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ABSTRACT

The cross-shelf dynamics up- and downstream of the separation of the South PaciÞc OceanÕs Western
Boundary Current (WBC) are studied using two years of high-resolution velocity and temperature mea-
surements from mooring arrays. The shelf circulation is dominated by the East Australian Current (EAC) and
its eddy Þeld, with mean poleward depth-integrated magnitudes on the shelf break of 0.35 and 0.15 m s2 1 up-
and downstream of the separation point, respectively. The high cross-shelf variability is analyzed though
a momentum budget, showing a dominant geostrophic balance at both locations. Among the secondary
midshelf terms, the bottom stress inßuence is higher upstream of the separation point while the wind stress is
dominant downstream. This study investigates the response of the velocity and temperature cross-shelf
structure to both wind and EAC intrusions. Despite the deep water (up to 140 m), the response to a dominant
along-shelf wind stress forcing is a classic two-layer Ekman structure. During weak winds, the shelf en-
croachment of the southward current drives an onshore Ekman ßow in the bottom boundary layer. Both the
bottom velocity and the resultant bottom cross-shelf temperature gradient are proportional to the magnitude
of the encroaching current, with similar linear regressions up- and downstream of the WBC separation. The
upwelled water is then subducted below the EAC upstream of the separation point. Such current-driven
upwelling is shown to be the dominant driver of cold water uplift in the EAC-dominated region, with sig-
niÞcant impacts expected on nutrient enrichment and thus on biological productivity.

1. Introduction

Cross-shelf circulation is a key component of the dy-
namics on continental shelves. It inßuences water strati-
Þcation, cross-shelf exchange, and mixing or entrainment
of water masses. The dynamics across the shelf control
primary productivity as vertical uplift supplies nutrients
into the euphotic zone. Furthermore, variability in cross-
shelf structure has been shown to aid in either cross-shelf
transport or inshore retention especially during upwelling
(Roughan et al. 2006). Many physical processes interact to
control the complex dynamics in continental shelf regions.
To aid our understanding of these complex interactions,
typically, the continental shelf is divided into different
zones: surfzone, inner, mid-, and outer shelf (or shelf
break). Many studies have focused on the inner shelf,
where the dynamics tend to be primarily wind driven, but

also inßuenced by stratiÞcation and river discharge (Lentz
2001; Fewings et al. 2008; Dzwonkowski et al. 2011a,b). At
the mid- and outer shelf, cross-shelf structure can be more
complicated than 2D wind-driven ßow, as the surface and
bottom boundary layers are separated by an interior ßow
(Dever 1997; Liu and Weisberg 2005). The large-scale
circulation can then signiÞcantly interact with the coastal
dynamics, even driving upwelling through bottom stress
(Oke and Middleton 2000; Roughan and Middleton
2004; Hyun and He 2010; Castelao 2011).

The focus of this study is to examine the mechanisms
that drive the cross-shelf dynamics along the continental
shelf of eastern Australia. In this region the large-scale
circulation is dominated by the East Australian Current
(EAC), which forms the western boundary of the South
PaciÞc OceanÕs subtropical gyre. It ßows poleward along
the coast of eastern Australia transporting heat and biota,
as shown in the typical summer condition of sea surface
temperature (SST) and geostrophic dynamics (Fig. 1a). It
thus has impacts on coastal weather systems, climate, and
the transport and distribution of species. Less known,
however, is the subsurface impact of the current on
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continental shelf waters. The EAC has been known to
inßuence cross-shelf processes in a number of ways in-
cluding driving the upwelling of cold nutrient-rich waters
at the shelf break through bottom friction effects (Oke
and Middleton 2000; Roughan and Middleton 2002,
2004). Encroachment of the jet (at times . 2 m s2 1)
onto the continental shelf displaces shelf waters with
warmer oligotrophic water, potentially advecting pro-
ductivity southward.

Downstream of the separation point of the EAC,
mesoscale eddies are shed from the current. Large warm
core (anticyclonic) and smaller cold core (cyclonic) eddies
form regularly at the separation point (Gibbs et al.
2000; Mata et al. 2006; Wilkin and Zhang 2007; Oke and
GrifÞn 2011). As the EAC separates from the coast it has
been seen to entrain coastal waters with higher nutrient
concentrations and advect these waters offshore into the
eddy Þeld or along the separating front (Roughan et al.
2011). The EAC usually separates from the coast around
318Ð328S, as evident in Fig. 1a. From the monthly satellite
observations of SST and geostrophic velocities in 2010/11,

the EAC appears to extend as far as Sydney (348S) for just
2 months out of the 2-yr study period (not shown). Thus,
Sydney is considered to be downstream of the EAC
separation point with eddy-dominated dynamics.

Until recently this dynamic Western Boundary Cur-
rent (WBC) system and its impacts on the continental
shelf have been observed through intermittent process
studies involving a combination of short mooring de-
ployments and hydrographic surveys, upstream (Oke
et al. 2003), downstream (Cresswell 1994; Gibbs et al.
1998), and straddling the EAC separation point (Roughan
and Middleton 2002, 2004). In addition, remote sensing
has played an important role in elucidating the nature of
the dynamic eddy Þeld (Wilkin and Zhang 2007; Everett
et al. 2012) and, more recently, the associated chlorophyll
response to upwelling via data from Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) and Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) satellites (Oke
and GrifÞn 2011).

In recent years the Australian Integrated Marine Ob-
serving System (IMOS) has been developed to provide

FIG . 1. (a) The SST (three-day composite) and geostrophic currents (reference vector in top left corner of panel) on
7 Jan 2010. They axis provides latitude (8S) and the x axis provides longitude (8E). Mean depth-averaged current
vectors (reference vector in top left corner of panels) and variance ellipses at (b) Coffs Harbour [CH070 and CH100;
location indicated by box in (a)] and (c) Sydney [ORS065, SYD100, and SYD140; location indicated by box in (a)]
moorings. The mean wind stress from the stations (reference vector in top left corner of panels) is shown in gray. The
coastline and 20-, 100-, 200-, 500-, 1000-, and 2000-m isobaths are shown, with bold dashed lines for 200 and 2000 m.
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sustainable observations of Australian coastal waters. In
particular, arrays of moorings were installed up- and
downstream of the EAC separation point along the coast
of eastern Australia (Roughan et al. 2010). This unprec-
edented long-term dataset of water temperature and veloc-
ity is used here to provide a comprehensive investigation
into the cross-shelf dynamics in this WBC regime.

The paper is organized as follows. The next section
describes the observations and processing used. A brief
description of the dynamics in the region is provided in
section 3. The dominant mechanisms driving the cross-
shelf ßow are then highlighted through a momentum
balance analysis (section 4) and uncertainties and limi-
tations are addressed (section 6). In section 5, the in-
ßuence of the main forcing mechanisms is investigated,
looking independently at the cross-shelf structure of the
ßow when the wind stress or the large-scale circulation is
dominating. Particular attention is given to the resultant
cold water intrusions, with a discussion on the extent of
both the physical and biological response up- and down-
stream of the WBC separation.

2. Observations and data processing

The New South Wales (NWS) node of the IMOS was
designed to examine the physical and ecological inter-
actions of the East Australian Current and its eddy Þeld
with coastal waters. To achieve this, seven moorings have
been deployed along the coast in three across-shelf tran-
sects (Fig. 1) off Coffs Harbour, Sydney, and Narooma
(at 308, 348, and 368S, respectively; Roughan et al. 2010;
Roughan and Morris 2011). The Þrst of these moorings
was deployed in mid-2008. In addition, the Ocean Ref-
erence Station off Sydney (ORS065) has been deployed
since 1990 (Wood et al. 2012). In this study, two years of
observations are analyzed using the Coffs Harbour and
Sydney arrays (latitudes listed in Table 1) from January
2010 to December 2011. The Coffs Harbour array consists
of 2 sites over the mid- (70-m isobath) and outer shelf
(100-m isobath), while off Sydney (450 km to the south)
three sites are instrumented on the 65-, 100-, and 140-m

isobaths. The distance from the coast ranges from 2 to
25 km (Fig. 1 and Table 1).

At each mooring, a bottom-mounted ADCP measures
the current velocity in 4-m bins (8 m at SYD140). The
water temperature is also measured through the water
column with thermistors at 8-m intervals (4 m at ORS065),
up to 11Ð24 m below the surface (Table 1) to avoid dam-
age from boat trafÞc. These temperature data are com-
plemented by pressure sensors at strategic depths in the
water column. All data are recorded every 5 min and
quality controlled through the IMOS toolbox (http://code.
google.com/p/imos-toolbox/).

The temporal coverage of the measurements (Table 1)
highlights gaps in the time series because of instrument
failures or other data losses. Gaps shorter than 24 h were
Þlled using linear interpolations, while longer gaps were
not considered for the analysis performed. Monthly hy-
drographic data were also collected off Port Hacking
(20 km south of Sydney sites) and Coffs Harbour (since
September 2011) providing salinity measurements along
cross-shelf conductivityÐtemperatureÐdepth (CTD) tran-
sects. Hourly wind observations were obtained from the
Bureau of Meteorology at the closest and most signif-
icant sites, Coffs Harbour and Kurnell (Wood et al.
2012), wind stress is computed after Gill (1982) and
Wood et al. (2012), then low-pass Þltered in the same way
as the ocean variables.

The 5-min current and temperature time series are
averaged to hourly intervals and are 38-h low-pass Þl-
tered to focus on the subtidal variability using the PL64
Þlter (Rosenfeld 1983). Current measurements are not
possible in the surface and bottom boundary layers be-
cause of limitations in the moored ADCP conÞguration
(Table 1). Hence, the observations are extrapolated to
the bottom and surface assuming a constant velocity
following Shearman and Lentz (2003), to compute the
cross-shelf full depth transports. The analyses were also
performed using a linear extrapolation to the surface
and bottom but showed little differences. An across- and
along-shelf coordinate system was determined using the
orientation of the principal axis of the depth-averaged

TABLE 1. Mooring information for CH070 (midshelf), CH100 (shelf break), ORS065 (midshelf), SYD100 (midshelf), and SYD140 (shelf
break). The temporal coverage is calculated over a period of two years, from January 2010 to December 2011.

Current Temperature

Name Lat (8S)
Water

depth (m)
Distance

offshore (km)
Major axis

orientation ( 8)
Bin depth

(m)
Temporal

coverage (%)
Sensor

depth (m)
Temporal

coverage (%)

CH070 30.27 74 16 7 10Ð65 82 16Ð72 100
CH100 30.27 98 25 7 13Ð89 75 11Ð96 90
ORS065 33.90 67 2 16 11Ð61 100 16Ð66 100
SYD100 33.94 104 10 19 12Ð96 89 24Ð102 100
SYD140 33.99 138 19 24 23Ð127 98 21Ð137 86
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current, summarized in Table 1, with the x and y axes
chosen to be positive for offshore and northeastward
ßows, respectively. The choice of this rotation angle is
discussed in section 6.

3. Context

a. Mean ßow

The mean depth-averaged current vector and variance
ellipse at each site (computed from the two years of
measurements) shows that the circulation is predomi-
nantly southward along the shelf with higher magnitudes
at Coffs Harbour (0.35 m s2 1 at CH100) relative to
Sydney (0.15 m s2 1 at SYD140) (Fig. 1). This is consis-
tent with the prevailing synoptic circulation, with the in-
tense EAC ßowing poleward along the coast until around
318S where it partly bifurcates eastward, as shown on the
typical SST and geostrophic velocity map of the 7 January
2010 (Fig. 1a). The shelf at 348S (Sydney) is then domi-
nated by a resulting weaker EAC ßow or the western
branch of large warm core eddies (Godfrey et al. 1980;
Ridgway and Dunn 2003). The mean circulation is also
more intense over the shelf break (CH100 and SYD140),
with the mean southward velocity at the midshelf site
being only 0.21 and 0.08 m s2 1 (CH070 and ORS065,
respectively). Though the along-shelf current variability
shown with the ellipses is high at all locations it is, rela-
tively, higher off Sydney than off Coffs Harbour when

compared with the average velocity vectors. This is again
a consequence of the large-scale circulation-inducing in-
termittent current reversals; for instance, when cold core
eddies encroach (Oke and GrifÞn 2011) off Sydney while
upstream (Coffs Harbour), the southward currents are
observed more than 80% of the time. Even with the
dominant along-shelf circulation, the variance ellipses
still show across-shelf variability, which is of signiÞcance
to the work presented here.

The mooring arrays up- and downstream of the EAC
separation were used to generate cross-isobath sections
of velocities and temperature (Fig. 2). The temporal
averages over the whole 2-yr period show the vertical
structure of the dynamics. The mean along-shelf velo-
city is highest in the surface layer both up- and down-
stream, with maxima of 0.5 and 0.2 m s2 1 respectively,
decreasing with depth. The water is overall warmer
(17.88Ð238C) and more stratiÞed up- than downstream
(14.88Ð19.98C) by 28Ð38C. At Coffs Harbour, the inßu-
ence of the intruding EAC is also evident in the isotherm
tilting, with the 22 8C contour roughly coinciding with the
maximum along-shelf current.

The mean across-shelf circulation is onshore at both
Sydney and Coffs Harbour, but weak (less than
0.04 m s2 1). The only exception is a slightly offshore
current in the bottom boundary layer at SYD100, which
can be attributed to local topographic effects (see the
isobath contours in Fig. 1).

FIG . 2. Average cross-isobath section of (a),(d) along-shelf current, (b),(e) across-shelf current, and (c),(f) temperature for transects at
(top) Coffs Harbour and (bottom) Sydney.
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More quantitatively, the cross-shelf heat transport can
be computed for each mooring asr 0Cp

Ð0
2 H uT dz. Here,

u is the cross-shelf velocity,T is the temperature, Cp 5
3989 J kg2 1 8C2 1 is the heat capacity,r 0 is the reference
density of the water, andH is the water depth. The EAC
intrusions at CH100 lead to a mean onshore heat transport
more than twice as high as the one measured on the same
isobath downstream (Table 2). Conversely the midshelf
site CH070 is characterized by low heat transport relative
to ORS065, but very high variability with the standard
deviation being 18 times the mean value.

The correlations between velocity components across
the shelf as a function of nominal depth give insight into
the intratransect dynamics (Fig. 3). The adjacent mooring
pairs are highly correlated (. 0.7) for all depths when
considering the along-shelf component of velocity, while
SydneyÕs furthest sites (ORS065ÐSYD140) show lower
correlation coefÞcients (0.5) because of their spatial sep-
aration (Table 1). The corresponding lags are short at the
surface, where the ßow is maximum (Fig. 2), increasing
with depth to a maximum of 7 h between SYD100 and
SYD140. The correlation coefÞcients for across-shelf ve-
locities (Fig. 3b) are lower and more variable, with max-
imum lags of 10 h. Here, the Coffs Harbour sites are still
related but the correlation between the Sydney midshelf

mooring ORS065 and the outer sites is reduced. This
suggests distinct across-shelf dynamics on the Sydney
shelf within a few kilometers of the coast. In contrast to
the along-shelf component, the depth proÞles of the
correlations for cross-shelf velocities tend to show a
local maximum close to the bottom, indicating consis-
tent cross-shelf dynamics in the bottom boundary layer
for adjacent moorings.

As the local dynamics are dominated by the EAC or
eddy encroachments on the shelf, the intrusions are
quantiÞed at each mooring site over the 2-yr period
(Fig. 4a). As evidenced in Fig. 1, the along-shelf current
intrusions are more frequent and of higher magnitude up-
stream of the separation point. Upstream, the most intense
EAC encroachment at the shelf break is characterized by
a depth-averaged along-shelf current of2 1.3 m s2 1, while
the 25% percentile is2 0.57 m s2 1, relative to 2 1.1 m s2 1

and 2 0.28 m s2 1 downstream, respectively. Considering
the intrusion frequency, southward depth-averaged cur-
rents with intensities higher than 0.3 m s2 1 are observed
34% and 55% of the time at Coffs Harbour (CH070 and
CH100, respectively), while only 9%, 20%, and 22% of
the 2-yr period off Sydney (ORS065, SYD100, and
SYD140, respectively). For section 5, we deÞne current
intrusion into the shelf as y , 2 0:3 m s2 1, with y being
the depth-averaged along-shelf current at the midshelf
locations (CH070 and SYD100).

b. Wind forcing

The eastern coast of Australia is not characterized by
strong persistent winds. From a 5-yr study of observed
land and overocean wind data from Sydney, Wood et al.
(2012) evidenced three main directions: northward

TABLE 2. Mean (107 W m2 1) and std dev (107 W m2 1) of the
cross-shelf heat transport.

CH070 CH100 ORS065 SYD100 SYD140

Mean 2 1.02 2 6.88 2 2.34 2 2.94 2 11.02
Std dev 18.13 46.58 7.68 24.46 53.68
Ratio 18 7 3 8 5

FIG . 3. Max correlations and associated time lags between the (a) along- and (b) across-shelf velocity component
from intratransect moorings. Velocity proÞles are normalized by the mooring depth in a sigma coordinate system
(1 is top, 0 is bottom). All correlation coefÞcients are signiÞcant at the 95% conÞdence level.
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CORRIGENDUM

A MANDINE SCHAEFFER , MONINYA ROUGHAN , AND BRADLEY D. M ORRIS

Coastal and Regional Oceanography Laboratory, University of New South Wales, Sydney, New South Wales, Australia

(Manuscript received and in Þnal form 16 April 2014)

The rotation angle of the principal axis for two locations in Schaeffer et al. (2013)was
incorrectly reported. The major axis orientation in Table 1 for both CH070 and CH100
should read 208and not 78. This resulted in an error in Fig. 1b of Schaeffer et al. (2013). The
correct Table 1 and Fig. 1 appear below. This does not affect any of the analysis or con-
clusions. The authors regret any inconvenience this error may have caused.
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TABLE 1. Mooring information. The temporal coverage is calculated over a period of 2 yr, from January 2010 to December 2011.

Name Latitude
Water

depth (m)
Distance

offshore (km)
Major axis

orientation ( 8)

Current Temperature

Bin
depths (m)

Temporal
coverage

Sensors depths
(m) Temporal coverage

CH070
(midshelf)

2 30.275 74 16 20 10Ð65 82% 16Ð72 100%

CH100
(shelf break)

2 30.268 98 25 20 13Ð89 75% 11Ð96 90%

ORS065
(midshelf)

2 33.897 67 2 16 11Ð61 100% 16Ð66 100%

SYD100
(midshelf)

2 33.943 104 10 19 12Ð96 89% 24Ð102 100%

SYD140
(shelf break)

2 33.994 138 19 24 23Ð127 98% 21Ð137 86%

FIG . 1. (a) Sea surface temperature (3-day composite) and geostrophic currents on 7 Jan 2010. Mean depth-
averaged current vectors and variance ellipses at (b) Coffs Harbour (CH070 and CH100) and (c) Sydney (ORS065,
SYD100, and SYD140) moorings. The mean wind stress from the meteorological stations is shown in gray. The
coastline and 20-, 100-, 200-, 500-, 1000-, and 2000-m isobaths are shown, with bold lines for 200 and 2000 m.
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