adv measurements and Rottnest 
wave buoy.

The velocity measurements are not reported here because the velocity range was set too low 
to accommodate the larger than expected wave heights. Velocities that exceed the set range 
are wrapped back into the range and can in principle be unwrapped. However, this has not 
been attempted. 

Moving inshore from the outermost location, the wave height increases at the reef  top (ADV2) 
as the waves shoal over the shallow reef. The wave height then decreases to ADV3 where 
the wave height is similar to the offshore site (ADV1). Between ADV3 and ADV4 there is a 
significant reduction in wave height. Though not shown, power spectra showed little evidence 
of  any frequency dependence in dissipation. 

Modelling waves over the Marmion reef

To assess the relative importance of  dissipation through bottom friction the wave model SWAN 
was used to simulate wave propagation across the instrument array. Two cases were considered, 
distinguished by the size of  the model domain and the forcing along the offshore boundary.

Case 1.

In this case the model domain stretched from Rottnest Island in the south to Two Rocks, about 
40km north of  Hillary’s boat harbour with bathymetry specified on a 300m grid. The model was 
forced along the offshore boundary with the observed wave heights and directions from the 
Rottnest wave buoy. Nested within the 300m grid, and centred over the instrument array, was a 
smaller 30m grid, where the forcing at the three open boundaries was provided from the larger 
scale model.  
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An example of  the model predicted significant wave height is shown in Figure 2.39 for the 
offshore forcing conditions: H

s
=3.7m, T=15s and dir=71°. Wave heights at the measurement 

site are seen to be reduced in part by refraction and the presence of  Rottnest Island. A 
series of  model runs was done, each run being forced by the Rottnest wave height, period 
and direction corresponding to each two-hour measurement period at the Marmion site. The 
model was run with the Madsen et al. (1988) formulation of  bottom friction using the default 
bottom roughness length-scale k

n
= 0.05, which is consistent with relatively smooth sandy 

bottoms. Over rough reefs, it was expected that a significant increase in the roughness length 
would be needed to match model and observations. However, a comparison of  the predicted 
and observed wave heights in Figure 2.40 clearly shows the model underestimates the wave 
heights, suggesting that friction in the model might be too high, or that some other aspect of  
the model is causing an anomalous decrease in wave height. 
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Figure 2.40:  Observed H
s
 versus model forced by Rottnest wave buoy observations. Colour code same 

as legend in figure 2.38.
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Case 2.

In this case a smaller model domain was centred on the instrument array with bathymetry 
specified on a 30m grid everywhere. The offshore boundary was located close to the position 
of  the offshore ADV. A series of  model runs was done, each run being forced by the measured 
wave height, period and direction at the offshore ADV. 
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Figure 2.41:  Observed Hs versus model with offshore boundary at the location of  ADV1. left panel, 
Madsen friction coefficient 0.05, right panel, Madsen friction coefficient 0.16. Colour code same as 
legend in figure 2.38.

A comparison of  predicted and observed wave heights using kn=0.05 is shown in Figure 
2.41. Clearly the agreement between model and data is much better since the forcing is 
given by the offshore ADV. With the instruments relatively close together, a surface gravity 
wave will take approximately 3 minutes to propagate from the offshore to the inshore ADV. 
However the observations from the inner ADV are consistently above the line, suggesting 
bottom friction may be too low. Results for a model run with kn=0.16 are also shown in 
Figure 2.41. While the reduction in wave height is relatively small it has been achieved with 
a significant increase in bottom roughness length scale, three times higher than accepted 
values for sandy bottoms.

This required increase in friction is consistent with recent observations of  frictional 
dissipation of  waves propagating over coral reefs reported by Lowe et al. (2005). This in turn 
implies a more turbulent bottom boundary layer which will affect the turbulent transfer of  
water and particles between the water column and the underlying canopy. Enhanced bottom 
stress in the presence of  waves can increase the rate of  nutrient uptake (Falter et al. 2004). 
Hearn et al. (2001) suggest that uptake rates are a function of  the rate at which wave energy 
is dissipated by bottom friction. 

2.8  Sediment dynamics 
Sediment transport is significant for the ecology of  the SW Australian coast in a number of  
ways. Occasional resuspension of  sediments can be very effective at reducing the light 
necessary for the growth of  phytoplankton or benthic primary producers (microphytobenthos, 
macroalgae, sea grass). Many pollutants and nutrients are sediment reactive, and their 
transport is directly influenced by the sediment dynamics. In open coastal areas, exposed to 
strong wind and wave currents, intensive bed load transport and resuspension may lead to 
physical disruption of  benthic habitats as well as to enhanced cycling of  nutrients across water 
and sediments. The implications and relative significance of  these processes for the ecology 
of  the SW Australian shelf  are still not well understood. This is partly due to complexity of  
the coupled physical and biological systems and partly due to lack of  understanding of  the 
sediment dynamics itself. 
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Sediment transport in coastal water can be driven by both waves and stationary currents, which 
exert frictional forces on the sea-bed, dislodging sediment grains and entraining them into the 
water column. For a typical shelf  environment, the bottom boundary-layer generated by stationary 
currents, and often associated with tides or wind-driven flow, may be several meters thick, while 
the turbulent boundary-layer generated by wind-waves is often confined within a few cm of  
the sea-bed. Because of this, much smaller boundary-layer size, the bottom friction generated 
by oscillating wave-currents will be much higher than the friction due to stationary currents of  
comparable magnitude. On a shelf  with a relatively small tidal range and energetic waves, such 
as SW Australian Shelf, the waves are likely to be a key agent influencing sediment stability, while 
currents would play more important role in driving transport of  the suspended materials.

In open coastal waters of  the SW Australian Shelf, swell waves are the key influence on 
sediment dynamics (Harris et al. 1998). Inshore, in areas sheltered from the direct impact 
of  the swell waves, non-tidal variations in sea-level, locally generated waves, and wind-
driven water circulation play a more significant role in sediment resuspension and transport 
(Pattiaratchi et al. 1997). Previous studies suggest highly mobile sediments on the shelf  
inshore (Searle and Logan 1978; Rosich et al. 1994) as well as offshore (Harris et al. 1998). In 
areas with an extensive meadow, the profuse foliage may absorb a significant part of  the wave 
energy, with roots and rhizomes of  the sea-grass stabilising otherwise mobile substrates. The 
main sources of  contemporary sediments for the coastal environment are expected to be due 
to bioproduction in sea-grass meadows, reef  erosion in the offshore regions, and erosion of  
cliffs and sandy shorelines with little contribution from river loads (Hodgkin and Hesp 1998; 
Frances et al. 2001). 

In this section we investigate spatial, seasonal and inter-annual variability of  the sediment 
mobility on the shelf.  A 1-d vertical model, tested against measurements, is employed to 
assess the sediment mobility at Two Rocks site. A 2-d wave model (SWAN), combined with 
an empirical formulation for the sediment stability, is applied to the Geraldton shelf, an area 
influenced by dredging operations, and Geographe Bay, which is characterised by a distinct 
geomorphological features including migrating erosional patches (Searle and Logan 1978). 

Two Rocks

During the project, significant wave height and mean wave period have been recorded inshore 
at mooring site A (20 m depth). Fig. 2.42 shows an example of  the measurements from the 
first deployment. The wave period varies from 5 to 8 seconds suggesting (as expected) little 
contribution from the high-energy swell waves. Most of  the time, the significant wave height 
exceeds 1 m, and reaches ~5.8 m during the storm event. The mooring was also equipped 
with an acoustic Doppler current profiler (ADCP), which provided data for currents and 
acoustic backscatter signal intensity. 
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Figure 2.42:  Significant wave-height and wave period as measured at the deployment site A (July-October 2004).
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The measured waves and currents were used to drive a 1-d vertical sediment transport model. 
A log-profile is used to extrapolate ADCP currents to the near-bottom region, and linear wave 
theory assumed to estimate the near-bottom oscillating velocities from the measured significant 
wave height and wave period. The model simulates bottom exchanges due to resuspension 
and deposition, and utilises the Grant and Madsen (1986) approach for calculating bottom 
friction under combined waves and currents. The modelled sediments, resuspended from the 
sea-bed, are entrained into the water column due to turbulent mixing, which is parameterised 
using the Mellor-Yamada turbulence closure scheme. The model was tested against 
suspended sediment concentrations inferred from the strength of  the backscatter signal 
(Margvelashvili and Slawinski, 2004).  As can be seen from Fig. 2.43, the range of  uncertainty 
in the concentration estimates covers a factor of  about 3, and the modelled data fall neatly into 
the range estimated from the backscatter. Comparison of  the modelled shear stresses with the 
critical shear, required for initiation of  motion of  sediments with 0.4 mm grain size (Rosich et al. 
1994) suggests that, for the most of  the modelled period, the wave and current environment 
at the deployment site are strong enough to maintain a highly mobile near-bed region with 
appreciable movement of  sand particles (Fig. 2.44). The critical shear stresses, during these 
calculations, were estimated using Yalin’s formula as cited in van Rijn (1993). 
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Figure 2.43:  Modelled total suspended solids (TSS) vs data (the data show estimates of  the maximum 
and minimum concentration of  sediments as derived from ADCP backscatter).

 

 

B
ot

to
m

 fr
ic

tio
n,

 N
/m

2

9

8

7

6

5

4

3

2

1

0

0 20 40 60 80 100 
Days

Figure 2.44:  Simulated bottom friction at the deployment site A, in July-October 2004. (The red line 
shows the bottom stress required for initiation of  motion of  sand particles with 0.4mm diameter).
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Geographe Bay

As discussed in Section 2.7, for Geographe Bay, scaled WW3 data have been used to 
provide offshore boundary conditions for modelling sediment mobility from 1997 to 2005. The 
wave attenuation over the shelf  has been accounted for by calculating, at every cell of  the 
computational grid the attenuation coefficient obtained from the fine-resolution SWAN model 
simulations. To reduce model runtime, the SWAN runs were driven by the mean wave amplitude 
and period at the western boundary, and with varying incident-wave direction. The attenuation 
coefficients, varying with the direction of  the offshore waves, are defined by the ratio of  the 
incident wave height to the modelled heights inshore. The near-bottom wave orbital velocities 
were calculated from WW3 data using linear wave approximations and the wave heights scaled 
by the attenuation coefficients. From the near-bottom orbital velocities, the bottom friction was 
calculated as a function of  the sediment grain size (Johnson 1966; Li and Amos 2001). The 
Shields formula (Fredsoe & Deigaard, 1992) was used to estimate the critical shear stress 
at which sediments with 1mm grain-size become mobile. This modelling assumes that the 
sediment stability on the shelf  is controlled primarily by swell waves, and stationary currents or 
seas make only a minor contribution to the bottom friction.

The modelling results suggest that, during winter, sediments in most of  Geographe Bay 
are mobile for more than 60 % of  time (Fig. 2.45). An area with a relatively low mobility of  
sediments is located in a southern region of  the bay, which is sheltered from the south-westerly 
waves by the Cape Naturaliste coastline. The model predicts very high mobility rates for 
sediments in water less than ~20 m deep along the coastline. This may be an overestimate, 
since the modelling does not account for attenuation of  the waves by sea-grass. However, the 
model also does not account for wave diffraction, and may underestimate the wave amplitude 
behind the Cape Naturaliste for south-westerly swell. 

The predicted high mobility rates do not imply that particles are resuspended for the same 
fraction of  time. The sediment grains may roll over the sea-bed or drift along the bottom by more-
or-less regular jumps, spending a relatively small fraction of  time in water column. This motion is 
called “saltation”. To resuspend saltating particles from the sea-bed, and entrain them into the 
bottom-boundary layer generated by stationary currents, the shear stress needs to be increased, 
to counterbalance gravitational settling of  particles by the enhanced turbulent mixing. 
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Figure 2.45:  Sediment mobility in Geographe Bay (a) summer (b) winter.
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Geraldton

The simulations conducted in Geographe Bay have been replicated for the Geraldton area 
shelf. The Geraldton shelf  is characterised by complex bathymetry with a number of  shoals 
and islands near the shelf  edge, sheltering the mid-shelf  environment from ocean swell (Fig. 
2.46). The modelled, area-averaged, sediment mobility in the Geraldton was about 6% lower 
that that in the Geographe Bay. Figure 2.47 shows annual variations of  the sediment mobility 
over the Geographe Bay and Geraldton shelves for winter and summer seasons, indicating 
large seasonal variations in sediment dynamics and little annual changes with no clear trends 
in sediment mobility over the 9 years of  the modelling period.
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Figure 2.46:  The same as in Figure 2.45 for Geraldton site.
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Figure 2.47:  Sediment mobility in (a) Geographe Bay (b) Geraldton.
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2.9 Summary and conclusions

Probably the most fundamental question for SRFME has been: what determines the offshore, 
pelagic dominated, and inshore, benthic dominated, marine productivity? This question is 
pursued in following chapters. The physical environment, discussed in the present chapter, 
is obviously key to this question. Where are recruits carried by currents? How are nutrients 
carried from their source? What affects the water temperature? Does sediment resuspension 
enhance nutrient supply or limit light?  How severe are the wave stresses on benthic habitat?

SRFME physical oceanographic studies have placed emphasis on implementation of  models, 
for hydrodynamics (currents, temperature, salinity and mixing), waves and sediments. Models 
are intended ultimately to provide a predictive capability, for scenarios of, say, climate change 
or coastal development. For the physics, the most important prediction is usually one of  fate: 
if  an individual, or dissolved substance, begins in a certain place at a certain time, where will 
it travel to. If  the individual is negatively buoyant, then it may travel like sediment, falling to the 
seabed under calm conditions, and being resuspended by storms.

The physical environment off  Western Australia is particularly challenging because it is 
exposed to open-ocean dynamics, incorporating the influence of  the Indian and Pacific 
Oceans. The present study has made extensive use of  satellite data, most importantly from 
altimeters, and historical research data to assess the magnitude of   the current systems and 
their variability. It has quantified the annual and ENSO-related interannual variations of  the 
Leeuwin Current and established a linear relationship between the Fremantle sea-level and 
the strength (volume transport) of  the Leeuwin Current. These results justify the usage of  the 
Fremantle sea-level as an index for the Leeuwin Current, as has been widely used in fisheries 
management of  Western Australia, especially for the western rock lobster recruitment. 

Analysis of  the Leeuwin dynamics has led to a better understanding of  the physical drivers of  
the seasonal phytoplankton blooms off  the southwest Western Australia coast. The Leeuwin 
Current may draw nutrients from low-latitude to the south when it is stronger during the austral 
autumn to winter and during the La Niña years. The two unique features of  the Leeuwin 
Current, the largest eddy kinetic energy among all mid-latitude eastern boundary currents and 
the significant surface heat loss along the path the Leeuwin Current, also facilitate the nutrient 
uptake off  the coast. Eddy induced cross-shelf  transport transfers productive water from the 
shelf  to the open ocean, which could affect the western rock lobster recruitment process.

Meanwhile, from the historical in-water data, we have constructed a high resolution climatology 
for temperature, salinity, and nutrients off  the Western Australian coast, the SRFME-CSIRO 
Atlas for Regional Seas. From this climatology, the Leeuwin Current, the South Australian 
Current, and the Zeehan Current off  western Tasmania are found to be joined, during the 
austral winter, into the longest eastern boundary current in the world, which has an important 
effect on poleward transport of  tropical biota along the west and south coasts of  Australia.

In analysis of  cross-shore transect and moorings data, we have observed the transition from 
Leeuwin-dominated to locally-forced physics. At the offshore site (Station C, 100 m deep), 
currents predominantly follow the Leeuwin Current. Inshore (Station A, 20 m), currents follow 
the longshore wind, at close to 3% of  the wind speed. Offshore, too, the temperature and 
salinity are closely tied to Leeuwin Current values, while inshore the water properties are more 
variable, responding to local heating, evaporation and land runoff.

Further, the inshore dynamics are affected by surface waves, particularly over reefs. The 
dominant waves are generated as swell in the Southern and Indian Oceans, and increase 
in amplitude as they shoal toward the coast. By comparison with wave-rider data, publicly-
available, global wave model data (in this case WAVEWATCH III) appear to represent the 
incoming waves reasonably well, and thus supply reasonable boundary conditions for high-
resolution coastal models. Our measurements of  wave dynamics across the Marmion reef  
indicate that wave energy dissipates rapidly (requiring a factor of  3 increase in bottom friction 
in the model). This result has implication for reef  productivity, because increased dissipation is 
considered to enhance nutrient uptake by macroalgae.
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High (orbital) velocities under waves cause resuspension of  sediments, that may lead to 
substrate change, reduced light in the water, and movement of  nutrients and other chemicals. 
Our sediment modelling suggests that, for the SW shelf  region during the winter, sand-sized 
sediments are mobile for between 50 and 60% of  the time.

The implications of  the physical oceanography are pursued in following chapters. In particular, 
in Chapter 4, hydrodynamic and sediment models are combined with biogeochemical models 
to describe the shelf-scale biogeochemistry. Then, Chapter 6 explores the interaction between 
waves and benthic habitat. These are preliminary investigations. With improved understanding 
of  the physical environment across the shelf, we are now much better placed to explore cross-
disciplinary links, through better design of  interdisciplinary experiments, and the continued 
implementation of  coupled models.
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