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[1] The circulation and temperature variability on the inner shelf near the North West Cape
of Australia off Ningaloo Reef was investigated using field data obtained from two
moorings deployed from 2004 to 2009. The results revealed that alongshore currents on
the inner shelf were, on average, only weakly influenced by the offshore poleward
(southward) Leeuwin Current flow, i.e., monthly averaged alongshore current velocities
were 0.1 m s1 or less. The presence of a consistent summer-time wind-driven
equatorward (northward) counter flow on the inner-shelf (referred to in the literature as the
Ningaloo Current) was not observed. Instead, the shelf waters were strongly influenced
year-round by episodic subtidal current fluctuations (time scale 1–2 weeks) that were driven
by local wind-forcing. Analysis of the current profiles showed that periods of strong
equatorward winds were able to overcome the dominant poleward pressure gradient in the
region, leading to upwelling on the inner-shelf. Contrary to prior belief, these events were
not limited to summer periods. The forcing provided by these periodic wind events and
the associated alongshore flows can explain much of the observed temperature variability
(with timescales < 1 month) that influences Ningaloo Reef.
Citation: Lowe, R. J., G. N. Ivey, R. M. Brinkman, and N. L. Jones (2012), Seasonal circulation and temperature variability near
the North West Cape of Australia, J. Geophys. Res., 117, C04010, doi:10.1029/2011JC007653.

1. Introduction
[2] Along the eastern margins of most ocean basins, the
prevailing equatorward wind patterns at subtropical latitudes
generate equatorward-flowing surface current systems that
dominate the continental shelf regions of these coastlines.
These eastern boundary currents (for example, the California,
Humboldt, Canary and Benguela Currents in the Pacific and
Atlantic Oceans), promote coastal upwelling that supports
the high rates of primary productivity observed in these
regions. However, off the coast of Western Australia (WA)
in the southeast Indian Ocean, the surface circulation is
dominated by the unique poleward-flowing (downwellingfavorable) Leeuwin Current (LC) [Cresswell and Golding,
1980; Smith et al., 1991; Feng et al., 2003]. While equatorward winds are also present along the coast of WA, the
dominant forcing is provided by an anomalously large
meridional pressure gradient between the Australian North
West Shelf and the Southern Ocean, which is maintained by
the Indonesian Throughflow [Godfrey and Ridgway, 1985].
The presence of the poleward flowing LC suppresses
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persistent upwelling along the WA coast throughout most of
the year, resulting in the sea surface temperature off WA
being 4–5 C warmer than upwelling systems at similar subtropical latitudes [Feng and Wild-Allen, 2008]. As a result,
the shelf waters off WA are considered oligotrophic, with
primary productivity rates generally < 200 mg C m2 d1,
and thus much smaller than the typical > 1000 mg C m2 d1
observed in other eastern boundary current systems experiencing persistent upwelling [Hanson et al., 2005].
[3] Nevertheless, recent work off the coast of WA has
suggested that during summer months, when southerly wind
stresses are at their maximum, wind-driven northward
(equatorward) counter-currents may form on the inner shelf,
weakening and pushing the LC offshore [Gersbach et al.,
1999; Woo et al., 2006]. These wind-driven coastal currents
have been proposed to generate episodic (transient) upwelling along some regions of WA where the continental shelf is
relatively narrow, such as between Cape Leeuwin and Cape
Naturaliste near 34 S [Gersbach et al., 1999; Pearce and
Pattiaratchi, 1999], and along the North West Cape region
near 22 S, the narrowest section of shelf anywhere in
Australia [Taylor and Pearce, 1999; Woo et al., 2006]. One
striking example of a coastal cold water mass generated near
the NW Cape in response to a period of strong southerly
winds in January 2007 is shown in Figure 1. Notably, all
evidence used to examine these wind-driven coastal currents
and their potential for upwelling, have been derived from
either: (1) historical satellite sea surface temperature (SST)
imagery (as in Figure 1), which provides no direct insight
into the current or sub-surface density fields; or (2) a small
set of opportunistic ship-based hydrographic transects, which
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Figure 1. A satellite sea surface temperature (in  C) image
of the NW Cape region on 16 Jan 2007 showing an extensive
cold water mass adjacent to the coast.
may not be statistically representative given the inherent
transient nature of these flows. As a result, the dynamics of
these coastal currents (including their frequency and duration, as well as their ability to generate upwelling) remain
largely unknown along the entire coast of Western Australia.
This is in large part due to the lack of long-term (>1 year)
current and temperature mooring records obtained and
reported in the literature for this region.
[4] This study specifically investigates the processes controlling the seasonal circulation and temperature variability
on the inner-shelf region (<100 m) near the NW Cape (22 S).
Previous work along this coast by Taylor and Pearce [1999]
used satellite sea surface temperature records and a single
drogue release to argue that a northward-flowing, winddriven current inshore of the LC is a persistent feature along
this coast during the austral summer (roughly September to
April) each year. These authors proposed this seasonal
upwelling-favorable coastal current be referred to as the
Ningaloo Current (NC), the nomenclature referring to the
presence of the adjacent 290 km long Ningaloo Reef
(Australia’s largest fringing coral reef system) that extends
southwards from the NW Cape [Taylor and Pearce, 1999].
More recently, Woo et al. [2006] presented data from a single
cross-shelf ship-based transect obtained near the NW Cape
during the austral summer, which revealed a northward
flowing inshore current they described as the NC, with
upward-sloping isotherms near the coast with some characteristics of upwelling.
[5] Based on these limited observations, the seasonal
presence of the NC is now believed to have a profound
impact on the ecology of coral reef communities living
within Ningaloo Reef, a United Nations World Heritage site.
It has been suggested that the upwelling generated by the NC
during summer can enhance dissolved and particulate nutrient levels adjacent to the reef, in turn triggering local
increases in pelagic primary production and increasing
nutrient fluxes to reef organisms [Hanson et al., 2005;
Furnas, 2007; Wyatt et al., 2010]. A preliminary nitrogen
budget for the WA coast has suggested that seasonal
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upwelling alone between the NW Cape and the Abrolhos
Islands (29 S) could account for 40% or more of the new
(non-recycled) nitrogen required to support observed shelf
production rates in this region [Feng and Wild-Allen, 2008].
Other studies have suggested a persistent NC (and associated
upwelling) along this coast during summer may decrease
local water temperatures adjacent to Ningaloo Reef by several degrees relative to the LC source waters just slightly
offshore [Taylor and Pearce, 1999]. As a result, it has been
hypothesized that these local oceanographic processes may
make Ningaloo Reef coral communities less susceptible to
thermal bleaching in a warming climate, citing evidence that
Ningaloo has not historically experienced the same degree
of mass bleaching observed in other Indian Ocean coral reef
systems [Department of Environment, Water, Heritage and
Arts, 2010].
[6] In this study, we present results from the first long-term
field observations of the circulation and temperature variability on the inner shelf near the NW cape region of Ningaloo Reef (hereinafter referred to as the ‘Ningaloo coast’).
Specifically, the study relies on extensive field measurements
obtained over a six-year period (2004–2009) from two
moorings deployed near the 50 m and 100 m isobaths, supplemented with long-term satellite SST records for the
region. The data are used to quantify the sources of current
and temperature variability along this coast (including
investigating the role of local versus remote forcing), and
importantly how these local oceanographic processes vary
over seasonal cycles. The importance of upwelling versus
other mechanisms (e.g., alongshore advection) to the temperature fluctuations observed off Ningaloo Reef is also
explored.
[7] This paper is organized as follows. Section 2 presents
an overview of the long-term mooring deployments, the
historical satellite SST data sets, as well the approaches used
for the data analysis. In sections 3.1 and 3.2, the seasonal
variability in the wind and alongshore surface currents are
examined, including the role that short-term (order days to
weeks) wind fluctuations play in driving current fluctuations
in the region. Section 3.3 describes seasonal changes in the
vertical density stratification, and through an empirical
orthogonal function analysis of the current profiles, investigates the importance of upwelling along this coast (including
its seasonal occurrence). In section 3.4, long-term moored
temperature data and satellite SST data are used to explore
the sources of temperature variability along this coast (i.e.,
the importance of upwelling versus horizontal advection).
Finally, the main results are summarized and discussed in
section 4.

2. Methodology
2.1. Field Observations
[8] The analysis focuses on field data collected off the
NW Cape over a six-year period between January 2004 and
December 2009 (Figure 2). During this period, two moorings
were maintained by the Australian Institute of Marine
Science (AIMS) off Tantabiddi, deployed on the 50 m
(21 52.030′ S, 113 56.817′ E) and 100 m (21 50.889′ S,
113 54.288′E) isobaths (Figure 2). On this narrow section of
shelf, the 50 m and 100 m isobaths are located roughly 3 km
and 8 km, respectively, from the outer edge of the reef (note
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Figure 2. (a) Regional bathymetry contours (in m) with the 200 m isobath highlighted (black line). The
square denotes the mid-point location of the 50 m and 100 m moorings deployed off Tantabiddi. The circle
denotes the location of wind measurements at Milyering. The inset shows the location of the Ningaloo coast
on the northwest coast of Australia (red box). (b) Zoomed in bathymetry contours (in m) around the NW
Cape showing the locations of the two shelf moorings off Tantabiddi deployed on the 50 m and 100 m isobaths (each denoted by an ‘x’).
that at Tantabiddi the reef edge is located an additional 3 km
from shore).
[9] On the 50 m mooring, an upward-looking 600 kHz
Nortek Aquadopp profiler (ADP) was attached to a mooring
line roughly 5 m above the seafloor, and sampled the threedimensional (3D) current profiles over the water column
every 5 min using a 2 m vertical bin size. On the 100 m
mooring line, an upward-looking 300 kHz RDI acoustic
Doppler current profiler (ADCP) was located roughly 8 m
above the seafloor and recorded 3D current profiles through
the water column every 30 min using a 4 m vertical bin size.
Both the ADP and ADCP also recorded the temperature at
their instrument height. During the deployments, the temperature at various heights in the water column was also
recorded every 5 min using a collection of Seabird Electronics SBE39 thermistors distributed along each mooring
line. Figure 3 provides a summary of the instruments
deployed during the six-year study. The ADP on the 50 m
mooring was deployed nearly continuously over this period,
generally with only short gaps required to retrieve, service
and redeploy the moorings. Deployment of the ADCP on the
100 m mooring commenced in 2005, with a gap occurring in
2008 when this mooring was most likely lost due to Tropical
Cyclone Nicholas. The number and distribution of thermistors located on each mooring was subject to availability, and
hence varied between deployments (see Figure 3). Table 1
summarizes the amount of monthly data available over the
six-year period, which ranged from 5 to 6 individual months
for the 50 m mooring to 4–5 months for the 100 m mooring.
[10] The mooring data were supplemented by historical
hydrographic surveys obtained for the period of interest
from the CSIRO Data Trawler (http://www.marine.csiro.au/
datacentre) and from surveys opportunistically collected by
AIMS during the mooring deployment and retrieval operations.

This consisted of conductivity-temperature-depth (CTD)
profile measurements collected using a Seabird Electronics
CTD (SBE19 or SBE911) in a cross-shore transect off
Tantabiddi (for the AIMS data) or within the region offshore
of the Ningaloo peninsula between Point Cloates and the NW
Cape for the historical CSIRO data (Figure 2).
[11] Throughout the six-year period, local wind speed and
direction was recorded roughly 10 m above mean sea level
every 30 min by a coastal weather station at Milyering
(500 m from shore), located approximately 15 km south of
Tantabiddi (Figure 2). The time series of the wind speed and
direction were converted to wind stress vector components,
assuming a quadratic drag formulation with surface drag
coefficients from Large and Pond [1981].
2.2. Satellite SST Data
[12] Regional satellite sea surface temperature (SST)
imagery was analyzed from MODIS Aqua and Terra Level 2
(swath) data with 1 km pixel resolution (available from
http://oceancolor.gsfc.nasa.gov/). For the period 2004–2009,
the raw swath data were interpolated onto a uniform 1 km 
1 km grid surrounding the study area (corresponding to the
whole region shown in Figure 2a), with data only included if
they were flagged as ‘good’ quality (e.g., cloud free). A daily
composite SST grid was then generated by averaging all
swaths available in a given day, which typically included two
daily images and four nightly images when considering both
the 4 mm and 11 mm MODIS radiometer bands.
2.3. Data Analysis
[13] The moored current profile data were processed into
hourly averaged easterly and northerly vector components.
The subtidal current variability was computed by low-pass
filtering the hourly currents using a PL64 filter [Beardsley
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Figure 3. Summary of mooring deployments off Tantabiddi located at the (a) 50 m isobath and (b) 100 m
isobath. Gray bands denote the deployment intervals for the ADP/ADCPs measuring current profiles
through the water column; black bars denote thermistor deployment intervals and sampling depths.
et al., 1985] with a half-power period of 38 h (note that this
also removed inertial motions, having a period of 32 h at
this latitude). Alongshore (x) and cross-shore (y) current
directions were defined based on the respective major and
minor axes of depth-averaged subtidal current variance
computed from a principal component analysis of the full
2004–2009 current records separately, for both the 50 m and
100 m moorings [Emery and Thompson, 2001]. The major
(alongshore) axis was thus oriented at 40 with respect to
north (clockwise) for the 50 m mooring and 33 for the
100 m mooring, which were then used to rotate the currents
into their alongshore (U) and cross-shore (V) subtidal current
velocity components (see Figure 4). To investigate the subtidal circulation response to local wind-forcing, the surface
wind stress vectors were also low-pass filtered with the
PL64 filter to remove the diurnal sea-breeze and other
high frequency variability, then rotated into corresponding
alongshore (t s,x) and cross-shore (t s,y) vector components.
Subtidal variations in the vertical temperature structure were
also calculated at each mooring (50 m and 100 m) by
applying the PL64 filter to the raw thermistor time series.
Note that for some of the temperature analysis, the data were
also high-pass filtered with a 30 day cutoff (hence bandpassed) to also remove longer time scale (e.g., seasonal)
changes in the annual temperature time series.
[14] The alongshore and cross-shore current profiles were
used to evaluate the ‘surface’ currents (Us and Vs, respectively) at both the 50 m and 100 m mooring sites, by averaging velocities from 10 to 20 m below the surface. This

surface averaging depth was chosen since roughly the upper
10 m of the water column was contaminated by sidelobe
interference for the 100 m ADCP; thus a consistent averaging
depth was also applied to the shallow 50 m mooring data. The
alongshore and cross-shore ‘bottom’ currents (Ub and Vb,
respectively) were also computed by averaging the bottom
10 m of the current profiles.
[15] The dominant time scales of the variability in the
surface currents, winds and temperatures were investigated
by computing the variance preserving spectra. The response
of both the surface currents (alongshore and cross-shore) and
temperatures to wind stresses were investigated through a
lagged correlation analysis, with significance levels quantified based on the effective degrees of freedom estimated from
the record length divided by the autocorrelation time scale
[Emery and Thompson, 2001]. The alongshore and crossshore current profiles recorded at each mooring were
decomposed using an empirical orthogonal function (EOF)
analysis to investigate the dominant modes of the vertical
current profile variability [Emery and Thompson, 2001].
Table 1. Number of Months of Data Available From the 50 m and
100 m Moorings, During the Study Period 2004–2009a
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
50 m
100 m

5
4

5
4

5
4

6
5

6
4

6
4

6
4

6
4

6
4

6
4

6
5

5
4

a
Note that we considered that data were available during a month when at
least two-weeks of data within a month were recorded.
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the Burger number calculations, an average value a = 1/65
was assumed.

3. Results

Figure 4. Scatterplot of the depth-averaged currents (raw
easterly and northerly components) measured at the 100 m
mooring, shown for the Mar–Oct 2005 deployment as an
example. The arrows denote the rotated coordinate system
derived from the principal component analysis, with x defined
as the ‘alongshore’ direction and y as the ‘cross-shore’ direction. Note that the principal major axis angle differed by <3
between all deployments (comparable to the uncertainty in
the ADCP compass).

Statistical analysis was conducted by grouping the results
into four ‘seasons’: (1) February–April, (2) May–July,
(3) August–October, and (4) November–January. These
periods were chosen to capture distinct differences in the
long term averaged seasonal wind and alongshore current
conditions observed near the NW Cape (see below).
[16] The historical CTD data were used to provide an
estimate of the surface mixed layer depth (MLD) variability
during the study period, based on a standard difference criteria, defined here as the minimum depth in the water column
when either of the following occurred [Brainerd and Gregg,
1995; Condie and Dunn, 2006; Rousseaux et al., 2011]:
T < T(10 m)  0.4oC or S < S(10 m) + 0.03oC, where
T(10 m) and S(10 m) denote the temperature and salinity
recorded 10 m below the surface. Vertical temperature
stratification overwhelmingly dominated the MLD estimates
across all seasons, with temperature controlling the MLD
estimates in > 95% of the profiles. EachpCTD
cast was ﬃused
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
to compute a buoyancy frequency N ¼ ðg=rÞ∂r=∂z. For
consistency with, e.g., Lentz and Chapman [2004], the
average density gradient ∂r/∂z was estimated based on the
difference between values near the surface (taken 10 m below
the surface) and near the bottom at the 100 m isobath (taken
10 m above the bottom). Each buoyancy frequency was used
to estimate the Burger number B = aN/f, where a is the
bottom slope and f = 5.4 x 105 rad s1 is the Coriolis frequency at latitude 22 S. The bottom slope a off Tantabiddi
is variable, ranging from 1/80 on the inner shelf (depths
< 100 m) to 1/50 on the shelf slope (depths 100–200 m). For

3.1. Wind-Forcing
[17] Analysis of the historical wind data revealed substantial seasonal variations in both the monthly averaged
wind speed and direction for the region (Figure 5a). Winds
were on-average relatively strong (5 m s1) and upwellingfavorable (i.e., in the positive alongshore direction, or toward
the northeast) during both the austral spring and summer
(roughly September–February). During this period, the
cross-shore component of the monthly averaged wind
was roughly zero. Although periods of weaker upwellingfavorable winds did sometimes persist into early autumn
(March –May), by winter (June–August) the winds were onaverage much weaker (2 m s1) and toward the northwest
(i.e., they shifted to a dominantly cross-shore direction).
Variability in the low-pass filtered alongshore wind velocity
(expressed in terms of its standard deviation) was relatively
constant year-round at 2 m s1, although somewhat greater
at the end of summer (January–March) (Figure 5b).
Throughout the year, cross-shore wind variations were

Figure 5. (a) Monthly mean alongshore and cross-shore
components of the wind velocity at Milyering between
2004 and 2009 (refer to Figure 4 for the coordinate system). (b) Standard deviation of the low-pass filtered wind
velocity components.

5 of 18

C04010

LOWE ET AL.: CIRCULATION NEAR THE NW CAPE

C04010

Figure 6. Time series of the low-pass filtered (a) alongshore component of the wind velocity, (b) alongshore surface current Us at the 50 m and 100 m isobaths, and (c) near-bottom temperature measured on the
50 m isobath, for the period of 2006.
on-average smaller than alongshore variations, yet were
comparable during winter (May–July).
[18] Inspection of the annual wind time series (low-pass
filtered) for a typical year cycle from 2006 (see Figure 6a)
shows large fluctuations in the alongshore component of the
wind velocity with periods of order 1–2 weeks. Throughout
the year, these winds oscillated between being upwelling
favorable (i.e., positive alongshore) and relaxing to negative
alongshore values. While the magnitude of these fluctuations
were larger during the late summer (i.e., January–March),
they were still significant year-round (Figure 6a; see also
Figure 5b). The variance-preserving spectrum of the alongshore component of the wind stress t s,x time series shows a
peak of high energy between 7 and 14 days (Figure 7a). The
time-scale of these strong wind fluctuations falls within a
‘synoptic weather band’ that has also been identified for sites
further south on the Western Australian coast [Cresswell
et al., 1989; Smith et al., 1991].
3.2. Seasonal Alongshore Current Variability
[19] For the 2004–2009 period, the monthly mean alongshore surface current velocities Us were relatively weak
(<0.1–0.2 m s1) at both the 50 m and 100 m mooring sites
(Figure 8). Peak values of the monthly mean Us at the 50 m
isobath were 50% weaker than at the 100 m isobath. The

maximum southward (poleward) flow, up to 0.15 m s1 at
100 m, occurred during the austral autumn (March–May) and
reached a minimum, with negligible alongshore mean flow,
during spring (August–October). A similar analysis that was
conducted on the depth-averaged currents rather than surface
(not shown), gave similar results to Figure 8, both in terms
of the magnitude and phasing.
[20] For the example shown for 2006 in Figure 6b,
the magnitude of the alongshore surface current fluctuations
Us are much greater than the monthly mean values, with
values oscillating between 0.8 m s1 during some events.
Inspection of the variance preserving spectra of Us at both the
50 m and 100 m isobaths (Figure 7b), both show a welldefined peak with a period of roughly two weeks. This current peak of 2 weeks is thus narrower, but includes the
wider 1–2 week peak associated with the wind-forcing. We
note that the peak in current energy at 2 weeks has no
relationship to the spring-neap cycle of the tide, i.e., the
correlation between the low-pass filtered alongshore currents
and the envelope of the local tide gauge data computed via a
Hilbert transform [Emery and Thompson, 2001] was not
significant (correlation < 0.05, not shown). Instead, it appears
that some of the energy in the wind fluctuations was shifted
to drive current motions with slightly lower frequencies (this
issue is discussed in further detail in section 4.1). Analysis of
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Figure 7. Variance preserving spectra of (a) the alongshore component of the wind stress t s,x and (b) the
alongshore surface current Us at the 50 m and 100 m mooring sites, for 2006 (i.e., for the same time series
in Figures 6a and 6b).
the full historical record (2004–2009), shows that the magnitude of these alongshore current fluctuations (characterized
by the standard deviation in Figure 8b) were always greater
than the monthly mean values (by a factor > 2), implying that
the currents off the NW Cape reversed episodically during all
months of the year. While the magnitude of the variability
was comparable year-round, a peak occurred in June at the
50 m isobath (Figure 8b). At the 100 m isobath, a minor peak

also occurred in June; however, the greatest variability
occurred during January–February.
[21] The alongshore surface current variability Us at the
50 m isobath was reasonably well-correlated with the
alongshore wind stress t s,x, with maximum correlation
coefficients ranging from Rwind 0.4–0.6 when the currents
lagged the wind by Lagwind 7–10 h (Table 2). These maximum correlations were somewhat higher during winter and
spring periods (May–October) with Rwind 0.6, and were
lowest during the late-summer (February–April) period with
Rwind 0.4. The response of the bottom currents Ub was
nearly identical to the surface currents (Table 2), consistent
with the water column < 50 m being well-mixed (see below).

Table 2. Lagged Cross-Correlation Analysis Between the Alongshore Wind Stress t x and Alongshore Surface Us and Bottom Ub
Currents Measured by the 50 m and 100 m Moorings, Reported
for Four Seasonal Periodsa
Feb–Apr
50 m
Rwind (surface)
Lagwind (surface)
Rwind (bottom)
Lagwind (bottom)
100 m
Rwind (surface)
Lagwind (surface)
Rwind (bottom)
Lagwind (bottom)

Figure 8. Monthly (a) mean and (b) standard deviation in
the alongshore surface current recorded at the 50 m and
100 m isobaths, during the period 2004–2009.

May–Jul

Aug–Oct

Nov–Jan

0.44  0.03 0.58  0.03 0.56  0.02 0.51  0.10
+10  4 h
+9  3 h
+8  3 h
+8  2 h
0.42  0.03 0.57  0.03 0.56  0.02 0.48  0.10
+9  4 h
+9  3 h
+8  3 h
+7  2 h
0.45  0.03 0.52  0.05 0.50  0.02 0.53  0.08
+12  5 h +14  4 h +16  2 h +11  3 h
0.25  0.05 0.51  0.05 0.43  0.04 0.43  0.09
+8  5 h
+16  3 h +17  2 h
+8  2 h

a
Rwind denotes the maximum correlation value at a lag interval Lagwind in
hours (note that a positive value implies the current lags the wind). All
correlation values were significant to the 99% confidence level. Values are
expressed as mean 1 standard deviation, based on the variability in the
mean seasonal values computed between each individual year.
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Figure 9. Temperature profiles from the historical CTD casts grouped by season: (a) Feb–Apr, (b) May–
Jul, (c) Aug–Oct, and (d) Nov–Jan. The gray dotted lines denote individual CTD casts and the thick black
line represents the mean profile. The horizontal solid line represents the mean MLD for the period and the
horizontal dotted lines denote the range, based on the standard deviation (see Table 3).
[22] Further offshore at the 100 m isobath, values of Rwind
between the alongshore surface currents and wind stress
were comparable (0.5) to the 50 m site; however, the surface currents lagged the winds by several additional hours
(Lagwind 11–16 h) (Table 2). Values of Rwind and Lagwind
between the bottom currents Ub and surface wind stresses at
the 100 m isobath, were comparable to the surface values
during the periods from May–January. However, during the
February–April period, the alongshore bottom currents were
poorly correlated with the winds (Rwind  0.25).
3.3. Mixed-Layer Depth and Current Profile
Variability
[23] Vertical temperature profiles from the historical CTD
casts were grouped according to season (Figure 9). During
the late-summer period (Feb–Apr) there was a relatively
shallow and consistent MLD of 50 m (standard deviation of
only 10 m) (see Table 3). The MLD significantly deepened

during the May–October period (mean values of 120–
130 m), yet this value was highly variable (standard deviation
of 40–60 m). During the November–January period (early
summer) the water column began re-stratifying, but the MLD
was still relatively deep during this period, averaging 90 m.
[24] The alongshore and cross-shore current profiles were
time-averaged within each seasonal period (Figure 10). The
analysis reported here focuses on profile data from the 100 m
mooring, with any differences with the 50 m mooring data
reported in the text below. The mean (3-month averaged)
alongshore current profiles U(z) were variable between years,
particularly in the May–July and November–January periods
(Figures 10a–10d). However, in most seasons the alongshore
currents were on-average strongly sheared, with strongest
poleward (negative) currents occurring near the middle or
within the bottom half of the water column. The alongshore
flow near the surface was slightly weaker, likely in response
to the opposing northward (equatorward) wind stress that

Table 3. Seasonal Stratification Statisticsa

MLD (m)
N (rad s1)
B
∂T/∂x ( C m1)

Feb–Apr

May–Jul

Aug–Oct

Nov–Jan

51  14
1.19  0.21  102
3.31  0.48
5.2  0.09  106

136  40
0.38  0.19  102
1.02  0.54
2.3  0.08  106

123  55
0.37  0.21  102
0.97  0.43
5.5  0.05  106

94  27
0.53  0.14  102
1.47  0.24
6.2  0.07  106

a
MLD denotes the computed mixed layer depth (mean  standard deviation) derived from the historical temperature profiles shown in Figure 9. N denotes
the buoyancy frequency and B is the corresponding Burger number (see section 2.3 for details). ∂T/∂x represents the seasonal mean alongshore temperature
gradient off the Ningaloo coast inferred from the historical MODIS SST imagery. Values are expressed as mean 1 standard deviation, based on the variability in the mean seasonal values computed for each individual year.
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and cross-shore subtidal current profile variability, again
focusing on the 100 m mooring data. The first alongshore
EOF mode (Figures 11a–11d) explained the vast majority
of the total variance observed year-round (95%; Table 4),
and displayed a unidirectional profile structure with a gradual
decrease in current speed below the water surface. Although
there were not large differences in the alongshore EOF
mode 1 profile shapes between seasons, during summer
periods (February–April and November–January), stronger

Figure 10. Seasonal mean (a–d) alongshore and (e–h)
cross-shore current profiles for the four seasons, recorded at
the 100 m mooring. The series of solid lines in each figure
represent individual mean current profiles (i.e., each representing the seasonal average profile for an individual year).
The circles denote the mean profile averaged across all years.
Note the difference in the scale between the alongshore and
cross-shore velocities.
was present most of the year (Figure 5a). The corresponding
seasonal mean cross-shore current profiles V(z) were generally much weaker (typically <0.02 m s1), yet were variable
(Figures 10e–10h). During many of the periods there was
some consistency in the seasonal-averaged profiles between
years, with some evidence of downwelling on-average
during winter periods (May–July in particular), where nearbottom velocities tended to be weakly directed offshore
(positive), and some evidence of weak upwelling on-average
in summer (February–April) with a weak offshore-directed
flow near the surface.
[25] Results from the EOF analysis were used to investigate seasonal differences in the response of the alongshore

Figure 11. EOF mode shapes for the alongshore current
profiles at 100 m, grouped by season: (a–d) mode 1 profiles
and (e–h) mode 2 profiles. Data are shown for the periods:
Feb–Apr (Figures 11a and 11e), May–Jul (Figures 11b and
11f), Aug–Oct (Figures 11c and 11g), and Nov–Jan
(Figures 11d and 11h). Note that the first mode was arbitrarily
normalized by the maximum value, while the second mode
was normalized by the maximum onshore (negative) value.
The series of solid lines in each figure represent the seasonal
profile obtained during different years. The circles denote
the seasonal profile averaged over the entire 6 year study.

9 of 18

LOWE ET AL.: CIRCULATION NEAR THE NW CAPE

C04010

Table 4. Response of the EOF Current Profile Modes at 100 m
(Alongshore and Cross-Shore) to the Alongshore Wind Stress,
Grouped by Seasona
Feb–Apr

May–Jul

Aug–Oct

Nov–Jan

Alongshore EOF
mode 1
Percent variance
93  1
95  1
95  1
95  1
0.47  0.10 0.51  0.11 0.50  0.10 0.49  0.13
Rwind
65
12  7
14  7
13  7
Lagwind
Alongshore EOF
mode 2
Percent variance
51
31
31
31
0.32  0.07 0.22  0.11b 0.20  0.12b 0.25  0.13
Rwind
28  10
41  17
39  16
35  14
Lagwind
Cross-shore EOF
mode 1
Percent variance
50  5
60  11
62  10
61  11
(0.09  0.06) (0.10  0.06) (0.11  0.07) 0.14  0.07b
Rwind
Lagwind
86  18
72  33
64  32
58  35
Cross-shore EOF
mode 2
Percent variance
26  2
24  5
24  5
24  6
0.30  0.02 0.41  0.15 0.41  0.13 0.37  0.14
Rwind
21
42
42
62
Lagwind
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near the middle of the water column (Figures 12f and 12g).
During the summer periods (February–April and November–
January), a negative subsurface maximum occurred near the
middle of the water column, with a zero crossing typically
30 m below the surface (Figures 12e and 12h). Both sets of
profiles display characteristics of an upwelling shape: positive (offshore-directed) flow near the surface and negative
(onshore-directed) flow near the bottom, when the sign of the

a
‘Percent variance’ denotes the percentage of the total variance of the
current profiles explained by that mode. Rwind and Lagwind denote the
maximum correlation and associated lag interval, between the timevarying EOF modal amplitude and the alongshore wind stress. Correlation
values italicized in parentheses were not significant to the 95% confidence
level. Values are expressed as mean 1 standard deviation, based on the
variability in the mean seasonal values computed for each individual year.
b
Values were not significant to the 99% confidence level.

shear occurred in the top of the water column at a point
roughly 40 m below the surface (Figures 11a and 11d), thus
comparable to the shallowest MLD during summer
(Figure 9). The time-varying amplitude of the first alongshore EOF mode (not shown) was moderately correlated with
the alongshore wind stress t s,x (Rwind  0.5), when the mode
lagged the wind by roughly half a day (Table 4); as expected,
these values are nearly identical to those based on the
alongshore surface currents alone in Table 2. The second
alongshore EOF mode (Figures 11e–11h) displayed a firstmode baroclinic structure with the single zero-crossing near
the middle of the water column (50 m depth) throughout
the year. This second alongshore mode explained a very
small percentage of the variance (typically 3%); however,
during the February–April period this mode explained
slightly more variance (5%) and was also better correlated
with the alongshore wind stresses (Rwind  0.3) (Table 4).
[26] The percentage of the variance in the cross-shore
subtidal current profiles was more evenly distributed
between the first two EOF modes (Table 4). The first crossshore EOF mode explained only 50–60% of the variance.
While these profiles were unidirectional, a small subsurface
maximum was present at roughly 30–40 m depth during the
summer periods (February–April and November–January)
(Figures 12a–12d). This first mode, however, was not correlated with the alongshore wind stress (Rwind only 0.1).
The second cross-shore EOF mode typically explained
25% of the variance (Table 4), and displayed two somewhat different profile shapes during the year (Figures 12e–
12h). During the winter periods (May–July and August–
October), a first-mode baroclinic shape was identified, with
near-surface and near-bottom extrema and a zero-crossing

Figure 12. EOF mode shapes for the cross-shore current
profiles at 100 m, grouped by season: (a–d) mode 1 profiles
and (e–h) mode 2 profiles. Data are shown for the periods:
Feb–Apr (Figures 12a and 12e), May–Jul (Figures 12b and
12f ), Aug–Oct (Figures 12c and 12g), and Nov–Jan
(Figures 12d and 12h). Note that the first mode was arbitrarily normalized by the maximum value, while the second
mode was normalized by the maximum onshore (negative)
value. The series of solid lines in each figure represent the
seasonal profile obtained during different years. The circles
denote the seasonal profile averaged over the entire 6 year
study.
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Figure 13. Sea surface temperature statistics at (a and c) the 50 m isobath recorded on the mooring and
(b and d) from the nearest 1 km MODIS satellite SST imagery pixel. The monthly mean (Figure 13a)
and standard deviation (Figure 13c) of the SST recorded by the upper-most thermistor on the 50 m mooring
(10 m below the surface). The corresponding mean (Figure 13b) and standard deviation (Figure 13d) of
the SST observed from the MODIS images.
time-varying amplitude of this mode was positive. Thus the
second cross-shore EOF mode was positively correlated with
an equatorward (positive) alongshore wind stress t s,x yearround (Rwind typically 0.4), although the correlation was
slightly lower during the February–April period (Rwind = 0.3).
This may be due to the mean poleward flow being strongest
during the February–April period (Figure 8), which could
imply that the pressure gradient opposing the southerly wind
stresses was strongest during this time of year, and thus
having more influence on the cross-shore upwelling/downwelling response. In general, the response time for the crossshore second EOF mode was only a few hours, and hence
much faster than the alongshore EOF mode 1 response of
roughly half a day. These lag times between the wind-forcing
and each current component is consistent with both theory
[e.g., Brink, 1983] and observations from other inner shelf
regions [e.g., Cudaback and Largier, 2001], which indicate
the alongshore flow should respond within one half of an
inertial period (roughly half a day at this site), whereas the
cross-shore transport should respond almost instantaneously.
3.4. Seasonal Temperature Variability
[27] The monthly averaged SSTs recorded by the upper
thermistor on the 50 m mooring (10 m below the surface)
revealed a seasonal cycle with a maximum temperature of
28 C in autumn (April) and a minimum of 23 C in spring
(October) (Figure 13a). The phasing of this seasonal SST
variability is very similar to the cycle observed off the much

better studied southwest coast of Australia (near 32 S)
[Feng et al., 2003]. Temperature fluctuations, expressed in
terms of the standard deviation observed within each month,
were greatest (1.5 C) during summer (January–March),
with a secondary peak (up to 1.0 C) during most years
around June (Figure 13b).
[28] SST data obtained from historical MODIS satellite
imagery (SSTMODIS), extracted for the nearest 1 km pixel
surrounding the 50 m mooring site, were compared against
the near-surface temperatures recorded in situ from the
mooring (SSTmooring) during the same day. Results from a
linear least squares regression between the data (derived from
n = 1935 samples) revealed excellent agreement, with the
regression relationship SSTMODIS = 1.02 SSTmooring + 0.4 C
(R2 = 0.93). The MODIS SST was thus on-average slightly
warmer than the mooring data, which may partially be due to
the mooring measurements occurring 10 m below the surface
rather than directly at the surface. As the monthly mean and
standard deviations of the MODIS SST data (Figures 13b and
13d) agreed very well with the corresponding mooring values
(Figures 13a and 13c), the data can thus reliably provide a
broader context on the spatial variability in SST across the
Ningaloo coastal region.
[29] Monthly averaged regional maps of SST for the region
show large differences in the spatial variability over a seasonal cycle (Figure 14). During the summer months of March
(Figure 14a) and December (Figure 14d), a narrow band of
cool water (10 km wide) near the coast extended up the
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Figure 14. Long-term (2004–2009) monthly averaged SST images shown for: (a) March, (b) June,
(c) September, and (d) December. Note that to highlight spatial temperature differences the color bar axis
was chosen as 1 from the monthly mean SST off Tantabiddi (see Figure 13).
entire Ningaloo peninsula. Conversely, in June an 40 km
wide region of warm water extended down the coast from the
NW Cape (Figure 14b). During September, the temperature
field off the Ningaloo peninsula was mostly characterized by

an alongshore temperature gradient, with minimal crossshore variation (Figure 14c). Analysis of the historical
monthly SST temperature variability (expressed in terms of
the standard deviation), revealed that the variability is at a
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Figure 15. Standard deviation of monthly SST variability, averaged from 2004 to 2009 for: (a) March,
(b) June, (c) September, and (d) December. Note that to highlight spatial temperature differences, the color
bar axis was chosen as 1 from the monthly mean SST off Tantabiddi (see Figure 13).
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Table 5. Response of the Temperature Fluctuations ∂T/∂t,
Measured at Both the Surface and Bottom of the Water Column,
to the Alongshore Surface Currents Usa
Feb–Apr

May–Jul

Aug–Oct

Nov–Jan

50 m
RT (surface) 0.51  0.03 0.24  0.03 0.38  0.04 0.60  0.02
+3  1 h
+3  1 h
+7  2 h
LagT (surface) +8  4 h
RT (bottom) 0.62  0.03 0.40  0.05 0.48  0.07 0.72  0.04
+2  1 h
+3  1 h
+8  3 h
LagT (bottom) +7  3 h
100 m
RT (surface) 0.45  0.02 0.30  0.04 0.39  0.05 0.34  0.02
+15  8 h
+12  4 h
+14  4 h
LagT (surface) +12  2 h
RT (bottom) 0.63  0.05 0.43  0.05 0.41  0.04 0.67  0.09
+22  8 h
+14  5 h
+16  4 h
LagT (bottom) +18  4 h
a
RT represents the maximum correlation value and LagT denotes the
corresponding lag time interval. All correlation values were significant to
the 99% confidence level. Values are expressed as mean 1 standard
deviation, based on the variability in the mean seasonal values computed
for each individual year.

minimum (<0.5 C) across a vast region during late-winter
(September) (Figure 15c). The magnitude of these fluctuations displayed maxima during summer months (March and
December; Figures 14a and 14d), with values up to 1.5 C.
During summer, the greatest temperature variability occurred
in a band adjacent to the Ningaloo peninsula, with the largest
values confined to within 20 km of the coast.
[30] The relationship between the observed subtidal temperature and alongshore surface current fluctuations was
investigated (Table 5). To minimize the influence of larger
time-scale (seasonal) variations in temperature, the band-pass
filtered temperature records were used. Given that we expect
the alongshore currents Us to drive a time rate of change in
the local temperature ∂T /∂t [Hickey et al., 2003], a lag correlation analysis was conducted between Us and ∂T/∂t (note
that this assumes that the alongshore temperature gradient is
relatively constant within a given season; see section 4.3).
The maximum correlations RT for both the 50 m and 100 m
sites were generally larger for the bottom temperatures than
the surface temperatures (Table 5). Note that the negative RT
values imply a positive (northward) current leads to coastal
cooling, as would be expected. During the summer periods
(February–April and November–January) the correlations
with the bottom temperature were high (roughly 0.7), and
lower but still moderate (roughly 0.4) during the winter
periods (May–June and August–October). The stronger correlations during summer are likely due to the shallower
MLDs, which require a smaller vertical perturbation to the
thermocline (e.g., due to upwelling) to change temperatures
on the inner shelf. The main difference in the response
between the inshore (50 m) and offshore (100 m) site was the
response time (Table 5), with the correlation values generally
being similar. Temperatures at the 50 m site responded rapidly to the currents (lag times of typically just a few hours),
whereas temperatures responded much more slowly at the
100 m site (lag times greater than half a day).

4. Discussion
[31] This study describes the first long-term (multiyear)
field observations of the current and temperature variability
near the NW Cape of Australia adjacent to Ningaloo Reef.
Moreover, the mooring data reported here were also the most
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extensive ever reported within the inner-shelf region off the
west coast of Australia, more generally. Previous current
mooring deployments (duration 1 year) along this coast
have either focused on the dynamics of the LC south of
the NW Cape (i.e., along the entire west Australian coast
between 22 S and 35 S as part of the Leeuwin Current
Interdisciplinary Experiment [Smith et al., 1991]) or have
targeted the offshore ocean dynamics (depths > 250 m) near
the NW Cape (i.e., from data collected during the World
Ocean Circulation Experiment [Domingues, 2006]). Therefore, our present understanding of the seasonal inner shelf
(<100 m) circulation along the WA coast has thus relied
heavily on instantaneous snapshots obtained from either a
relatively small number of ship-based transects or by indirect
inference from patterns in satellite sea surface temperature
imagery [Pearce and Pattiaratchi, 1999; Taylor and Pearce,
1999; Woo et al., 2006].
4.1. Seasonal Circulation and Forcing
[32] Results from this six-year study (2004–2009) revealed
only weak monthly mean alongshore currents (up to only
0.1 m s1) on the inner shelf (depths < 100 m) near the NW
Cape (Figure 8). Interestingly, the observed seasonal changes
in the alongshore currents were not in phase with the local
alongshore wind stresses (Figure 5). The dominant southward flow (characteristic of the LC) reached a maximum near
April and became negligible near September, whereas the
phasing of the wind was lagged by several months (i.e., the
opposing northward wind reached a minimum in June and a
maximum in December). Both the magnitude and phasing of
these alongshore currents appear different from observations
in the more well-studied southwest region of Australia
(32 S), where the maximum transport in the core of the LC
typically reaches speeds of 0.5 m s1 and occurs somewhat
later in the year (May to June) [Feng et al., 2003]. It is
possible that our mooring measurements (50 m and 100 m
isobaths) did not sample directly within the core of the LC,
e.g.., measurements further south by Smith et al. [1991]
indicate the peak flow of the LC typically occurs on the
shelf slope (200 m isobath). However, Domingues [2006]
argued, based on two years of data from 6 deep water
moorings deployed in depths > 250 m near the NW Cape
(22 S), that the maximum poleward flow likely occurred
inshore of their moorings and suggested the peak was likely
closer to the shelf break (100 m isobath). Domingues
[2006] also commented that their measurements showed little evidence of a strong LC signature with mean poleward
flows only reaching magnitudes of 0.1 m s1, thus consistent with our longer-term records. Based on these offshore
measurements and our own inshore measurements, it appears
that the LC is a relatively weak feature off the Ningaloo
coast, certainly in comparison to other regions to the south
along the WA coast.
[33] Smith et al. [1991] used detailed field observations
along the WA coast to suggest that the alongshore geopotential gradient responsible for driving the LC had little seasonal variation, with the strength of the LC instead seasonally
modulated by variations in the magnitude of the opposing
seasonal wind stress. The phasing we observed between the
poleward flow and the alongshore wind stress was not consistent with such a simple alongshore momentum balance,
which could indicate that the alongshore geopotential
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gradient is not constant throughout the year, as proposed by
Godfrey and Ridgway [1985]. However, seasonal variations
in the source waters of the LC could also explain the
observed phasing between the alongshore wind stress and the
poleward flow. It is well known that the LC accelerates down
the west coast of Australia, with at least some of its water
sourced from onshore geostrophic flow between 22 and
30 S [Smith et al., 1991; Domingues et al., 2007]. Smith et al.
[1991] speculated that there may also be some seasonal variation in these source waters, with more onshore entrainment
of subtropic waters south of 22 S during late winter (July to
September) and conversely a more tropical water source from
the North West Shelf during autumn (March to May). Our
measurements are consistent with this theory, with the poleward shelf current off Ningaloo (21 S) peaking in autumn
(April), and hence somewhat earlier than further south.
This picture is also consistent with seasonal current observations on the southern North West Shelf (300 km to the
northwest) [Holloway and Nye, 1985]. There, a consistent
(year-round) poleward flow has not been observed; however,
a relatively strong (0.2 m s1) seasonal poleward flow does
occur, peaking near April. This phasing agrees with our
observations, suggesting that the coastal waters off Ningaloo
(and the well-defined LC south of 22 S) are seasonally
sourced from northern tropical waters and thus strong connectivity occurs with the North West Shelf primarily during
autumn, with likely only weak connectivity during other
times of the year.
[34] Despite the weak seasonal mean currents observed off
the Ningaloo coast, the alongshore flows were characterized
by large subtidal velocity fluctuations with periods of
1–2 weeks (Figures 6b and 7b). On-average over the year,
the magnitude of these alongshore current fluctuations
(Figure 8b) were typically at least twice as large as the
background mean currents (Figure 8a), implying the system
experiences frequent alongshore current reversals. These
current fluctuations were moderately correlated with the local
wind-forcing (Table 2). The dominant time-scale of the
wind-forcing falls within the synoptic band of weather patterns (1–2 weeks) in the Western Australia region [Gentilli,
1972], which has also been observed to dominate the current
variability at other locations further south on this coast, i.e.,
near 30 S [Cresswell et al., 1989]. Nevertheless, Figure 7
does show a slight shift in the spectral peaks of the local
wind-forcing (peak 9 days) and the alongshore currents
(peak 14 days). Some of this shift to lower frequencies
would be due to the time-scale associated with the acceleration of the alongshore flow by local wind-forcing; however,
the observations indicate that this local response occurs over
a period of order one day (see Table 2), which is also consistent with the response time observed on other inner shelves
[see Lentz and Fewings, 2012]. This indicates that the
alongshore current variability cannot be solely explained by a
simple alongshore momentum balance forced by the local
winds, i.e., the results show that a significant portion of the
alongshore current variability is still not explained by the
local wind-forcing (see Table 2).
[35] These results have some similarity to observations on,
for example, the Northern California shelf by Largier et al.
[1993], who observed a much more dramatic separation in
the spectral peaks between the wind-forcing and the alongshore currents (i.e., roughly 4–7 days versus 15–30 days,
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respectively). They described variability in the currents as
occurring within a “very low-frequency” band, suggesting
that this arose from a decoupling of the forcing in the higher
frequency “wind band” through larger-scale interactions
occurring within the deeper ocean. Given the localized
mooring observations of the shelf circulation in this present
study, the role of mesoscale ocean processes on Ningaloo’s
shelf circulation (including its relationship to regional-scale
wind-forcing) remains unclear. But it is clear that other
(unexplained) sources of alongshore current variability may
have a strong influence on this coast. For example, this may
be due to coastally trapped waves remotely generated by
atmospheric forcing [Eliot and Pattiaratchi, 2010], as well as
the encroachment of mesoscale eddies onto the shelf [Feng
et al., 2005], which may ultimately be generated by windforcing (albeit indirectly and on different time scales).
[36] Results from these long-term current records from the
Ningaloo shelf also reveal that water rarely flows either
continuously poleward or equatorward for extended periods
of time (i.e., for durations greater than a few weeks) during
all months of the year. This contradicts suggestions in the
literature that the mean shelf circulation off Ningaloo Reef
displays a strong seasonal cycle. While recognized as a
transient system, the Ningaloo coast is conventionally
assumed to be primarily dominated by a poleward (southward) flowing LC during winter months and an equatorward
(northward) flowing NC during summer months [e.g., Taylor
and Pearce, 1999]. Unexpectedly, our results showed no
evidence of a consistent equatorward flow at any time of year
(Figure 8a), and certainly no consistent signature of an
equatorward NC during summer months (September–April)
when it has been proposed to be at its strongest [Taylor and
Pearce, 1999; Woo et al., 2006]. While there are relatively
short periods of equatorward flow, the lack of a monthly
mean equatorward (northward) flow during any time of year
on the inner-shelf raises doubts about whether the NC should
really be viewed as a true current system in the formal sense.
[37] In general, the highly transient nature of the shelf
circulation off the Ningaloo coast is not entirely unique when
compared with other western boundary coastal regions
globally. For example, alongshore currents on the inner shelf
of California and Oregon do periodically reverse during
periods when the predominantly upwelling-favorable winds
relax [e.g., Bane et al., 2005; Melton et al., 2009]. However,
the main difference between the Ningaloo coast and other
western boundary coastal upwelling systems globally, would
be the presence of a comparatively large poleward pressure
gradient that persists year-round along the entire west coast
of Australia. As a result, the shelf circulation off the Ningaloo
coast appears to be in a continuous transient state (see
Figure 6b), with a lack of sustained (time scales of weeks to
months) equatorward flow that is a prominent feature of
classic upwelling coasts.
4.2. Temperature and Current Profile Variability
[38] Long-term hydrographic measurements in the region
showed that the MLD varied seasonally from as shallow
as 50 m in late summer (February–April) to as deep as
130 m in winter (May–June) (Figure 9). These very deep
MLDs observed in winter off the Ningaloo coast are consistent with observations by Rousseaux et al. [2011], who
examined the role of the MLD deepening in the context of the
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seasonal winter phytoplankton bloom observed in the region.
Rousseaux et al. [2011] proposed that the deepening of the
MLD was driven by a combination of winter convective
mixing and the strengthening LC in autumn. Lourey et al.
[2006] developed a MLD climatology for the southwest
region of WA (south of 26 S) and indicated values of up to
80 m for coastal regions within the LC during winter.
Rousseaux et al. [2011] investigated the spatial variation in
MLDs for the broader northwest region and found the deepest values (up to 140 m) were confined to a narrow coastal
region (<40 km wide) off the Ningaloo coast, suggesting this
may be a relatively localized phenomenon.
[39] The structure of the subtidal current profiles differed
significantly in response to changes in the seasonal stratification, as revealed by the EOF analysis. For the alongshore
current profiles, the first EOF mode explained 95% of the
variance year-round, characterized by a unidirectional flow
that monotonically increased above the bottom (Figure 11).
During winter periods (May–Jul, Aug–Oct) when MLDs
were >100 m (comparable or greater than the deepest
mooring site), the greatest shear in the alongshore current
profiles occurred adjacent to the seafloor (<30 m above the
bottom) within the unstratified water column (Figures 11b
and 11c). However, during summer periods (Feb–Apr,
Nov–Jan) the region of maximum shear shifted upwards to
within 30–40 m of the surface, as a result of the significant
shallowing of the MLD during summer (Figures 11a
and 11d). This first alongshore EOF mode was reasonably
well-correlated with the alongshore wind stress year-round
(Rwind0.5).
[40] A majority (but still only 50–60%) of the variability in
the cross-shore current profiles was also explained by a first
(unidirectional flow) EOF mode; however, this cross-shore
mode was poorly correlated with the local wind stresses
(Rwind ≲ 0.1). This mode likely reflects the migration of water
on and off the shelf, e.g., due to the meandering of the LC, the
encroachment of mesoscale eddies, etc., in the region.
[41] The second cross-shore EOF mode, however, also
explained a significant amount of the cross-shore current
variability (up to 30%), and this mode was fairly wellcorrelated (Rwind  0.4) with the alongshore wind stress
(Figures 12e–12h). The profile shapes of this second EOF
mode were consistent with an upwelling profile (or downwelling depending on the sign of the EOF modal amplitude),
i.e., a positive (equatorward) alongshore wind stress drove
an offshore near-surface flow that was replenished by an
onshore flow below. However, two seasonal differences in
the profile shapes were observed: a maximum onshore flow
occurred near the bottom during winter months (Figures 12f
and 12g), whereas a maximum onshore flow occurred near
the middle of the water column during summer periods
(Figures 12e and 12h). This shift in the vertical position of the
onshore return flow is consistent with seasonal changes in the
Burger number B resulting from changes in the local seasonal
stratification (Table 3). Through comparison of the dominant
cross-shore current profiles from a number of upwelling
regions globally, as well as using results from idealized
numerical modeling, Lentz and Chapman [2004] proposed
that for upwelling under conditions of weak stratification
(B < 1), the onshore return flow occurs within the bottom
boundary layer, whereas for conditions of relatively strong
stratification (B1 or larger), the location of the return flow
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shifts to the interior of the water column. The seasonal
upward shift in the position of the onshore return flow off
Ningaloo (Figures 12e–12h) appears consistent with these
expected trends, with the local Burger number increasing
from 1 during winter to 3 in summer. The differences in
the profile shapes do occur for larger values of B (>1) than the
theory suggests, which could possibly be due to the variable
slope off Tantabiddi, i.e., if the slope of the inner shelf region
a = 1/80 is used instead of the average slope, values of B are
further reduced. Nevertheless, this suggests that wind-driven
coastal upwelling can occur year-round along this coast;
however, the onshore-flowing water supporting this upwelling likely comes from a deeper source in winter compared
to summer.
4.3. Sources of Temperature Fluctuations:
Upwelling Versus Advection?
[42] The temperature fluctuations (∂T /∂t) observed along
the Ningaloo coast were well-correlated with variability in
the alongshore currents U measured the inner-shelf; however,
this observation does not distinguish between the various
mechanisms that may contribute to these temperature changes. For example, although the historical current profile
records reveal that transient coastal upwelling occurs along
this coast, which would contribute to a cooling of the inner
shelf, it is also possible that the associated northward flow
that advects cooler surface waters from the south, could
contribute (or even make the dominant contribution) to the
observed coastal cooling events. To investigate the potential
importance of these mechanisms to the inner-shelf heat
budget, we investigated the magnitude of the terms responsible for the temperature fluctuations (∂T/∂t) using a simple
heat budget equation [e.g., Hickey et al., 2003]
∂T
∂T
∂T
¼ U
W
;
∂t
∂x
∂z

ð1Þ

where the second term of equation (1) describes temperature changes driven by alongshore advection, while the third
term describes contributions from vertical transport mechanisms (i.e., due to upwelling/downwelling). We note that
equation (1) neglects other processes such as radiative heating, wind mixing, as well as cross-shore advection.
[43] To investigate the importance of the terms in
equation (1) using the long-term mooring records, we used
direct measurements of the low-pass filtered temperature
fluctuations (∂T /∂t) to evaluate the first term. For the second
term, we used measurements of the alongshore surface currents Us and estimated the alongshore temperature gradient
(∂T /∂x) from the seasonally averaged MODIS surface temperature fields. We could not accurately compute the third
term from the mooring data, due to the weak vertical velocities and the sparsely resolved temperature profile data from
the thermistors. Therefore, for this analysis we investigated
how much of the variability in the observed temperature
fluctuations could be explained by the alongshore advection
term alone. Figure 16 indicates that only a very small amount
(10–20%) of the observed temperature variability can be
explained by alongshore advection, indicating that by default
the vertical advection (upwelling/downwelling) term was
likely significant. Ultimately, the detailed dynamics of
upwelling and its role in the coastal heat budget will be most
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Figure 16. Contribution of the advection term (u∂T/∂x) to
the observed temperature changes (∂T/∂t), based on the heat
budget equation (equation (1)). Data are grouped according
to season (the solid lines denote the lines of best fit for each
season). The dashed line denotes the 1:1 line.
accurately quantified with 3D numerical modeling (a numerical model of the Ningaloo coast using the Regional Ocean
Modeling System is presently being developed by J. Xu et al.
(Dynamics of the summer shelf circulation and transient
upwelling off Ningaloo Reef, Western Australia, submitted
to Journal of Geophysical Research, 2012)). Nevertheless,
the results from this field study suggest that coastal upwelling
is episodically very important along this coast; however, this
is importantly not restricted to summer months. Both the
current profile analysis (Table 4) and heat balance analysis
(Table 5) suggest that upwelling occurs with roughly the
same frequency during all seasons, driven by the variability
in wind-forcing in the synoptic weather band (1–2 weeks)
that persists throughout the year.

5. Conclusions
[44] Results from the first long-term study of the circulation and temperature variability on the Ningaloo coast near
the NW Cape have revealed a transient inner shelf system
with little consistency in flow during any time of the year.
The shelf circulation was controlled by a balance between the
large-scale poleward pressure gradient present along the
entire WA coast countered by periodic opposing southerly
(equatorward) wind events that occurred year-round with
periods of roughly 1–2 weeks. These local wind stresses
cyclically overcame the poleward pressure gradient, causing
the inner shelf circulation to alternate between being poleward and equatorward throughout the year. The magnitude of
these 1–2 week alongshore current fluctuations were much
larger than the weak seasonal mean currents along this coast.
In particular, these observations do not support the presence
of a consistent equatorward (northward) flowing current
along the Ningaloo coast during summer months (September
to April), referred to in the literature as the Ningaloo Current.
[45] The transient nature of the shelf circulation on the
Ningaloo coast also implies that patterns of connectivity,
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both within Ningaloo Reef itself and, on regional-scales, with
other WA coastal ecosystems, may also be much more
complicated than previously assumed. Ningaloo Reef annually experiences mass coral spawning around March each
year [Simpson, 1991] and it has been speculated that the
presence of a consistent northward flow (i.e., the Ningaloo
Current) during that time of year promoted a predominant
northward transport of genetic material during that time of
year [Taylor and Pearce, 1999]. Results from this study
suggest that larval material may be transported either southwards or northward for a period of weeks depending on the
particular phase of the fluctuating alongshore shelf circulation in the region. Integrated over longer time-scales (i.e.,
months), there is some weak net southward transport on the
shelf. On broader scales, coral genetic information has suggested significant connectivity exists between Ningaloo Reef
and coral reef systems in the coastal regions further to the
northeast (i.e., with the Dampier Archipelago 300 km to the
northeast) [e.g., Underwood, 2009]. Our measurements at
Ningaloo and those obtained on Australia’s North West Shelf
both displayed a peak in net southward transport around
March (with less consistency during other times of year),
implying that the strongest southward connectivity between
North West Shelf waters and Ningaloo Reef occurs around
March each year. This happens to coincide with the peak
coral spawning period for tropical corals living on the west
coast of Australia [Simpson, 1991], which may explain such
a strong connectivity.
[46] Finally, the results have demonstrated that persistent
upwelling does not occur along the Ningaloo coast, including
during summer when it had been thought to be most prevalent. However, our analysis does show that transient
upwelling, lasting for periods of order one week, frequently
occurs along this coast year-round. While we found these
upwelling events were not primarily confined to summer
months, as has been assumed in the literature, the structure of
the cross-shelf transport due to upwelling appears to vary
significantly in response to seasonal changes in the water
column stratification, consistent with upwelling theory.
During the periods of strong summer stratification, upwelled
water was supplied from the mid water column (i.e., just
beneath the shallow mixed layer). During winter months, the
mixed layer deepens substantially along this coast reducing
the strength of the stratification, leading to the upwelled
water being sourced from deeper (shelf slope) waters. All of
this is likely to have important consequences for the nutrient
dynamics and pelagic productivity of the Ningaloo shelf,
which provides an important nutrient source to shallow coral
reef communities living within Ningaloo Reef [Wyatt et al.,
2010]. Previous work has suggested that localized upwelling plays an important role in Ningaloo coastal waters;
however, this has been thought to be only a summer
phenomenon based on the assumption that an upwellingfavorable Ningaloo Current is prevalent during summer
months [e.g., Hanson et al., 2005]. These new results suggest
that any nutrient fluxes associated with upwelling tend to be
relatively short-lived (time-scales of days to weeks), but may
occur during all times of year. Furthermore, given the seasonal differences in the depth of upwelled water, nutrient
concentrations in upwelled water may differ significantly
between summer and winter. Overall, the complex physical
ocean processes that have been revealed along Ningaloo Reef
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indicate that a simple seasonal picture of the shelf biological
processes (including the role of the Leeuwin Current, inshore
counter-currents and upwelling) should also be reexamined.
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