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a b s t r a c t

The dynamics of the three-dimensional circulation on the shelf off Ningaloo Reef in Western Australia
were investigated using observations from two field experiments (Nov 2009–Jan 2010 and Sep 2010–Nov
2010). The observations revealed an onshore geostrophic flow of �0.015 m s�1 along the relatively
straight Ningaloo Peninsula, coinciding with a substantial poleward increase of the along-shelf flow
along this short (∼60 km) section of coast. The cross-shelf transport analysis distinguished between two
cross-shelf advection scenarios prevalent along this coast: 1) a transient coastal upwelling scenario when
the offshore surface Ekman transport was replenished by an onshore transport, supplied mainly from the
interior of the water column due to the combined effects of the stratification and steep continental slope;
and 2) a downwelling scenario when offshore bottom boundary layer Ekman transport occurred, asso-
ciated with a deeper pressure-gradient driven flow. A detailed along-shelf momentum balance indicated
that there was a southward increase in the along-shelf pressure gradient from the northern limit of the
Ningaloo Peninsula (the North West Cape), which explains the increase in the along-shelf flow down the
coast. The results indicate that the Ningaloo shelf can be considered as one of the important formation
regions of the poleward Leeuwin Current which, while very weak on Australia North West Shelf, is the
dominant current feature south of Ningaloo and along the remaining southwestern Australia coast.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The physical oceanography of the shelf waters offshore Nin-
galoo Reef (hereinafter referred to as the ‘Ningaloo shelf’), located
near the North West Cape of Western Australia (Fig. 1), is char-
acterized by sporadic coastal upwelling events (Lowe et al., 2012;
Rossi et al., 2013b; Xu et al., 2013) that are thought to contribute to
this region’s higher rates of pelagic production compared with
most other Western Australian coastal regions to the south (Fur-
nas, 2007; Hanson et al., 2005). These episodic upwelling events
are now known to provide an important source of both dissolved
and particulate nutrients for the United Nation’s World Heritage
listed Ningaloo Reef, an �300 km long fringing coral reef system
that stretches along this coast (Wyatt et al., 2010).

The Western Australian coastline is unlike other eastern ocean
margins globally, such as the coastlines of Northern California,
n Australia, The UWA Oceans
6009, Australia.
Northern Africa and Peru, where the dominant wind-driven
equatorward boundary currents promote strong and persistent
coastal upwelling (Capet et al., 2008). In contrast, the Western
Australian eastern boundary current system (i.e. the Leeuwin
Current, LC) flows poleward against the dominant equatorward
wind stresses, and is instead driven by a year-round strong pole-
ward-directed geopotential gradient (Ridgway and Condie, 2004).
As a result, the Western Australian coastline has been historically
classified as a downwelling-dominated coast (Godfrey and Ridg-
way, 1985; Smith et al., 1991). The LC meanders along the Western
Australian shelf-break as it moves southward, due to the influence
of spatially variable coastal wind fields, along-shelf bathymetry
variations and instabilities of the current itself (Meuleners et al.,
2008; Weller et al., 2011). As the LC meanders down the coast, its
interactions with the opposing wind leads to a generally unsteady
flow environment on the shelf and causes this region to have some
of the highest eddy kinetic energy of any shelf region worldwide
(Feng et al., 2005).

Although the dynamics of the shelf circulation and the LC in the
southwestern region of Australia (i.e., at �30–34°S) have been
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Fig. 1. Ningaloo bathymetry and field experiment configuration. Instrument mooring and CTD sampling locations (a) during EXP1 (Nov 2009–Jan 2010), and (b) during EXP2
(Sep 2010–Nov 2010). (c) Map of Western Australia showing the location of the Ningaloo shelf. The blue dots denote mooring locations. The red triangles denote the CTD cast
locations, with each letter (A, B, C, D, E) referencing an individual CTD transect. The blue asterisk denotes the location of wind measurements at the coastal Milyering
weather station. Some key bathymetry contours in meters are included (refer to the colorbar in (a) for the values). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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relatively well-described, the dynamics of the LC further north
have remained poorly studied. Smith et al. (1991) found a rela-
tively persistent poleward flow that was in phase with the LC far
south of the North West Cape near Point Cloates (Fig. 1), but they
had no direct observations along the Ningaloo Peninsula to the
north. Much further north on the Australian North West Shelf,
Holloway (1995) observed periods of persistent poleward flow
during some parts of the year, with this poleward flow sometimes
referred to as the Holloway Current (D'Adamo et al., 2009) to
distinguish it from the persistent LC that occurs south of the North
West Cape. However, a large scale water mass analysis by Dom-
ingues et al. (2007) suggested that the coastal waters of the Nin-
galoo shelf and the LC to the south may be largely sourced from
the west from the Eastern Gyral Current. Weller et al. (2011) re-
ported, using ship-based velocity measurements along the entire
west Australia coast, that the large contribution of inflow to the LC
during autumn-winter is on the same order of magnitude as the
contribution from the North West Shelf during that �2 week
study. Recent measurements reported by Lowe et al. (2012), from
two long-term shelf moorings near the North West Cape, found
that any persistent poleward flows associated with the LC were
extremely weak (o0.1 m s�1) year round over the 6 year study
period. However, the shelf circulation was observed to be driven
strongly by large (40.5 m s�1) transient flow reversals with a
�1–2 week periodicity that coincided with the time-scale of sy-
noptic wind forcing in the region.

The occurrence of coastal upwelling on the Ningaloo shelf was
first identified by Taylor and Pearce (1999) in satellite images, and
then confirmed in opportunistic ship-based transects in the region
(Hanson et al., 2005; Woo et al., 2006). Due to the presence of
stronger equatorward winds during the austral summer, upwelling
had initially been thought to be primarily confined to summer
months. However, Lowe et al. (2012) investigated the main sea-
sonal flow characteristics using two long term moorings deployed
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near the northern limit of the Ningaloo shelf, and showed that
coastal upwelling can occur year-round whenever the equator-
ward winds overcome the opposing poleward pressure gradient
force. This seasonal variability of upwelling was further in-
vestigated by Rossi et al. (2013b) using long-term satellite ar-
chives, who predicted that sporadic upwelling should preferably
occur from mid-August through mid-April along the broader
Western Australian coastline, but may occur at any time of year at
some favored locations such as the Ningaloo shelf. Xu et al. (2013),
focusing specifically on the summer period, provided the first
account of the detailed shelf momentum dynamics that control
transient upwelling along this coast. They analyzed field data from
four cross-shelf moorings located in the northern region of the
Ningaloo shelf over a two-month summer period (Nov–Dec 2009)
and identified the key features that drive both the coastal up-
welling dynamics and the associated coastal heat budget varia-
bility. Based on ship-based cross-shelf transect observations, Rossi
et al. (2013a) described the hydrographic properties of the Nin-
galoo region over a roughly one-week period during the austral
autumn. Their results confirmed that sporadic wind-driven up-
welling events can occur outside of summer and also revealed how
encroaching eddies can influence the shelf circulation.

In summary, despite the growing number of field observations
investigating the circulation of the Ningaloo shelf, historically
these have been based on either 1) spatially-limited mooring ob-
servations concentrating on the northern region of the Ningaloo
shelf (e.g., Lowe et al., 2012; Xu et al., 2013), which have also
tended to focus more on the summer dynamics; and 2) a series of
ship-based transects that have captured only individual upwelling
events (e.g., Rossi et al., 2013a; Woo et al., 2006). In this present
study we expand on the work by Xu et al. (2013) and investigate
the shelf circulation obtained from a large along- and cross-shelf
array of moorings deployed on the Ningaloo shelf during the
austral spring and summer.

Specifically, the objectives of this study were thus to (1) quan-
tify how the shelf dynamics evolve during the important transi-
tional seasons of spring and summer when the equatorward wind
stresses start to grow and stratification increases; and (2) in-
vestigate how the shelf dynamics respond both spatially and
temporally to the transient forcing operating in the region. For the
first time, the field observations extend over a large portion of the
Ningaloo coast (�70 km), enabling us to investigate the along-
shelf variability of the dynamics synoptically over several months.
This paper is organized as follows. In Section 2, we describe the
two field experiments that were conducted as well as the methods
used in the data analysis. In Section 3, we investigate the processes
that drive variability in the coastal stratification, the mixed layer
depth and the geopotential gradient associated with the along-
Table 1
Mooring locations and instrument configurations.

Mooring Location (deg) Site depth (m) Currents (bin size (m))

EXP1 (Nov 2009–Jan 2010)
M2 113.947 �21.8669 55 600 kHz Nortek Aquadopp profi
M3 113.9332 �21.8599 79 300 kHz RDI Workhorse ADCP(
M4 113.9068 �21.8497 108 300 kHz RDI Workhorse ADCP(
M5 113.8867 �21.8365 151 150 kHz RDI Workhorse ADCP(

EXP2 (Sept–Nov 2010)
M2 113.947 �21.8669 55 600 kHz Nortek Aquadopp profi
M4 113.9068 �21.8497 108 300 kHz RDI Workhorse ADCP(
N100 113.8203 �22.058 100 300 kHz RDI Workhorse ADCP(
C100 113.7774 �22.2198 100 300 kHz RDI Workhorse ADCP(
C150 113.7625 �22.2167 150 150 kHz RDI Workhorse ADCP(
S100 113.7049 �22.3718 100 300 kHz RDI Workhorse ADCP(

a “T” denotes SBE39s with just a temperature sensor, while those denoted “TP” also
shelf density gradient, which all vary substantially between the
two experiments. In Section 4, we describe the characteristics of
both the depth-averaged and depth-dependent flow at each of the
mooring sites, and explore how these respond to both local and
regional forcing during the study period. Finally, in Sections 5 and
6 we discuss and summarize the key results, including proposing a
conceptual model for the two distinct dynamic forcing regimes
that we found operate on the Ningaloo shelf.
2. Site description, data sets and analysis

Ningaloo Reef extends �300 km along the North West Cape of
Western Australia (Fig. 1) and is located inshore of a locally narrow
continental shelf with a steep continental slope. We conducted
two field experiments during two 2–3 month study periods in
2009 and 2010. The first experiment (hereafter referred to as
EXP1) was conducted in November 2009–January 2010 and fo-
cused on a single cross-shelf section that was described in Xu et al.
(2013) (Fig. 1, Table 1). The second field experiment (hereafter
referred to as EXP2) was conducted in September 2010–November
2010 and consisted of both a number of moorings and ship-based
observations at sites extending along the length of the Ningaloo
Peninsula from the NW Cape to Point Cloates (Fig. 1, Table 1).

2.1. Field experiments and instrument moorings

2.1.1. EXP1 (Nov 2009–Jan 2010)
From 10 Nov 2009 to 3 Jan 2010, during the austral summer,

four moorings were deployed in a cross-shelf transect at the
northern end of the Ningaloo Peninsula off Tantabiddi (Fig. 1a).
Each mooring had either an upward-looking RD Instruments
acoustic Doppler current profiler (ADCP) or a Nortek AquaDopp
profiler (ADP) mounted �5 m above the seafloor to obtain current
measurements through the water column, as well as a number of
temperature sensors (some with additional pressure sensors,
Seabird Electronics 39) mounted along the vertical mooring line
(refer to Table 1). For consistency we use the same mooring
naming convention as in Xu et al. (2013). Two of the moorings (M2
on the �50 m isobath and M4 on the �100 m isobath) are long-
term moorings maintained regularly since 2004 by the Australian
Institute of Marine Science. The long-term seasonal current
variability at these two moorings was reported by Lowe et al.
(2012). Two additional moorings (M3 on the �80 m isobath and
M5 on the �150 m isobath) were deployed during the EXP1 per-
iod. These moorings each had �20 thermistors to obtain high
resolution measurements of the vertical thermal structure of the
water column during the study, with the vertical spacing varying
Temperature (height above bottom (m))a

ler(4) T(28,38,43)
2) T(4,7,11,14,17,20,24,27,30,36,39,42,45,51,54,57); TP(33,60)
4) T(83)
2) T(4,11,21,31,41,61,71,81.6,95,100,105,110,116,122,128,134); TP(51,89,140)

ler(4) –

4) –

4) T(60,65,70,75,80,85);TP(90)
4) T(60,65,70,75,80,85);TP(90)
2) T(5,12,20,28,36,44,52,60,68,84,92,100,105,110,115,120,125);TP(76,130)
4) T(60,65,70,75,80,85);TP(90)

included a pressure sensor.
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from 5–10 m.

2.1.2. EXP2 (Sept–Nov 2010)
From 7 Sept to 9 Nov 2010, during the austral spring, a more

extensive instrument array was deployed along the Ningaloo Pe-
ninsula (Fig. 1b, Table 1). This array included observations at the
same northern M2 and M4 sites used in EXP1, but also included
four additional moorings (denoted N100, C100, C150 and S100),
each with an ADCP and thermistor array, at locations along the
Ningaloo shelf (Fig. 1b). N100 was deployed �20 km south of
Tantabiddi on the �100 m isobath. Two moorings (C100 on the
�100 m isobath and C150 on the �150 m isobath) were deployed
in a cross-shelf orientation offshore of Sandy Bay, �40 km south of
Tantabiddi. S100 was deployed on the �100 m isobath further
south (�60 km south of Tantabiddi).

2.2. Ship-based hydrographic observations

We conducted several ship-based hydrographic surveys during
the days surrounding the mooring deployment and retrieval op-
erations (see Fig. 1). During the retrieval cruise for EXP1 in Jan
2010, Conductivity-Temperature Depth (CTD, Seabird Electronics
911plus) cross-shelf transects were completed at two along-shelf
locations near the northern end of the Ningaloo Peninsula (loca-
tions E and F, Fig. 1). During EXP2, we repeated CTD transects at
five cross-sections (denoted A, B, C, D and E) extending along the
entire Ningaloo Peninsula, which coincided with both the de-
ployment (∼7 Sep 2010) and retrieval (∼9 Nov 2010) cruises.

2.3. Wind and satellite data

Local wind speed and direction were recorded at half-hourly
intervals during the two study periods by a weather station
maintained by the Australian Institute of Marine Science, located
at Milyering on the coast of the Ningaloo Peninsula roughly 15 km
south of Tantabiddi (Fig. 1). Due to the uniformity of the sub-in-
ertial wind fields and lack of topography in the entire area, this
single weather station data is expected to be representative of
wind conditions over all moorings. This is also consistent with the
results of Xu et al. (2013) that showed that modeled wind fields in
the region are effectively spatially-uniform over the scale of the
Ningaloo Peninsula.

Satellite-derived altimetry data were used to estimate varia-
bility of the along-shelf pressure gradient force along the coast.
Hindcast regional maps of gridded sea level anomaly (SLA) data,
merged from multiple altimetry sensors and coastal tide gauges,
were extracted from Australia’s Integrated Marine Observing Sys-
tem (http://oceancurrent.imos.org.au). These gridded SLA data
were available daily with a spatial resolution of 1/3°. To obtain the
absolute dynamic topography (ADT), the SLA data were combined
with the mean dynamic topography data (MDT), i.e. AD-
T¼MDTþSLA, where the MDT was obtained from the CNES-CLS09
mean dynamic topography product (Rio et al., 2011).

Finally, satellite-derived Sea Surface Temperature (SST) data
was used to supplement the CTD observations. The Group for High
Resolution Sea Surface Temperature (GHRSST, level-3) data was
utilized for both study periods, which provided surface tempera-
ture fields at a resolution of �1 km (https://www.ghrsst.org/, see
Martin et al. (2012)).

2.4. Data analysis

2.4.1. Data processing
All velocity, temperature and wind data were filtered using a

PL64 filter (Beardsley et al., 1985) with a half-power period of 38 h
to remove tidal and inertial oscillations (the inertial period is
∼32 h at ∼22°S). The along-shelf velocities (u), with the positive x
direction towards the northeast, were defined by projecting the
raw depth-averaged easterly and northerly velocity vectors onto
the major axis from a principle component analysis (PCA) of the
depth-averaged current variance. Likewise, cross-shelf velocities
(v) with positive y direction offshore were defined based on the
computed minor axis orientation. The vertical modes of the ve-
locity and temperature profiles were investigated using an Em-
pirical Orthogonal Function (EOF) analysis (Emery and Thomson,
2001). When reporting the results, the EOF modes were multiplied
by the square root of the modal variance (hence these have the
same units as the original time series), while the amplitude of the
time-varying EOF modes were normalized by the square root of
the modal variance.

2.4.2. Surface mixed layer depth
The ocean surface mixed layer depth (MLD) is characterized as

a near-surface region of uniform or near-uniform surface density,
active mixing and high turbulent dissipation, representing the
time-integrated response to previous mixing events. Weatherly
and Martin (1978) and later Lentz (1992) proposed that the surface
MLD can be estimated from the local wind forcing by

MLD Au
f N f

1
(1 / ) (1)2 2 1/4

≈
+

⁎

where A is an empirical constant (typically �2), u ( / )s 0
1/2τ ρ=⁎ is the

friction velocity based on the surface wind stress sτ , f is the Coriolis
frequency, 0ρ is the reference seawater density andNis the buoy-
ancy frequency at the base of the surface mixed layer. Eq. (1)
assumes shear-generated turbulence at the base of the mixed layer
drives the upward entrainment of the density stratified interior
water. We compare this prediction with the observed MLDs at the
study site.

In practice, MLDs can be calculated from ocean profile data in
number of ways (see review by Thomson and Fine (2003)); how-
ever, a threshold approach is commonly used where the MLD is
defined as the depth z where the vertical temperature difference

T T z T( ) refΔ = − reaches some threshold, which assumes that sali-
nity has a negligible effect on the surface stratification. Here Tref is
a reference near-surface temperature (typically taken between 0–
10 m below the surface depending on data availability). The choice
of where in the water column to define Tref and the value of TΔ are
both somewhat arbitrary. In the present study, we adopt the same
convention as Lentz (1992), where a threshold temperature of

TΔ ¼0.05 °C was used, thereby allowing us to directly compare our
observations with predictions from Eq. (1). This TΔ is smaller than
the threshold 0.3–0.4 °C used in other studies (Condie and Dunn,
2006; Rousseaux et al., 2012). Nevertheless, we found that small
differences in the definition TΔ only had a small effect on the MLD,
which was also consistent with the sensitivity analysis conducted
by Lentz (1992), who found MLD estimates were largely in-
sensitive to values of TΔ 40.02 °C (see the Appendix in that pa-
per). CTD cast data (see Section 3) confirmed that salinity is neg-
ligible in the MLD estimates, and that stratification is over-
whelmingly dominated by temperature (temperature accounted
for at least 90% of density changes year-round in the surface 100 m
of the water column (Lowe et al., 2012; Rousseaux et al., 2012)).

2.4.3. Correlation length scales
To determine how both the subtidal cross- and along-shelf

currents were spatially correlated, we computed both lagged and
non-lagged correlation coefficients between the velocity time
series from the different moorings, as a function of the mooring
separation distances (Kundu and Allen, 1976). Note that in this
analysis a positive time lag in the cross-shore direction denotes

http://oceancurrent.imos.org.au
https://www.ghrsst.org/
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that the signal from an onshore site lagged the signal from an
offshore site; in the along-shelf direction a positive time lag in-
dicates a mooring in the south lagged the signal from a mooring to
the north. For EXP1, only lagged correlation coefficients as a
function of cross-shelf distance were computed, whereas for EXP2
coefficients as a function of both cross- and along-shelf distance
were calculated. The significance of all correlation coefficients
were assessed based on the effective degrees of freedom of the
low-pass filtered data (typically �40), which implies that corre-
lation coefficients greater than approximately 0.3 were statistically
significant (po0.05) (Emery and Thomson, 2001).

2.4.4. Cross-shelf transport
For each mooring we estimated the cross-shelf transport both

within the surface boundary layer and bottom boundary layer
from the cross-shelf velocity profiles. The upward-looking ADCPs
were not able to sample both very near the surface (typically
∼10 m below the surface due to side lobe interference) as well as
near the bed (o10 m) due to the mounting height and the
blanking distance. Near the surface, we therefore extrapolated the
velocity by assuming a constant velocity in this surface layer;
while near bottom we extrapolated by assuming a logarithmically
decreasing velocity towards the bottom. These are reasonable as-
sumptions since these distances are much thinner than the total
boundary layer thickness (Xu et al., 2013).

The cross-shelf transport in the surface boundary layer (qS) and
the bottom boundary layer (qB) are, respectively:

q vdz
(2)S D

0

S
∫= ∼

−

q vdz (3)B H

D HB∫=
−

−

where v v vref= −∼ denotes the cross-shelf velocity with the inter-
ior cross-shelf reference velocity (vref ) removed from the profile to
remove the contribution from any geostrophic interior flow (Lentz,
1992). Here DS and DB are the estimated depths of the surface
Ekman and bottom boundary layers, based on the friction velocity
and stratification (see Eq. (1)), which assumes that local stratifica-
tion modifies turbulent momentum exchange in the surface and
bottom boundary layer in a similar way. For vref, we use the
velocity at the base of the estimated surface boundary layer DS
(Lentz, 1992). These observed transport rates (qS and qB) were then
compared with the theoretical surface Ekman transport
(q f/E s x, 0τ ρ= − ) based on the along-shelf component (subscript x)
of the wind stress s x,τ .

2.4.5. Along-shelf momentum balances
The depth-averaged along-shelf momentum equations are (e.g.

Blumberg and Mellor, 1987; Gan and Allen, 2002):
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where H is the water depth; η is the sea surface elevation; P is
pressure; and U (V) denote the depth-averaged velocities in the
along-shelf (cross-shelf) direction. The terms from left to right in
Eq. (4) are the: 1) local acceleration, 2) nonlinear horizontal
advection, 3) pressure gradient force, 4) surface wind stress, 5)
bottom stress and 6) Coriolis force.

Although the Rossby number for typical flows on the Ningaloo
shelf are estimated to be small (Ro U Lf O/ (0.1)= ~ ), the nonlinear
horizontal advection term (term 2 in Eq. (4)) can still be important
due to the depth-dependence of the velocity fields. For com-
pleteness, we made a rough estimate of the magnitude of the
nonlinear advection term Madv by assuming it increases linearly
with offshore distance L from zero at the coast following Fewings
(2007) and only estimate the part involving y/∂ ∂ (given that de-
rivatives in the cross-shelf direction are usually larger than those
in along-shelf direction), i.e.:

⎛
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The bottom stress term was computed by assuming a quadratic
drag law, based on the bottom velocity ub measured around 10 m
above the seabed:

C u u (6)b D b bτ ρ= −

where a typical bottom drag coefficient C 1.5 10D
3= × − was as-

sumed (Allen and Smith, 1981). The surface wind stress was
estimated from the local wind data using a quadratic surface drag
law with drag coefficients from Large and Pond (1981). The local
acceleration and Coriolis terms were computed directly from the
velocity measurements at each mooring. We note that estimates of
the Coriolis term were sensitive to the rotation of the coordinate
system, even within a range of just 75 degrees. The observed
depth-averaged flow direction was unsteady, and did not always
follow the principal major axes of the current variance due to the
presence of eddies and other transient flows on the shelf. There-
fore, we treat this estimate of the Coriolis term with some caution
and only consider the long-term averaged magnitude of the
Coriolis term.

We estimated the depth-averaged along-shelf pressure gra-
dient force Mp from the sea surface gradient x/η∂ ∂ of the absolute
dynamic topography (ADT) from the Integrated Marine Observing
System (IMOS) data sets (Allen and Smith, 1981; Lentz and Wi-
nant, 1986):

M
H

P
x

dz g
x

1

(7)
P

H0
∫ρ

η= − ∂
∂

≈ − ∂
∂

η

−

The pressure gradient forces (MP) computed via Eq. (7) pro-
vided only an estimate of the pressure gradient forces among the
sites, as the ADT data was only available daily and with a relatively
coarse spatial resolution of �0.3°.

Given that along-shelf measurements of the vertical tempera-
ture structure were also available during EXP2, we used the steric
height (ξ) anomalies along the coast to estimate geopotential
anomalies (Talley et al., 2011) as well as their gradients (MP,100 db)
via the integration of the pressure from a reference level of 100 db
to the surface (taken as the bottom limit of the surface wind driven
flow) (Godfrey and Ridgway, 1985; Smith et al., 1991; Steele and
Ermold, 2007):
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in which Zref denotes the depth of the 100 db reference level. Since
the density gradients off the Ningaloo shelf are dominated by
temperature gradients, we assumed a constant salinity profile
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taken from the CTD casts. The steric heights were only estimated
at sites where detailed temperature measurements throughout the
water column were available (e.g. N100, C100, C150 and S100). In
general, the MP term represents the sea surface height gradient
resulting from the depth-integrated geostrophic dynamics, while
MP,100 db denotes the average geopotential gradient between two
reference levels. Although Mp and MP,100 db are conceptually dif-
ferent, both tend to be strongly correlated worldwide (Willis et al.,
2003). Below we report the pressure gradient Mp at each location
during both experiments using the satellite altimetry fields via Eq.
(7), and the pressure gradient MP,100 db inferred from the steric
height differences only for EXP2. However, we note that the steric
heights were calculated at relatively shallow (�100–150 m) coast-
al sites where the isotherms may be influenced by localized ocean
processes (e.g., coastal upwelling or downwelling) and vertical
mixing, and hence should be interpreted with some caution.
Overall, the various momentum terms were estimated from
Fig. 2. CTD measurements at the northern cross-shelf transect F off Tantabiddi on 12 Sep
(d, e, f), and third (g, h, i), rows show cross-sections of temperature, salinity and potenti
black dashed lines (in a–i) show the computed surface mixed layer depth. The blue trian
(For interpretation of the references to color in this figure legend, the reader is referred
different data sources that smoothed at different spatial or
temporal scales; hence we emphasize that we would not expect
them to exactly balance at our moorings.
3. Temperature and stratification observations

3.1. CTD transects

Changes in stratification over the study period are illustrated in
the three CTD transects off the northern (Tantabiddi, Transect F) site
during both EXP1 and EXP2 (Fig. 2). The main trend to note is the
increase in the stratification and the shallowing of the surface MLD
from the austral spring (September) to summer (January). At this
cross-shelf transect F (Table 2), the buoyancy frequency across the
pycnocline increased from 3.2�10-3 s�1 in September to
7.8�10�3 s�1 in November and finally to 8.8�10�3 s�1 in January.
2010 (a, d, g, j), 13 Nov 2010 (b, e, h, k), 5 Jan 2010 (c, f, i, l). The first (a, b, c), second
al density, respectively. The fourth (j, k, l) shows the horizontal SST fields. The bold
gles in panel j, k and l denote the cross-shelf CTD locations shown in panels above.
to the web version of this article.)



Table 2
Comparison of stratification parameters at different along-shelf locations obtained
from the CTD transects (refer to Fig. 1 for the transect locations). Here α is the shelf
slope, N is the buoyancy frequency (computed at the 100 m isobath) and B is the
corresponding Burger number.

Time Site α (10�3) N (10�3 s�1) B

Jan 2010 E 14 8.8 2.2
F 14 7.2 1.9

Sep 2010 A 20 5.4 2.0
B 25 4.1 1.9
C 20 3.0 1.1
D 25 2.5 1.1
F 14 3.2 0.9

Nov 2010 A 20 9.2 3.3
B 25 8.1 3.7
C 20 8.9 3.2
D 25 9.3 4.2
F 14 7.8 2.0
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The salinity difference within the surface 200 m layer was small
year-round (o0.1), confirming that the vertical temperature gra-
dient made the dominant contribution to the density stratification.
During EXP2, when the along-shelf CTD data were also available, we
observed a general pattern of decreasing stratification from south to
north (Table 2) during both Sept 2010 and Nov 2010.

In addition, near the coast during both Jan 2010 and Nov
Fig. 3. (a) Wind velocity vectors during EXP2. Corresponding time series of the subtidal
denote the temperature in oC, and the black dash line in (d) denotes the computed MLD
reader is referred to the web version of this article.)
2010, we observed upward sloping isotherms in the surface
100 m of the water column adjacent to the coast, suggestive of
coastal upwelling (Fig. 2b and c). This was also consistent with
the regional satellite SST observation of cooler coastal water
relative to offshore (Fig. 2k). In contrast, no substantial cross-
shelf temperature differences were observed in the SST during
Sept 2010 (see Fig. 2j).

3.2. Mooring temperature observations

The mooring temperature profiles from EXP2 are shown in
Fig. 3 with their corresponding local wind vectors. From Fig. 3d,
the MLD varied substantially from beginning of Sep 2010
(�130 m) to the end Oct 2010 (�30 m), agreeing with the CTD
observations. The seasonal evolution of the temperature fields can
be divided into two distinct periods. Firstly, prior to Oct 2010,
surface temperatures were cool and the water column was rela-
tively well-mixed, showing only minimal stratification even dur-
ing the period from 24 Sep and 3 Oct when strong and consistent
upwelling favorable winds were present. Secondly, after a rapid
transition in early October, the coastal water warmed and resulted
in much stronger stratification. During this period, transient
coastal cooling events also coincided with upwelling-favorable
winds, albeit with a time lag of a couple of days. These tempera-
ture dynamics were similar to the summer conditions of EXP1
reported previously in Xu et al. (2013) (see Fig. 3 in that paper),
temperature profiles at (b) site N100, (c) site C100, (d) C150 and (e) S100. Colorbars
time series. (For interpretation of the references to color in this figure legend, the



Fig. 4. The observed daily-averaged surface MLD versus the MLD predicted from Eq. (1) (a) at M2 and M5 during Nov 2009–Dec 2010 (EXP1), and (b) at C150 during Sep
2010–Nov 2010 (EXP2), for sites where high vertical resolution data from thermistors were available. As a comparison, the bottom two panels show the daily-averaged MLD
versus the MLD estimated by u f0.4 /⁎ during (c) EXP1 and (d) EXP2, i.e. assuming no stratification (N¼0 s�1) in Eq. (1).
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both in terms of the stratification and the roughly weekly time-
scale fluctuations of transient coastal cooling events.
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The MLD estimated from the CTD observations (Fig. 2) decreased
from over 100 m during early spring (Sep 2010) to �30m in summer
(Jan 2010), consistent with the seasonal MLD variability observed in
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the inshore site (C100) (cooler regions have lower steric heights).
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the region by Rousseaux et al. (2012). In Fig. 4, we compared the
observed MLD with the predicted MLDs from Eq. (1) using the tem-
perature observations at M3 and M5 in both EXP1 and EXP2, and at
C150 in EXP2 where high vertical resolution thermistor data were
available. For both periods, the observed MLD was moderately corre-
lated with the MLD predicted by Eq. (1), with R¼0.45 (po0.01) in
EXP1 versus R¼0.75 (po0.01) in EXP2 (see Fig. 4a and b). The esti-
mated slope from the linear regression between the two variables
(equivalent to 1/A in Eq. (1)) was similar in both experiments, i.e., 0.51
in EXP1 versus 0.42 in EXP2, such that Awas �2 during both periods.
Alternatively, when using the same data, but instead estimating the
MLD from the wind stress alone (i.e., neglecting stratification by ig-
noring the second term in the denominator of Eq. (1)), we found no
significant relationship between the observed and predicted MLD
(Fig. 4c and d). This confirms that the surface MLDs in the region are
strongly dependent on the local stratification and hence cannot be
predicted by local wind stresses alone.

Temperature profile records from the moorings were used to
compute steric height variations (ξ) along the coast, and hence their
gradients. During EXP2, we integrated the temperature profile data
using Eq. (8), and then subtracted a reference time-averaged steric
height obtained from the S100 mooring. The moorings in the north
generally had greater steric heights than the moorings in the south
(Fig. 5). During the period highlighted in Fig. 5a, the steric height at
the offshore mooring (C150) was much larger than that at the onshore
mooring (C100), presumably due to the shoreward uplift of the ther-
mocline associated with coastal upwelling. The experiment-averaged
steric heights decreased to the south along the coast (Fig. 5b) which,
from Eq. (9), equated to an average poleward along-shelf geopotential
gradient of �0.9�10�6 m s�2 along the 100m isobath.
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4. Current observations

4.1. Depth-averaged flow

4.1.1. Along-shelf velocity measurements
Between Nov 2009–Jan 2010 (EXP1), the winds were pre-

dominantly towards the northeast (Fig. 6a), with the principal
major axis of the wind variance (�40° in nautical convention,
Table 3) roughly parallel to the coastline of the Ningaloo Peninsula.
The depth-averaged currents were generally equatorward during
periods of strong upwelling-favorable wind, but reversed rapidly
towards the south when the wind relaxed. There was no sub-
stantial, persistent mean current during EXP1, with velocities
averaging o0.08 m s�1 towards the south at all sites (Table 3).
However, the along-shelf flows episodically increased to speeds of
up to 0.5 m s�1 (both equatorward and poleward), typically coin-
ciding with variations in the local wind forcing. Generally, the
magnitude of the along-shelf current fluctuations increased with
distance from shore (i.e., from M2 to M4) (Table 3).

From Sep 2010 to Nov 2010 (EXP2), the wind was also pre-
dominantly towards the northeast (�30°); however, periods of
strong equatorward winds did not always produce a correspond-
ing strong equatorward flow, e.g., for the periods around 30 Sep
and 10 Oct. Relative to EXP1, there were longer wind relaxation
events where the flow was strongly poleward, as well as more
variability in the cross-shelf component of the wind (Fig. 7a). In
addition, the along-shelf observations available during EXP2 re-
vealed a substantial increase in the poleward flow from north to
south along the Ningaloo Peninsula (Fig. 7); depth-averaged cur-
rents for sites on the 100 m isobath averaged �0.06 m s�1 at M4
in the north and �0.18 m s�1 at S100 in the south (Table 3).

When comparing the EXP1 and EXP2 conditions, the wind
stresses were on average roughly twice as strong during the EXP1
Dec.11,2009 Dec.21,2009 Dec.31,2009
ime

er station and the low-pass filtered depth-averaged current vectors measured at the
Jan 2010 (EXP1): (a) wind; and the depth-averaged currents measured at (b) M2;
inates.



Table 3
Statistics of the along-shelf component of the wind stresses (in N m�2) and the along- shelf depth-averaged subtidal current velocities (in m s�1) at each mooring during the
two experiments. The mean direction (in degrees) is measured clockwise from true north. R denotes the correlation coefficient from the lagged correlation analysis between
the wind stress and current. ‘Lag’ denotes the time lag between the along-shelf current and along-shelf wind (a positive value means the current lags behind the wind). All
correlation coefficients reported were significant (po0.05).

Location Nov 2009 to Jan 2010 (EXP1, summer) Sep 2010 to Nov 2010 (EXP2, spring)

Direction (deg) Mean STD R Lag (h) Direction(deg) Mean STD R Lag (h)

Wind 40 0.053 0.027 N/A N/A 30 0.025 0.021 N/A N/A
M2 47 �0.04 0.15 0.73 11 49 �0.01 0.16 0.49 24
M3 52 �0.04 0.17 0.70 22 N/A N/A N/A N/A N/A
M4 60 �0.08 0.21 0.61 20 56 �0.06 0.14 0.52 22
N100 N/A N/A N/A N/A N/A 78 �0.09 0.16 0.42 21
C100 N/A N/A N/A N/A N/A 66 �0.14 0.15 0.46 18
C150 N/A N/A N/A N/A N/A 68 �0.13 0.15 0.46 15
S100 N/A N/A N/A N/A N/A 63 �0.18 0.16 0.43 31
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summer period (Table 3). The standard deviation of the along-
shelf velocities varied across the shelf at the northern transect F
during summer (EXP1), but were nearly the same at this location
in spring (EXP2) (Table 3). The along-shelf depth-averaged cur-
rents were much more strongly correlated with the along-shelf
component of the wind in EXP1 (�0.6–0.7) than in EXP2 (0.4–
0.5); however, the lag times between the currents and the wind
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(less than 1 day) were comparable during both experiments
(Table 3).

4.1.2. Correlation length scales
Correlation coefficients as a function of mooring separation

distance were computed for the along-shelf flow during EXP2 and
for the cross-shelf flow during both EXP1 and EXP2. Results are
t.10,2010 Oct.20,2010 Oct.30,2010
time

raged current vectors measured at the different moorings along the Ningaloo coast
at (b) M2; (c) M4; (d) N100; (e) C100; (f) C150; and (g) S100. Vectors are plotted in



Fig. 8. Correlation length scale statistics. (a) Correlation coefficients (with no time lag) among the depth-averaged along-shelf velocities at each mooring as a function of the
along-shelf distance during EXP2. (b) The corresponding maximum lagged correlation coefficient values. (c) Comparison of the time lag at maximum correlation with the
along-shelf separation distance. (d) Correlation coefficients (with no time lag) for the depth-averaged along-shelf velocities, as a function of the cross-shelf distance during
both EXP1 and EXP2.
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shown both assuming a zero time lag (Fig. 8a) and with the time
lag that gave the maximum correlation (Fig. 8b). For the zero lag
analysis, there was a rapid drop of the correlation coefficient to
o0.4 at a 40 km along-shelf separation distance (Fig. 8a).
−0.2 −0.1 0 0.1
−150

−100

−50

0

D
ep

th
 (m

)

0
−150

−100

−50

0

−0.1 0 0.1
−150

−100

−50

0

D
ep

th
 (m

)

velocity (ms−1)
0 0.05

−150

−100

−50

0

veloc

Fig. 9. Statistical properties of the current profiles observed at the mooring sites durin
m s�1) and (d) cross-shelf velocity (in m s�1) are shown in the left column; profiles of th
middle column; the vertical structure of the first EOF mode for the (c) along- and (f) cros
the square root of the variance in the time-varying EOF amplitude such that the units are
the entire duration of the experiment, due to instrument failure, and hence were not in
However, for the time-lagged correlation analysis, the correlation
coefficient remained relatively high (�0.6) for distances exceeding
60 km (Fig. 8b). The time lags associated with these maximum
correlations were a strong linear function (R¼0.91) of the along-
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Table 4
Linear regression coefficients between the predicted theoretical surface Ekman
transport (qE) and the observed surface (qs) and bottom (qb) boundary layer
transport at all mooring sites during both EXP1 and EXP2. B1 and B0 denote the
slope and intercept, respectively. R is the correlation coefficient between the ob-
served and predicted values. The standard errors of the linear regression slope (B1)
are reported after the ± sign. Note that the transport rates at C150 were not sig-
nificantly correlated (p40.05), as indicated in bold italicized font, and hence no
regression statistics are included.

B1 qs B1 qb

B0 R B0 R

EXP1
M2 0.8770.20 �0.22 0.66 0.2870.09 �0.33 0.59
M3 1.2270.21 0.07 0.63 0.3970.13 �0.35 0.65
M4 1.1970.22 0.22 0.38 0.2770.12 �0.15 0.43
EXP2
M2 1.2270.19 �0.11 0.66 0.4370.14 �0.24 0.63
M4 1.0270.28 0.35 0.43 0.5870.24 �0.38 0.54
N100 0.5270.24 0.07 0.28 0.4870.18 �0.26 0.54
C100 0.7470.14 0.01 0.56 0.3570.15 �0.22 0.50
C150 – – 0.25 – – 0.25
S100 1.0370.23 0.13 0.51 0.3770.12 �0.12 0.56
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shelf separation distance, with the slope predicting a signal phase
propagation speed of þ11.6 km day�1 (Fig. 8c). Note that the po-
sitive time lag indicates that the signals propagated from north to
south, likely as coastally-trapped waves.

Correlation coefficients as a function of the cross-shelf se-
paration are shown in Fig. 8d, for both EXP1 and EXP2 at transect
F. We had no moorings at depths 4200 m and thus the maximum
cross-shelf mooring scale was limited to �7 km (similar to the
Rossby radius of order 5–10 km). The results demonstrate a similar
current response across the entire cross-shelf mooring array, with
correlation coefficients exceeding 0.8 at all sites and with negli-
gible lag times (not shown). Finally, we also estimated the corre-
lation coefficient associated with the depth-averaged cross-shelf
velocities between different mooring sites along the coast (not
shown). No significant correlations were found, regardless of the
time lag (R always o0.3). This is likely due to the local response of
the cross-shelf flows being sensitive to local bathymetric varia-
tions as well as the finite length scale of coastal eddies that would
contribute additional variability to the local cross-shelf flows.

4.2. Depth-dependent flow

4.2.1. Vertical velocity structure
At sites M2 and M4, we observed similar experiment-averaged

along-shelf velocity profiles during both study periods (EXP1 and
EXP2), with a subsurface maximum of similar magnitude but oc-
curring at slightly different elevations (Figs. 9a and 10a). During
EXP1, the maximum in the mean along-shelf velocity at M4 was
centered at �60 m depth, slightly shallower than the near-bottom
maximum at 80–90 m depth during EXP2. The shape of the first
EOF mode also suggested that the along-shelf velocities were more
uniformly distributed through the water column during EXP2
(Figs. 9c and 10c), possibly due to the stronger vertical mixing and
the deeper MLD during spring. The maximum in the mean cross-
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m s�1) and (d) cross-shelf velocity (in m s�1) are shown in the left column; profiles of th
middle column; the vertical structure of the first EOF mode for the (c) along- and (f) cros
the square root of the variance in the time-varying EOF amplitude such that the units a
shelf flow profile at M4 was roughly two times larger in EXP1 than
in EXP2 (Figs. 9d and 10d), likely caused by the stronger upwel-
ling-favorable winds during summer. This subsurface maximum
onshore flow was found within the interior of the water column
above the bottom boundary layer during both periods.

The poleward increase in the along-shelf velocity during EXP2
occurred largely within the upper portion of the water column
(Fig. 10a). The sub-surface maximum in the velocity was much
deeper (located at �90 m depth) in the north at M4 compared to
in the south at S100 (located at �40 m depth). The mean cross-
shelf current profiles were similar at all moorings (N100, C100,
S100) along the 100 m isobath (Fig. 10d), again with a mid-water
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column maximum in the onshore flow. Offshore-directed or near-
zero flows were observed in all mean cross-shelf velocity profiles
near the surface (Fig. 10d). Overall, there was little difference in
the magnitude of cross-shelf flow variability (represented by the
STD) among all sites (Figs. 9e and 10e).

4.2.2. Cross-shelf transport
We computed the surface and bottom boundary layer cross-

shelf transport using the current profile data with Eqs. (2) and (3).
During EXP1, the mean values of the observed surface cross-shelf
transport and the theoretical Ekman transport generally agreed at
the northern section F (sites M2–M4), with the slope of the re-
gression being �1 (see Table 4 and Fig. 11a). The surface cross-
shelf transport during EXP2 was also reasonably well predicted by
Ekman theory at sites M2 and M4 (Table 4, Fig. 11b). Along the
coast during EXP2, the correlation coefficients between the ob-
served surface cross-shelf transport and Ekman theory predictions
were also usually high (typically 40.5) with regression slopes of
�1, indicating good predictions at these moorings (Table 5,
Fig. 11b and c). The two exceptions were the low correlations
(o0.3) observed at C150 and N100. The cause of these local dis-
crepancies is unclear but may reflect local topographic effects.
Nevertheless, after removing the interior flow, simple Ekman
theory generally proved to be a good predictor of the surface
cross-shelf transport at most sites during both seasons.

Comparisons between the observed cross-shelf transport
within the bottom boundary layer and the theoretical surface Ek-
man transport are also shown in Table 4 and Fig. 11d–f. Although
the observed onshore bottom boundary layer transport qB was
relatively well-correlated (R40.5) with the theoretical surface
Ekman transport qE across most sites, the magnitude of the ob-
served values tended to be significantly smaller, accounting for
less than half of what surface Ekman theory predicted (Table 4,
Fig. 11d–f). The theoretical over-prediction of the onshore trans-
port in the bottom boundary layer during both periods was con-
sistent with the onshore transport supporting upwelling largely
being supplied by the mid-water column region (see the observed
structure of the cross-shelf velocity profiles in Figs. 9d and 10d). It
appears the reduced bottom onshore flow is due to a buoyancy
arrest effect (Brink and Lentz, 2010), consistent with the relatively
high Burger numbers ( B N f/α= ) exceeding 1 during the experi-
ments at all sites (see Table 2 and discussion in Section 5.5). Strong
offshore transport in the bottom boundary layer (i.e., a char-
acteristic of coastal downwelling) often occurred when Ekman
theory predicted near zero cross-shore transport. This implies that
the transport in the bottom boundary layer was not simply related
to the local wind stress and instead that the along-shelf pressure
gradient force was a major driver of the observed offshore-direc-
ted bottom boundary layer flow.

To further investigate how the variability of stratification on the
Ningaloo shelf may influence the cross-shelf transport in the
bottom boundary layer, in Fig. 12 we show the observed qB plotted
as a function of both the surface wind stress and the buoyancy
frequency, at different sites during both experiments. For the EXP1
(summer) period, the cross-shelf bottom boundary layer flow was
generally onshore (negative qB, blue dots), which occurred when



Table 5
Statistics of each term in the along-shelf momentum balance during EXP1 and EXP2 at mooring sites where estimates were available.

U U t/∂ ∂ Madv fv Mp H/s x,τ ρ H/b x,τ ρ Mp,100 db

(10�6 m s�1) (10�6 m s�2) (10�6 m s�2) (10�6 m s�2) (10�6 m s�2) (10�6 m s�2) (10�6 m s�2) (10�6 m s�2)

EXP1
M2(EXP1)

mean �0.0 �0.0 �0.4 0.5 0.5 1.1 0.3 –

STD 0.2 2.0 1.0 1.7 2.2 0.8 0.7 –

M4(EXP1)
mean �0.1 �0.0 �0.3 0.2 0.5 0.6 0.2 –

STD 0.2 2.0 1.0 1.7 2.2 0.4 0.4 –

EXP2
M2(EXP2)

mean �0.0 0.1 �0.1 0.4 �0.5 0.5 0.2 –

STD 0.2 1.6 0.8 1.7 1.8 0.6 0.6 –

M4(EXP2)
mean �0.1 0.0 �0.2 -0.4 �0.5 0.2 0.1 –

STD 0.1 1.6 0.8 1.8 1.8 0.3 0.2 –

N100(EXP2)
mean �0.1 0.0 �0.3 0.8 �1.3 0.2 0.0 –

STD 0.2 1.3 1.0 1.6 1.7 0.3 0.1 –

C100(EXP2)
mean �0.1 �00 �0.1 0.4 �2.0 0.2 0.1 �0.9
STD 0.2 1.3 0.2 1.2 1.4 0.3 0.1 1.0

C150(EXP2)
mean �0.1 �0.0 �0.1 1.0 �2.8 0.2 0.0 �0.9
STD 0.2 1.3 0.2 1.2 1.3 0.2 0.2 1.0

S100(EXP2)
mean � .2 0.0 �0.0 0.5 �2.5 0.2 0.1 �0.6
STD 0.2 1.4 0.2 1.0 1.3 0.3 0.3 1.3
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the wind stress exceeded �0.05 N m�2 and when the buoyancy
frequency was between 0.005–0.01 (i.e., mild stratification). Dur-
ing EXP2 (particularly in September), we observed periods of
strong offshore flow in the bottom boundary layer (red dots in
Fig. 12d–i), associated with very weak wind stresses and relatively
weak stratification (o0.005 s�1).
Fig. 12. Scatter plots of the observed bottom boundary transport qB as a function of both
(a) M4 during EXP1, (b) M4 during EXP2, (c) C100 during EXP2 and (d) S100 during EXP2
color in this figure, the reader is referred to the web version of this article.)
4.3. Along-shelf momentum balances

4.3.1. Temporal variability between EXP1 and EXP2
Time-series of each term in the depth-averaged along-shelf mo-

mentum balance were compared at the northern transect at sites
M2 and M4 where data was available during both EXP1 and
EXP2 (Table 5). At this northern location, the experiment-averaged
the along-shore component of the wind stress s x,τ and the buoyancy frequency N at
. Positive values represent offshore transport. (For interpretation of the references to
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Fig. 13. Depth-averaged along-shelf momentum terms at (a) M4 during EXP2 (Sep 2010 to Nov 2010); (b) N100 during EXP2; (c) C100 during EXP2; and (d) S100 during
EXP2. The depth-averaged along-shelf velocity time series are superimposed. Note we did not include the Coriolis term and acceleration term in the plot, since they
contained considerable amount of high frequency variability that detracts from the terms shown. For the magnitude of these other terms, refer to Table 5.
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along-shelf pressure gradient force Mp estimated from the satellite
altimetry was weak, varying from only weakly equatorward
(þ0.45�10�6 m s�2) during EXP1 to weakly poleward
(�0.46�10�6 m s�2) during EXP2. Mp fluctuated substantially
during both experiments with a standard deviation of �2�10-
6 m s�2 (see Table 5). The experiment-averaged wind stress during
EXP1 was about twice as large during EXP2, whereas the magnitude
of the wind variability was comparable during both periods (STD
�0.3�10�6 m s�2). The local acceleration term was on-average
negligible, indicating no substantial seasonal acceleration or decel-
eration of the shelf flow at this northern location. During both ex-
periments, the Coriolis term was comparatively weak on average at
this northern site, consistent with the observed weak onshore
geostrophic flow here. The estimated nonlinear advection term was
comparable with other main momentum terms during both experi-
ments, but was slightly larger in EXP1 (mean ∼-0.35�10�6 m s�2,
STD∼1�10�6 m s�2) relative to EXP2 (mean ∼�0.15�10�6 m s�2,
STD�0.83�10�6 m s�2). During EXP2, the time series (Fig. 12a) of
the along-shelf momentum terms at M4 illustrate the complexity of
the transient shelf dynamics, with most terms being important
during some periods (reaching of order 10�6 m s�2), with the ex-
ception of the bottom stress term that was usually very small at this
depth (STD and mean value were both of order 10�7 m s�2; see
Table 5). This is very similar to the highly transient dynamics driving
the along-shelf flow during EXP1 (not shown, refer to Xu et al.,
(2013)). Nevertheless, we still occasionally observed periods during
both EXP1 and EXP2 when the bottom stresses were not negligible;
for example, during 19–21 Sep 2010 (Fig. 13). These larger bottom
stresses occurred specifically during periods of strong poleward flow,
generated by the deeper and downwelling-favorable pressure-driven
along-shelf flows.

4.3.2. Along-shelf variability during EXP2
The poleward-directed (negative) along-shelf pressure gradient

term Mp on-average initially increased substantially down the
coast between M4 and N100, but then only increased slightly
further down the coast (Table 5, Fig. 13a–d). This trend is con-
sistent with the observed acceleration of the along-shelf flow
down the Ningaloo Peninsula (Fig. 13a–d). The reason for this
strong transition in the north is unclear from the available ob-
servations, but may reflect the development of a strong along-
shelf pressure force near the tip of the North West Cape, where the
poleward along-shelf flow commences from nearly zero on
average.

At the northern mooring transect (M2 and M4), the nonlinear
advection term was of the same magnitude (mean
�0.4�10�6 m s�2, STD �0.8�10-6 m s�2) as the Coriolis and
pressure gradient terms, and therefore was likely important at
times in the along-shelf momentum balance at this location. The
seasonal mean value of the Coriolis term varied along the coast,



Table 6
Estimated terms in the shelf water mass balance (based on observations at moor-
ings along the 100 m isobath) computed during EXP2 (spring, Sep–Nov 2010). The
along-shelf distance x (positive towards the north) is defined relative to the
southern mooring site S100. Uncertainty of both observed and predicted cross-shelf
transports are indicated by the ± sign.

Mooring S100 C100 N100 M4

x (km) 0 18.3 36.8 61.6
U ( m s�1) �0.18 �0.14 �0.09 �0.06
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ranging from -0.35�10�6 m s�2 at M4 to 0.8�10�6 m s�2 at
N100. The bottom friction term primarily became important dur-
ing periods of strong poleward flow and also increased slightly
down the coast from M4 to S100. Wind stresses were usually
important throughout the period, but generally not strong enough
to balance the pressure gradient force. This again highlights the
importance of other momentum terms in balancing the increased
along-shelf pressure gradient force in the south, in particular the
Coriolis force and its corresponding onshore geostrophic flow.
U x/∂ ∂ (m s�2) – 2.2 10 6× − 2.9 10 6× − 8.5 10 7× −

V y/∂ ∂ (m s�2) – 2.2 10 6− × − 2.9 10 6− × − 8.5 10 7− × −

VH (m2 s�1) [predicted] – 1.1 0.2− ± 1.5 0.2− ± 0.5 0.2− ±
VH (m2 s�1) [observed] 1.3 2− ± 1.1 2− ± 1.6 2− ± 0.3 2±
5. Discussion

5.1. Along-shelf current variability and the formation of the Leeuwin
Current

An important observation in the present paper was the sub-
stantial increase of the poleward along-shelf flow down the Nin-
galoo Peninsula during EXP2. The momentum budget analysis
showed that this also coincided with an abrupt increase in the
poleward along-shelf pressure gradient at the northern region of
the Ningaloo Peninsula near the North West Cape (see Section
4.3.2). Along most of the coast, the pressure gradient force was
primarily balanced by the Coriolis force (�1�10�6 m s�2) and
the wind stress (�0.5�10�6 m s�2), and only weakly offset by
bottom friction that was stronger on the southern Ningaloo shelf.

There have been a number of studies focusing on the LC dy-
namics far south of the present study region (i.e., at �30–34oS)
(e.g. Feng et al., 2003). The most extensive field study of the LC to
date is the work by Smith et al. (1991) (the 1986–1987 Leeuwin
Current Interdisciplinary Experiment), which included some
mooring observations at five along-shelf locations between 22–
35°S. At their most northern observation site on the 100 m isobath,
located �40 km south of Point Cloates, they observed a consistent
and strong LC that never reversed, that was on average
�0.2 m s�1 throughout the year. We note that these observations
were taken 15 m above the bottom, so the depth-averaged flow
could have been even stronger. Results of our study showed the
along-shelf flow evolved from nearly zero (�0.05 m s�1) at the
NW Cape in the north to �0.2 m s�1 in the south at S100 along
this relatively short section of coast. Collectively, these results
suggest that the persistent poleward flow that defines the LC lar-
gely formed along the �100 km long Ningaloo Peninsula during
this spring–summer study period. These results are also consistent
with the results from Lowe et al. (2012) that suggested much of
the LC observed south of the NW Cape is sourced offshore (west of
the Ningaloo Peninsula) with the remainder supplied from the
North West Shelf. The results are consistent with the ship ob-
servations of Weller et al,. (2011) during autumn–winter, which
also suggested the LC was consolidated south of NW Cape by
distinct geostrophic inflows sourced offshore at various latitudes
along the west Australia coast.

5.2. Onshore geostrophic flow

There are two possible explanations for the observed increase
of the along-shelf flow down the Ningaloo coast during EXP2:
(1) the persistent along-shelf pressure gradient force drove on-
shore geostrophic transport, in turn resulting in a cumulative in-
crease in the poleward transport down the Ningaloo Peninsula
and/or (2) along-shelf bathymetric variations (i.e., a narrowing of
the width of the shelf from north to south) led to an convergence
of the along-shelf flow. We found a maximal flow increase at
N100, coinciding with one of the narrower sections of the con-
tinental shelf. However, even with a subsequent gradual widening
shelf section from N100 to S100, which would presumably
contribute to reduction of the flow, we still observed similar
along-shelf flow acceleration between these sites. Thus the former
mechanism (onshore geostrophic flow) appears to be more im-
portant, which we now discuss.

Given that the surface elevation variations make a negligible
contribution to the shelf water mass balance over seasonal time-
scales, mass conservation on the shelf requires:
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Using the velocity observations, the observed strengthening of the
depth-integrated along-shelf current from transect F to A requires
an average of ∼1.5 m2 s�1 of onshore transport along the 100 m
isobath of Ningaloo shelf (or equivalently �1.5 cm s�1 depth-
averaged onshore flow). This onshore flow also varies spatially
between individual sites along the shelf (ranging from �1.6 to
0.3 m2 s�1 at the sites shown in Table 4), with an estimated
maximum onshore flow at N100 and a negligible cross-shelf flow
at M4 near the NW Cape. This inferred onshore transport is
comparable to the experiment-averaged cross-shelf transport that
was directly observed (Table 6). The presence of the along-shelf
pressure gradient force (Section 4.3.2) along the isobaths thus
breaks the normal geostrophic balance perpendicular to the
isobaths (i.e., the Taylor–Proudman theorem), resulting in an
onshore geostrophic transport that was indeed the most likely
mechanism driving the observed poleward strengthening of the
along-shelf flow. Although the response of the wind-driven cross-
shelf Ekman transport showed no significant along-shelf variabil-
ity, the total cross-shelf transport in the surface Ekman layer was
influenced by the spatially-variable onshore geostrophic flow
along this section of coast, especially at sites such as N100 where
there was stronger onshore flow.

5.3. Two dynamic forcing regimes

The observations suggest that during the spring and summer,
two primary cross-shelf circulation patterns occur on the Ningaloo
shelf: 1) a coastal upwelling scenario, driven by the along-shelf
wind stress, with an onshore return flow predominantly from the
interior of the water column (Fig. 14a); and 2) a coastal down-
welling scenario with a strong offshore flow in the near-bottom
region (Fig. 14b).

Upwelling occurred when the equatorward wind stress was
strong enough to overcome the opposing poleward pressure gra-
dient near the surface (typically in the upper �50 m of the water
column) (Fig. 14a). We observed a weaker wind-driven equator-
ward flow on the southern shelf region of the Ningaloo Peninsula,
likely resulting from the topographic obstruction of Point Cloates.
This agrees with previous work that suggested much of the wind-
driven flow generated south of the Ningaloo Peninsula is
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Fig. 14. Schematic diagram showing the two observed dynamic scenarios of the shelf circulation: (a) a coastal upwelling scenario and (b) a coastal downwelling scenario.
The red arrows denote the cross-shelf flow profile associated with the poleward along-shelf pressure gradient. The blue arrows denote the predominantly equatorward, but
transient, along-shelf wind stresses and the associated cross-shelf flow profile. The purple arrows denote the net along-shelf flow profile resulting from an along-shore wind
and pressure gradient. The horizontal dashed lines denote the heights of the surface and bottom boundary layers. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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recirculated offshore (Woo et al., 2005). The weakening of the
along-shelf pressure gradient near the North West Cape, further
contributed to a stronger wind-driven along-shelf flow in the
north (see Fig. 14a, purple arrows). In the cross-shelf direction, the
upwelling favorable wind (usually 40.05 N s�2) generated a
wind-driven coastal upwelling profile (blue arrows in Fig. 14a). The
along-shelf pressure gradient introduced a net onshore geos-
trophic transport throughout the water column (red arrows in
Fig. 14a) that was superimposed on the Ekman transport, coun-
tering much of the surface Ekman transport (Marchesiello and
Estrade, 2010; Rossi et al., 2013b). For a typical upwelling event
(for example, 0.06 N s�2), this geostrophic transport can on aver-
age reduce the offshore wind-driven cross-shelf transport in the
surface boundary layer by �30%.

In the absence of an upwelling-favorable wind, the poleward
shelf flow was dominantly driven by the pressure-gradient force
leading to coastal downwelling (Fig. 14b). The along-shelf flow
accelerated towards the south due to an increase in the along-shelf
pressure gradient (see Fig. 14b, purple arrows). The strength of the
onshore geostrophic flow varied along the coast (red arrows).
These downwelling periods were primarily observed prior to
October, when stratification and the along-shelf winds were both
weaker. During these downwelling periods we observed strong
offshore-directed bottom boundary flows that resulted from sig-
nificant along-shelf bottom stresses, consistent with the estab-
lishment of Ekman transport in the bottom boundary layer. The
bottom cross-shelf transports were reasonably predicted by bot-
tom Ekman theory during downwelling events.

Although these two forcing regimes, characterize the dominant
momentum balances and flow structure on the Ningaoo shelf
during our study periods, on occasion these dynamics can also be
altered by other transient ocean processes, especially mesoscale
eddies that encroach on the coast, which we now discuss.

5.4. Influence of mesoscale eddies

While variability in the shelf circulation is typically controlled
by the balance between large-scale forcing provided by the wind
and the regional pressure gradient, mesoscale eddies (length scale
of order 10–100 km) encroaching onto the Ningaloo shelf can also
episodically alter these dynamics, leading to what we refer to as
anomalous flows. During the present study, two major (but not



Fig. 15. Two snapshot images of satellite Sea Surface Temperature (SST) from IMOS ocean current (http://oceancurrent.imos.org.au/). (a) An anti-cyclonic eddy (symboled ‘þ ’

as a warm core eddy) centered on 17 Nov 2009; and (b) a cyclonic eddy (symboled ‘� ’ as a cold core eddy) on 25 Oct 2010. (c, d) The corresponding cross-shelf velocity
profile time series at the (c) M4 mooring (denoted by the red dot in (a)) and at (d) the N100 mooring (denoted by the red dot in (b)) for the time surrounding these periods.
In (c, d), positive velocities are directed offshore. Note that above (c, d), the corresponding wind vectors are included.
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exclusive) examples of these events include: 1) a period during
15–21 Nov 2009 when an unusually strong offshore flow in surface
layer occurred (i.e., much stronger than Ekman theory predicted),
despite the wind reaching similar speeds as other upwelling
events (see Figs. 6a and 15c); 2) a period during 18–25 Oct 2010
when the surface flow was onshore-directed, despite winds being
upwelling-favorable at this time (see Figs. 7a and 15d). The pre-
sence of mesoscale eddies (highlighted in Fig. 15a and b) appear to
be the primary cause of both of these anomalous cross-shelf flows.
Thus, during the first event, an anti-cyclonic (counter-clockwise)
eddy locally enhances the offshore surface transport, whereas
during the second event a cyclonic (clockwise) eddy instead sup-
presses the offshore surface transport. The momentum analysis in
Fig. 13 shows that the particularly strong onshore transport during
the Oct 2010 period indeed resulted from a rapid local increase in
along-shelf pressure gradient force due to this mesoscale eddy. In
general, it appears that the locally strong forcing induced by these
mesoscale eddies is a regular occurrence on the Ningaloo shelf,
further complicating the coastal upwelling response in this region
relative to what is usually observed in most other eastern
boundary upwelling systems. The present mooring observations
are thus consistent with those reported by Rossi et al. (2013a),
who found the cross-shelf flow structure along the Ningaloo Pe-
ninsula to be strongly influenced by a pair of eddies within a ship-
based current profile transect (see Fig. 7 in that paper).
5.5. Buoyancy arrest effect

In a stratified water column, cross-shelf flow within the bottom
boundary layer can locally strengthen the density gradient, in turn,
leading to a buoyancy-induced arrest of the boundary layer flow
(Brink, 2012; Chapman and Lentz, 1997). The impacts of buoyancy
effects on coastal upwelling and downwelling responses are quite
different (Brink, 2012). For upwelling, the cross isobath flow on the
Ningaloo shelf will be shut down after a short adjustment time ({1
day, based on the arguments of Brink and Lentz (2010)) and hence
allowing only a small horizontal excursion length up the slope
(o5 km, based on theory by Brink (2012)). Thus, a geostrophic final
state can form in the bottom boundary layer (Brink, 2012). The off-
shore surface Ekman transport is thus supplied by an onshore interior
flow, with no contribution from the bottom boundary layer. Such an
onshore-directed interior flow was consistently observed in our cross-
shelf current profile data, in agreement with this scenario. During
periods of downwelling, the downslope flow destabilizes the bottom
boundary layer and, in most cases, thickens and weakens the strati-
fication in this layer (�20m on the Ningaloo shelf, based on the ar-
guments of Brink and Lentz (2010)). These responses are also con-
sistent with our observations (see Fig. 12), where periods of weak
stratification and large bottom friction are associated with substantial
offshore transport in the bottom boundary layer. Overall, it appears the
Ningaloo shelf region provides an extreme example of buoyancy arrest
on the cross-shelf circulation, with local Burger numbers generally
being very high (42) compared to values found in most other up-
welling studies (see Brink and Lentz (2010)).

http://oceancurrent.imos.org.au/


J. Xu et al. / Continental Shelf Research 95 (2015) 54–7372
6. Conclusions

In this study we assessed both the spatial and temporal varia-
bility of the shelf dynamics along the �100 km long Ningaloo
Peninsula during the austral spring and summer using observa-
tions from two field experiments.

During upwelling-favorable winds, the cross-shelf surface
transport (after removing the interior geostrophic flow) was well
predicted by Ekman theory, despite the very transient forcing and
the occurrence of the persistent opposing along-shelf pressure
gradient force. However, the onshore transport within the bottom
boundary layer during these upwelling events was significantly
smaller than the observed surface Ekman transport. This apparent
mass transport imbalance can be explained by the contribution
from onshore geostrophic flow. Upwelling occurred throughout
both study periods in response to wind events, but was most
prevalent after October. However, as the stratification increased
through October, it tended to suppress the onshore transport
within the bottom boundary layer, causing the onshore flow to
occur increasingly within the interior of the water column. (Brink
and Lentz, 2010; Lentz, 2001; Lentz and Chapman, 2004). The field
observations, in particular those during September, also showed
periods of strong poleward flow driven by the along-shelf pressure
gradient, leading to strong offshore bottom boundary layer Ekman
transport. Despite the prevalence of these coastal upwelling and
downwelling flow regimes, mesoscale eddies impinging on the
shelf also substantially modulated the local pressure gradient fields
at times, resulting in anomalous flows that could not be explained
by either the wind forcing or regional geostrophic dynamics.

Spatially, the observed along-shelf flows were well-correlated
over the entire length of the Ningaloo Peninsula. But both the
magnitude and vertical structure of the along-shelf flow differed,
with the depth-averaged poleward flow on average accelerating by
a factor of �3 along the 100 isobath. Most of this flow enhance-
ment occurred within the upper portion of the water column. The
poleward along-shelf pressure gradient increased down the Nin-
galoo Peninsula, and was associated with an onshore geostrophic
transport that accelerated the poleward flow down the coast.
These results support the notion that the LC forms along the
Ningaloo Peninsula during the spring and summer seasons. Fur-
ther studies are needed to confirm whether the dynamics on the
Ningaloo shelf are similar during other seasons, specifically during
the autumn–winter when the LC transport is known to be at its
maximum further south.
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