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Abstract

This paper examines the on-shelf circulation ofgastern Australian continental shelf for a
region off southeast Queensland. We identify aattaristic seasonally reoccurring wind-
driven cyclonic flow. It influences the cross-sheichange with the East Australian Current
(EAC), which is the western boundary current of 8ueith Pacific Ocean. We refer to this
cyclonic circulation as the Fraser Gyre. It is kechsouth of Fraser Island between about
25°S and 27S. The region is adjacent to the intensificationezof the EAC where the
current accelerates and establishes a swift, adbagonally variable southward boundary
flow. Through the analysis of several data setkiding remotely sensed sea surface
temperature and sea surface height anomaly, satieticked surface drifters, ocean and
atmospheric reanalysis data as well as geostrapinrents from altimetry, we find that the
on-shelf Fraser Gyre develops during the southemisphere autumn and winter months.
The gyre is associated with a longshore near-cuatiiward flow. Maximum northward on-
shelf depth averaged velocities are estimated atithut 0.15 — 0.26 rits The flow turns
eastward just to the south of Fraser Island ansjthe persistent southward EAC flow along
the shelf break. The annual mean net cross-sheifasd and inward flow associated with the
gyre is about -1.17 + 0.23 Sv in the north and @ 2313 Sv (1 Sv 20° m%sY) in the south.
Mean seasonal water renewal time scales of thengorél shelf are longest during austral
winter with an average of about 3.3 days due td-tlaser Gyre retaining water over the
shelf, however, monthly estimates range from 2 days with the longer timescale during
the austral autumn and winter. The southerly windnd) austral autumn and winter is
identified as controlling the on shelf circulatiand is the principal driver of the seasonally

appearing Fraser Gyre. The conceptual model ofthser Gyre is consistent with general



10

11

12

physical principals of the coastal shelf circulatid southerly wind is associated with
surface layer flow toward the coast, a near coasitige SSHa with a current in the direction
of the wind, down-welling and export of shelf watéhe Fraser Gyre influenced cross-shelf
exchanges are possibly facilitating the offshoaasport of fish larvae, sediments, nutrients,
river discharges, and other properties acrosshék lsreak and into the southward flowing

EAC during the austral autumn and winter.

Key words: Fraser Gyre; East Australian Currergidence time scale; geostrophic current;

cross-shelf transport
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1 Introduction

Western Boundary Currents (WBCs) influence theutation, renewal and the productivity
of coastal shelf waters and often present a batra&rlimits the exchange between shelf and
ocean water. Cross-shelf exchange processes piaypantant and prevailing role in coastal
shelf ecology, marine species abundance and diitig shelf water renewal and are the
primary conduit for the continental shelf to imparnd export sediments, nutrients, plankton,
fish larvae, and other ocean properties (Brink,&0Recent studies of WBC and shelf water
interactions through cross-shelf exchanges inclbdse by Matano et al. (2010) for the
Brazil Current, Goschen et al (2015) for the AgslRarrent, Zhang and Gawarkiewicz
(2015) for the Gulf Stream, and Wang and Oey (2@d6)he Kuroshio Current. Schaeffer et
al. (2013) and Schiller el al. (2015) provide ifgigto the current-shelf interactions for the

East Australian Current (EAC), the WBC currenthsd South Pacific Gyre.

The majority of past studies investigating the Ef@€used on the south-eastern region of the
Australian continental shelf off New South WalesSiM) and to the south of about 28 (see
Suthers et al. 2011 for a review). For example, et al. (1988) studied cross-shelf
transports and exchanges with the EAC finding thetdominant onshore transport occurred
concurrently with a persistent inner-shelf northaveounter current. This northward flow
along the coastal side of the EAC was later docueteby Holloway et al. (1992), Cresswell
(1994), Gibbs et al. (1997), Gibbs et al. (1998hS et al. (2000), Roughan and Middleton
(2004), Roughan et al. (2011), Schaeffer et alLl820Rossi et al. (2014) and Macdonald et
al. (2016). For this region, it was found that ginevailing wind direction, the intrusion of the
EAC meanders, and the intermittent presence oboycihear-coast mesoscale eddies were

linked to the northward flow, which, it was arguadl,contributed to the formation of the
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northward on-shelf circulation. This flow impacts the biological settings of the shelf
region. For example, the study of larval fish adsiages by Gray and Miskiewicz (2000)
documented the cross-shelf movement of demerselespigom the outer shelf toward the
coast during the austral autumn and winter. Armitiretal. (2014) linked cross-shelf
onshore transports to a persistent shift of neastgohytoplankton communities. The lack of
similar studies for the EAC intensification zoné futheast Queensland, a region where the
eastern Australian continental shelf is at its wtdenotivated the investigation that is
presented in this paper. We refer to this regiothasSoutheast Queensland Marine Coastal

Zone (SEQMC2Z) (Fig. 1).

In this paper, the SEQMCZ is defined as the coastalf ocean between 25 to 27S and it
extends eastward to the 150 m isobath. The widtheoéastern Australian continental shelf
ranges from about 22 km to 43 km in this regioe,nibrth to south extent is 220 km, the
mean depth is 63 m and the region occupies abBut10' m? of the continental shelf off
southeast Queensland. The climate is subtropi¢alwaximum rainfall during the austral
spring and summer (e.g. Ribbe 2014). Hervey Baytusmted in the north (Fig. 1) and
Moreton Island to the east of Brisbane near théhgwn boundary of the region. The location
of the eastern boundary coincides with the apprat@mvestern climatological mean position
of the EAC as derived from the climatological S&Ig( 1). In this region, the EAC
intensifies with the strongest flow occurring dgriaustral spring and summer (Ridgway &
Godfrey 1997). The SEQCMZ is adjacent to the EA€naification zone, which extends

from about 23S to 3£S (Ridgway & Dunn 2003).
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Fig. 1. Representation of the mean S8T)(and surface geostrophic current vectors in the
vicinity of the SEQMCZ waters for the period 199312. The geographic locations as well
as the 20 m (dotted), 150 m (solid), and 1000 rsidd) isobath are shown. The red and

magenta lines correspond to the time series ofimeltransports shown in Fig. 7.

Early insight into the shelf circulation of thiggien was gained from drifter experiments
conducted by (Woodhead 1970). From a Septembeteb®cl1966 survey, Woodhead
(1970) evaluated the trajectory of recovered dsfnd found a westward surface circulation
with drifters stranded to the south of Fraser Idlarhe first ever ship ADCP current
measurements off Double Island Point (Fig. 1, Madiolh et. al. 1994) documented a cyclonic
circulation pattern extending across the northegian of the shelf. Furthermore, Middleton
et al. (1994) suggested that sporadic upwellinghesviem the region are generated by the

EAC'’s bottom boundary layer current stress. Thimast intense from about September to
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March when the EAC is strongest and closely folltmescontinental slope. This was
subsequently demonstrated to be the case by Beieala (2015) who identified the EAC
driven Southeast Fraser Island Upwelling Systeth@mnorthern region of the SEQMCZ
from the analysis of remotely sensed sea surfaloeaghyll-a concentrations. Brieva et al.
(2015) provided insight into the coastal ocean @sses that contributed to maintaining an
important ecological and marine biodiverse regiod @entified bottom boundary layer
Ekman stress as a primary driver of upwelling. Wetrell. (2003) documented the SEQMCZ
as an important spawning region for temperatedpties and postulated that cross-shelf
exchanges with the EAC are possibly important hereéastern Australian fisheries species.
The cross-shelf exchanges drive larvae away freanS8QMCZ and into the southward flow
of the EAC. Thus a better understanding of the jglhy®ceanography of this region would
provide valuable information to underpin marineotgse management whilst also
contributing to an improved understanding of simsdlhelf processes operating in other WBC

regions.

This paper aims to document the existence and staéan of the SEQMCZ shelf circulation.
We (1) identify a characteristic seasonally reappgacyclonic flow pattern referred to as the
Fraser Gyre, (2) quantify associated long-shorecaoss-shelf volume transports, (3)
estimate shelf water renewal time scales and {#sitigate the contribution made by winds
in driving the Fraser Gyre. The study focuses entlean state of the shelf-circulation and
expands on the work by Ribbe and Brieva (2016)s Tdtused on the short-term variability
of the circulation and found that the region isrelaterised by the highest number of short-
lived (life-time < 28 days) cyclonic eddies obsehatong the east Australian coast. Data
from several independent sources are analysechahaie remotely-tracked drifter

observations, sea surface height anomalies (S$Ea3trophic currents and ocean reanalysis
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model data. Our paper is the first that documdmgsctimatological mean state of a
seasonally reoccurring cyclonic coastal circulafamnthis part of the Australian continental
shelf. It is characterised by a near-shore nortdwargshore flow during austral autumn and
winter and southward flow near the shelf break,chfastablishes a seasonal gyre referred to
as the Fraser Gyre. The gyre is wedged betweeBARrin the east and the western
coastline. A similar on-shelf circulation featurasfound to exist off the coast of NSW (e.g
Huyer et al. 1988). We identify the seasonally wagysoutherly winds as the main driver of

the gyre.

2 Dataand Methodology

2.1 Data

A combination of satellite-tracked surface driftdaservations, remotely-sensed estimates of
SSHa, surface geostrophic currents, meteorologltsérvations, tide gauge data, and output
from ocean reanalysis is used to investigate tteallation of the SEQMCZ. This data is used
to quantify the exchange with the open ocean anttermine water renewal time scales.
Remotely sensed and ocean reanalysis data witls fmcthe SEQMCZ was previously
described in detail and applied in studies by Brietal. (2015) and Ribbe & Brieva (2016).
The remotely sensed data and derived propertidsdimg surface geostrophic currents are
sourced from the Integrated Marine Observing Syt&f@®S). This is a national
collaborative research infrastructure that is suigabby the Australian Government (IMOS
2016). IMOS data may be accessed via the Austr@l@an Data Network (AODN,

https://portal.aodn.org.au).
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2.1.1 Satdllite-tracked surfacedrifters

Early studies that involved satellite-tracked scefalrifter deployments in the EAC system
date back to the late 1970s. These initial studiesed to describe the formation and
evolution of warm-core eddies (Nilsson & CresswiB0). This early research identified
instabilities within the EAC and showed the domicerof geostrophic turbulence in the
Tasman Sea (Brassington et al. 2011). For the pretedy, the drifter data were obtained for
the period February 1991 to July 2015. These drifeployments were undertaken as part of
the Global Drifter Program (GDP), which is a cdmiion to the Global Ocean Observing
System. The drifter datasets included informationlacation, period of coverage, tracked
distance, and mean velocity and were processea@ahd/ed by the Atlantic Oceanographic
and Meteorological Laboratory (AOML), Marine Envimoental Data Services (MEDS). The

data archive was accessed via http://www.aoml.goa#envids/data_available.php.

A total of 73 satellite-tracked surface drifters revedeployed within or drifted into the
proximity of the SEQMCZ between 182 - 154.5°E and 25'S- 27.5°S. 14 drifters entered
the SEQMCZ. For the purpose of this study, driftdérat moved into the SEQMCZ but
continued to drift southward are labelled in chidogaal order with A, B and D, those that
stranded in the shallow waters of the SEQMCZ abellad C, E, F, and G, and those that
turned northward following the coastline and redgiate within the SEQMCZ are identified
as H, I, J, K, L, M, N. Five of the recirculatedfthrs also stranded in the zone and only
drifters J and L exited in the south. The tempa@lerage and ID of the 14 drifters that
passed the shelf-break is summarised in Table itteBronly recirculated during the austral
autumn and winter, while during spring and summaefteds either continued to be

transported by the EAC southward or crossed thdf shea south-westerly direction,
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eventually stranding without recirculating. Thigarisport and fate of the drifters is further

discussed in Section 3.1.

The procedures used in preparing drifter data, iaitoun, and quality-control was outlined

by Hansen & Poulain (1996). The expected “slip” rea@ by surface winds on the surface

float is less than 0.02 fgelative to the water for wind velocities up to 8" (Youngs, et

al. 2015). In order to minimize the slip, the saddloat design is spherical with low tension

between the surface buoy and drogue (Niller, 198@¢. individual drifter pathways of all 73

drifters within the vicinity of the SEQMCZ are pegged in Figs. 2a and 2b, and those that

crossed the shelf break are shown in Figs. 2c dnd 2

Tablel

Mean speed and displacement of drifters withinSEQMCZ.

Drifter

Period within the

|D* L abel SEQMCZ Vv (ms™) **D (m) Comment
- 7711956 A 20/11 - 22/11/94 1.94 86847.26 Driftiogthward
£ 9730664 B 11/10 -13/10/00 0.88 156579.85 Drifting southward
S 30307 C 27/02 - 2/3/03 0.35 64631.23 Stranded
(3 23149 D 26/10 - 31/10/03 0.59 92460.90 Drifting southward
=2 60317 E 19/11 to 24/11/06 0.32 117418.19 Stranded
;%_ 21618 F 4/10 to 15/10/08 0.27 189833.09 Stranded
60229 G 6/1 to 9/1/10 0.66 44097.82 Stranded
7711896 H 27/2 to 20/3/91 0.12 205486.25 Recirculate and stranded
. 21720 | 9/5 to 20/5/06 0.23 113479.90 Recirculate and stranded
g T 44318 J 28/7 to 15/8/06 0.34 64112.55 Recirculate
3£ 63144 K 31/5 to 25/6/08 0.17 94094.74 Recirculate and stranded
2 2 62931 L 23/7 to 31/7/08 0.43 27371.89 Recirculate
62933 M 13/5 to 23/5/09 0.42 116488.43 Recirculate and stranded
101759 N 12/5 to 15/6/13 0.11 83255.04 Recirculate and stranded

Note: *Drifter ID sourced from ftp://ftp.aoml.noamv/pub/phod/buoydata/; **D is the total distanke drifter
was tracked which included time spend outside th@8CZ.

10
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2.1.2 SeaSurface Temperature

Daily sea surface temperature (SST) from the Advanceg Magh Resolution Radiometer
(AVHRR) was provided by IMOS (2016) with spatiasodution of 0.02 for the period 1993
to 2012. The data was previously applied by Brietval. (2015) to identify and describe the

Southeast Fraser Island Upwelling System.

2.1.3 SSHa, surface geostrophic current, and tide gauge data

Gridded SSHa and surface geostrophic currentsyatefrom altimeter data, was available
with a spatial resolution (?2for the period 1993 to 2012; for every second dail
December 31, 2010 and daily thereafter (IMOS 20A@)available daily data was used to
generate monthly averages which are analysed furiitdis study. The SSHa were obtained
from the ground-tracks of several satellite altimeanissions including Jason-1, Jason-2,
Cryosat-2, SARAL, HY2-A, and Envisat and mergedhwilie along-coast interpolated tide-
gauge data throughout the Australian region to aw@mear-coast accuracy of SSHa (Deng

et al. 2011).

We utilise the SSHa and investigate the surfaceulgtion variability over the SEQMCZ

since SSHa is an indicator of surface layer citomtachanges (Cheng et al. 2013). The
surface geostrophic currents were calculated fr@hl&through the geostrophic equations
and using the mean surface velocities obtained tt@rOcean Forecasting Australian Model
version 3. For a detailed description of this maad computation of the geostrophic current

see IMOS (2016). This geostrophic velocity data wsed previously e.g. by Mao & Luick

11
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(2014) to investigate the circulation of the south&reat Barrier Reef in comparison and
discussion of local high frequency radar surfageetu measurements. SSHa anomalies were

previously used and applied by Ribbe & Brieva (20h6n eddy census of the EAC region.

The delayed time mode SSHa products is used inwtbik as this data has optimal spatial
and temporal sampling, and has higher precision tiear-real time data (Ruiz Etcheverry et
al. 2016). The inclusion of continuous samplingtiole gauges rectified the satellite-based
output and improved estimations of geostrophicents over the shelf (IMOS 2016). In this
paper, the tide gauge station located near Modbaost 26.68S and 153.1°LE (see Fig. 1)

is also used to both compare with the altimetry &S¥thin the larger SEQMCZ and to
document near coast changes reflecting the on-stietfulation patterns. Historical
Mooloolaba tide data is sourced from the Nationalall Unit — Bureau of Meteorology of
Australia (http://www.bom.gov.au). The tide-gauglettived SSHa was available as monthly-

averaged data from 1993 to 2012.

2.1.4 Ocean reanalysisdata

Monthly data from Bluelink Reanalysis version 3BRAN3p5) for the period 1993 to 2012
is used to explore the three-dimensional charatiesiand variability of the circulation in the
SEQMCZ. The data product resulted from a multi-yiegggration of the Ocean Forecasting
Model version 3 (OFAM3) that assimilated observagiancluding altimetry, SST, Argo

temperature and salinity using the Bluelink OceataDAssimilation System (BODAS) (see
for details Oke et al. 2008; Oke et al. 2013a). ®BAs a near-global configuration of the

Modular Ocean Model version 4.1 with a horizontad®al resolution of about 10 km in the

12
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Australian-Asian region, abouf Across the Indian and Pacific Ocean ahth2he Atlantic
Ocean (Griffies et al. 2004). Details of the BRANS3podel configuration, data assimilation

system, and evaluation were summarised by Oke €Gi3Db).

BRAN3p5 and previous versions were employed foresdvoceanographic studies in the
Australian waters. Schiller et al. (2008) used ttaga when estimating the volume transports
associated with key ocean circulation featureshefAsian-Australian region, while Oke &
Griffin (2011) studied the formation of a cold-coeeldy off NSW. Wang et al. (2013)
investigated the seasonal variability of the EAQI dwverett et al. (2014) studied EAC
induced current-driven upwelling off NSW. He et @015) determined the strength of the
South China Sea throughflow. The recent studieBrimva et al. (2015) and Ribbe & Brieva
(2016) employed BRAN3p5 data to investigate oceamlation characteristics off southeast
Queensland, identified current driven upwellingaagriver of an ecological hotspot (Brieva
et al. 2015), and quantified short-term variabilitgm an eddy census of the EAC region
(Ribbe & Brieva 2016). Overall, these studies fotimat BRAN3p5 realistically represented

the observed time-varying regional coastal oceamulgtion.

2.2 Methodologies

In the following sections, we describe the methasisd to quantify cross- and long-shelf

flows, water renewal time scales, and compute winesses.

13
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Cross- and long-shelf volume transports within$QMCZ are estimated by vertically
integrating along and cross-shelf BRAN3p5 velosi{igee Fig. 1 for domain boundaries) at

every grid point from the surface to the bottormgsie following equations ((Zhou et al.

2014):

yinward (g) = [** ["*(u xn) dz dl when @ * n) > 0 (1a)
youtward (t) = sz12 flllz(u *n) dz dl when {1 * n) <0 (1b)
yinward () = sz12 flllz(v *n)dz dl when ¢ xn) >0 (1c)
poutward (¢) — fzzlz flllz(v *n)dz dl when ¢ * n) <0 (1d)

yinward/outward ) gnd correspondingmwaerd/outward 1y gre yolume transports at a
particular timet integrated between the depth levelsandz2 across the shelf break and
longitudinal lines respectively (v ) (ms?) is the zonal (meridional) velocity at each
BRANS3p5 grid pointz (m) is water depth; | is the length (m) of theteas shelf boundary
(see Fig. 1)n is the unit vector and refers to the shelf di@ctiPositive (negative) values
indicate on-shelf (off-shelf) flows that are alsdarred to as inward (outward) volume
transports. Seasonal mean values for cross- agesloelf volume transports as well as
annual net-volume transports are summarised ineTabind time series of time varying

volume transports are shown in Fig. 7.

14
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2.2.2 Residence Timescale

The shelf water residence time definition used herC(1996) is adopted to quantify the
timescale associated with the water exchange iSE@MCZ. This characteristic timescale
is calculated by dividing the total volume of watesiding on the shelf by the inward volume
flux for the region estimated using above Equafiarand 1c. The residence time or flushing
time scale is used to characterise the dynamiskelf waters and is often used for marine
resource management purposes. The approximatevatizt content or volume of the
SEQMC?Z is estimated with about 7.8&"" m® using the bathymetry data from the National
Center for Environmental Information, National Oeieaand Atmospheric Administration,
U.S. Department of Commerce (Amante & Eakins 2009;

https://www.ngdc.noaa.gov/mga/global/) and the &bi@obath as the eastern boundary.

2.2.3 Wind Stress

Wind stress has been found to be the main driverass-shelf exchanges along the southeast
coast off NSW, Australia (e.g. Schaeffer et al.20A similar analysis is provided in this
paper with the sea surface wind stragsiérived from the following formula (e.g. Trenbert

et al. 1990):

Tx = PairCaltw UGy + 15 (2a)
Ty = PairCaVw+/ uf + vy (2b)

15



10

11
12

13

14

15

16

17

18

19

20

21

22
23

24

u,, andv,, are the zonal and meridional wind velocity compasgeny;, is the surface air

density (assumed to be constant with 1.3 kg) mnd C, is the dimensionless wind drag
coefficient which depends on the wind speed asddfby Trenberth et al. (1990). The wind
data was extracted from the ERA-Interim of the paan Centre for Medium-Range

Weather Forecast (ECMWF) reanalysis products availat_http://apps.ecmwf.int/datasets/.

The ERA-Interim wind data has a spatial resolut®0.75 x 0.75 and was available for the
period 1993 to 2012. The details of model and atsion system used to produce ERA-

Interim data can be found in Dee et al. (2011).

3 Resaults

The mean annual and seasonal circulation patténhe SEQMCZ are presented in the
following sections. These results identify and pdevan understanding of the Fraser Gyre
and its seasonal variability. Results are derivethfseveral independent data sources
including tracked surface drifters (Section 3.1ijieetry derived geostrophic surface currents
(Section 3.2) and ocean reanalysis BRAN3p5 dateti(®e3.3). Along-shelf and cross-shelf
volume transports and associated water renewastgo@les are quantified and summarised
in Section 3.4 and Section 3.5 respectively. Resuksented in Section 3.6 relate to the

principal forcing process of the Fraser Gyre.

3.1 Evidence of the Fraser Gyrefrom surfacedrifters

Surface drifter pathways and velocities are analysadentify the existence of the Fraser

Gyre (Fig. 2). For all 73 drifters located withimetvicinity of SEQMCZ, individual tracks for

16
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austral spring to summer (September-February) aattad autumn to winter (March-July)
are shown in Fig. 2a and 2b. The trajectories al@-coded to denote each drifter track for
spring (pink), summer (red), autumn (orange), amdewx (blue). The trajectories provide a
Lagrangian view of both cyclonic circulation patten the SEQMCZ and the southward flow
of the EAC. Trajectories indicative of circulatibeatures such as mesoscale eddies and
current meanders are evident in the tracks fourd the shelf and in the vicinity of the shelf-
break. The trajectories reveal a dominant cyclseimi-circular flow, inducing inward
(coastward) cross-shelf transport that appearsitiogpily occur during the austral autumn to
winter. The inward drifters follow a northerly patay indicative of a northward alongshore
current. This cyclonic movement of the driftersiisilar to that observed by Woodhead
(1970). Furthermore, the trajectories elucidatantyethe seasonal variability of the
circulation within the SEQMCZ with no recirculatinigifter found during austral spring and

summer.

It is evident (Fig. 2a and 2b) that the majoritytloé 73 tracked drifters moved in a southward
to south-westward direction and toward the shedfiky but did not enter the SEQMCZ and
were restrained within the EAC jet. The drifterstead followed a southern pathway
alongside the shelf-break to the south df @{Fig. 2a and 2b). The presence of a strong
southward EAC flow appears to act like a partiatiega, which prevented the cross-shelf
movement of most drifters. Such barrier flow ch&ggstic is consistent with previous
studies conducted in waters of south-eastern Ais{eg. Condie et al. 2011; Roughan et al.
2011; Suthers et al. 2011). A total of 14 driftendered and crossed the shelf, seven drifters
during austral spring to summer (A, B, C, D, EGFhown in Fig. 2¢) and seven during

austral autumn to winter (H, 1, J, K, L, M, N shownFig. 2d). Some of these drifters
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recirculated and eventually stranded further ndrtirese pathways are indicative of an

inward cross-shelf and long-shore transport pattern

25°S

—1

-

Yy o
26°S 4 ! 26°S ‘ ‘ é

Fig. 2. Seasonal composite of all seventy-three drifegettories in the vicinity of the
SEQMCZ during the austral (a) spring to summer (@y@utumn to winter, and velocities of

the 14 drifters that entered the SEQMCZ in (c)rggisummer and (d) autumn-winter.
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Trajectories are colour coded: spring (magentapmser (red), autumn (orange) and winter
(blue). The 20m (dotted line), 150m (solid lineda@®00m (dash/dot line) isobaths are
shown in grey. Letters in the lower panels represenindividual drifters reported in Table
1. Triangle indicates the end-position for strandefiers. Only one drifter (F) is released in
the domain. Note that drifter J leaves the donmaitné southeast, enters the domain again
further in the north at about 26Band then follows a cyclonic pathway within the
SECQMZ. Drifter L enters the region from the easiq its pathway partially overlap with

that of drifter J (see Fig. 5).

The seasonal composites of near-surface velocayflaw direction for drifters that entered
the SEQMCZ are shown in Fig. 2c and 2d (see al®&teTH. The velocity field pattern for
the austral spring to summer and autumn to wintéerd significantly. During the austral
spring to summer, all drifters followed a soutlstmthwest pathway and either travelled with
the main flow of the EAC (drifters A, B) exitingelregion of interest or crossed the shelf
break, entering the SEQMCZ, crossing the 20 m isoaad continued on a southern
pathway before stranding (drifters C, D, E, F, Gj)is pattern of trajectories contrasts with
that observed during the austral autumn to winteemwdrifters within the SEQMCZ

followed mostly cyclonic pathways with near-coastl morthward tracks (Fig. 2d). Velocities
for the on-shelf recirculating drifters (see Tab)aanged from 0.11 — 0.43 theluring the
autumn to winter period. The highest velocity of ahthe drifters is found to be about 1.94
ms* during November 1994 (see Table 1, drifter A).sTthiifter appears to be well
embedded within the southward flow of the EAC andry a period, when the EAC is
known to be most intense. The drifter’s velocityvighin the range of Suthers et al. (2011),
who reported EAC flows of up to 2 tsAll southward moving drifters reflect the higher

velocities associated with the EAC.
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From an analysis of the trajectories of recircalgurifters, it appears that these drifters
primarily entered the SEQMCZ between about Z6.8nd 27.%5 (Figs. 2d; H, I, J, L, M).
Thus, in the austral autumn and winter, the crbsettexchange is predominantly inward in
the southern portion of the SEQMCZ. The distribwitod the trajectories provides a proxy for
understanding the most likely mean water renewthvpay of the SEQMCZ. The preferential
region for the cross-shelf exchange implies thatahysical processes for the cross-shelf
variability and entrainment act along this parthaf shelf-break. During August 2006 and
July 2008, an anticyclonic eddy-like circulatiorstsown offshore of Moreton Island (Fig. 2d,
drifter J and L). Drifter J travelled southward anch eastward at about 27%in an
anticyclonic rotation and exiting the region ofdrgst. It re-joined the EAC flow further
north at about 26.%5 before being finally carried away along a cyatanajectory into the
SEQMCZ near about 27.25 °S. The offshore anticyclaw appears to be associated with
the separation point of the EAC as previously destrated (e.g. Ridgway & Dunn 2003;
CetinaHeredia et al. 2014; Macdonald et al. 2016). Thaaryc trajectory of drifter K is
characterised by the most northern displacemehimihe SEQMCZ and it stranded at the
northern end of Fraser Island. It was also on&vofdrifters (K, N) that were entrained in the
northern region of the SEQMCZ. The trajectoriebath drifters indicate the presence of on-
shelf eddies, initially trapping both drifters, beg progressing further in a cyclonic pattern

toward the north and stranding.

3.2 Evidence of the Fraser Gyrefrom surface geostrophic currents

The seasonally averaged surface geostrophic cardenived from SSHa for the period 1993-
2012 (Fig. 3) reveal an intense and persistenthsard flow of the EAC along the shelf

break. The apparent and direct influence of the BAGhe circulation of SEQMCZ is
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evident with the flow along the shelf break mostisected southward east of about 15383
during the austral spring and summer (Fig. 3a ah)dThis near-shelf break southward flow
weakens and is replaced by west to north westwawdduring austral autumn and winter,
particularly south of 26S (Fig. 3b and 3c). The overall flow pattern porsréhe seasonal
characteristics of a seasonal cyclonic circulainoompassing the SEQMCZ during the
austral autumn and winter (Fig. 3b and 3c) withippes SSHa near the coast. Furthermore,
the flow pattern suggests the presence of crodsfkive toward the coast near the shelf-edge
just to the north of Moreton Island (~23). The cross-shelf inshore flow, more evident in
austral autumn and winter, feeds into a northwangishore current, which follows the
coastline. Seasonally averaged maximum velocifiegodo 0.26 ms are obtained for the
northward current at 26 153.2°E during winter. Southward flows during australisgs

summer at this location are much smaller with alfol® mg.
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Fig. 3. A presentation of the seasonal mean geostrophiacgucurrents (mi§ and SSHa (m)
for the period 1993 — 2012. Arrows indicate curmmaignitude and directions. SSHa is

shaded in intervals of 0.02 m, with positive valirethe green to red range.

22



10

11

12

13

14

15

16

17

18

19

20

3.3 Evidenceof the Fraser Gyrefrom BRAN3p5 model

BRAN3p5 model data was found previously to be cgiesit with observations (e.g. Schiller
et al. 2008). Thus in the following, our analysisaocused on the seasonally varying flow
pattern within the SEQMCZ (Section 3.3.1). Thisoldowed by a comparison between

BRAN3p5 model and drifter data (Section 3.3.2).

3.3.1 Mean seasonal circulation from BRAN3p5

The mean seasonal climatology of depth-averagedlaiton for the SEQMCZ taken from
twenty years of BRAN3p5 reanalysis data is showhign 4. The strong southward flow of
the EAC is captured in BRAN3p5 data during all seas The general pattern of the surface
circulation agrees with that found for the SSHawaer surface geostrophic circulation (Fig.
3). During austral spring and summer, the dep#rayed mean flow is primarily southward
across the whole region, including the shelf. Hosveduring the austral autumn and winter,
the circulation rotates clockwise, broadly follogithe bathymetry, and displays clear
evidence of an on-shelf cyclonic gyre west of tB8 n isobath. The EAC flows continuous
to be evident to the east of the shelf. The nortkdaperaged circulation (not-shown)
indicates that the cyclonic flow during australlanh and winter is more pronounced in the

sub-surface layer.
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2 Fig. 4. Seasonal climatology of the depth-averaged mienlation (ms') of the SEQMCZ.

3  The locations of the 20 m (dotted), 150 m (solat)d 1000 m (dashed) isobaths are shown.
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A distinct feature of the inner-shelf circulatianthe presence of a northward longshore
current and a cross-shelf flow, toward the eagfténorth and toward the west in the south.
The mean maximum depth-averaged northward longestwrent is about 0.15 fhsDuring
the austral autumn and winter, the cross-shelf #ppears as an extension of the westward
veering EAC following the shelf-break curvatureabbut 153.7E, 26.5S. The main flow of
the EAC continues its southward flow beyond Z&5however, a westward branch
establishes the southern edge of a shelf-enconmgasgtlonic circulation associated here
with the Fraser Gyre. The circulation shifts froouthward to northward flow just to the
north of Moreton Island. The inward directed crehsif flow is found in all model layers
and more distinctly found in the sub-surface laate20 m depth (not shown). The U-shape
flow shown in BRAN3p5 data is consistent with driftrajectories and geostrophic current as

derived from satellite altimetry and discussedhm previous sections.

3.3.2 Comparison between BRAN3p5 and driftersdata

In the following section, we compare BRAN3p5 modata with drifter trajectories for the
SEQMCZ. Five drifters (I, J, K, L, M) entered thegron during the period BRAN3p5 data
are available for. In addition, the drifter datarevaot assimilated into BRAN3p5 (unlike
altimetry data for instance), therefore also adetf independent in-situ measurements to

evaluate the model performance.

Mean daily surface currents are compared withdtajees from all five drifters (Fig. 5). The

daily mean surface current is computed for thegokai drifter resided within the SEQMCZ.
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For example, drifter K spent a total of 25 daysh@ domain; therefore the daily mean is
obtained as an average over that period. The BRAM®ar-surface circulation pattern is
found to be in good agreement with the trajectosigsined from the drifters. Mean daily
surface currents from BRAN3p5 consistently showitlveard meanders that emanate from
the southward flow of the EAC along the shelf bregkis flow forms a cyclonic surface
circulation that branches away from the EAC sotithbmut 268S (Figs. 5a — 5d), and feeds
the previously identified northward coastal longghcurrent. This current forms the western

branch of the Fraser Gyre.

Statistical analysis using the complex cross-cati@h of daily velocity method (Kundu
1976) confirms the good agreement between modelffelds and observed drifter
trajectories. This method measures the angle bettvez vectors, here the directions
between the drifters and the BRAN3p5 flows. The maamplex correlation coefficients
between BRAN3p5 and corresponding drifter velosiéa given location and period is
about 0.85. The mean difference between the fleactdon of the BRAN3p5 current and the
direction of the drifters is about 1233 he positive value of the directional error iraties
that the BRAN3p5 velocity field is on average diegtcounter-clockwise away from the
direction of the drifters. From this BRAN3p5 versirgfter comparison it is concluded that
the model represents the key features of the SEQMS€iKface circulation. The good
agreement is of interest to all other studies effstirculation and cross-shelf exchanges that
utilise BRAN3p5 data (Schiller et al. 2015). Foistpaper, it provides further support in
identifying the Fraser Gyre and utilising BRAN3mbquantify associated transports and

residence time scales (see following sections).
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3.4 Fraser Gyrevolumetransports

Depth-integrated long- and cross-shelf volume trarts associated with the Fraser Gyre
using BRAN3p5 data for the period 1993 to 2012sl@wn in Fig. 6 for the cross-sections at
25°S and 27S and the along shelf-break section following t68 in depth contour (see Fig.
1), respectively. The latter is shown for the tatalss-shelf transport between 25°87and
for the northern (25-2%) and southern region (26-23) with cross-shelf outward flow
characterising the northern section. The annuahnreasport at 25 (Fig. 6a) is dominated
by southward transport onto SEQMCZ. The southwamaisport is reminiscent of the long-
shelf southward EAC that dominates the circulatmthe east near Fraser Island. Further
analysis of the seasonal climatology of the negjishelf transport reveals a clear seasonal
feature at 2%5. The intensification period of the southward $gort at 285 commences in
about spring with the mean of about 2.24 + 0.0%T&ble 2). It is at a maximum during
summer with a mean of about 2.36 £0.28 Sv, weallanag autumn with a mean of about
1.71+0.08 Sv and reaches a minimum transport weéamof about 1.60 +0.19 Sv during

winter.

Table?2

Seasonal volume transports (1 Sv £ afs?) for the SEQMCZ using Equation 1. Positive
(negative) values indicate inward (outward) tramsfmo(from) the SEQMCZ. Transport
across shelf break is shown for the total (257and for the 2526° S (northern section)

and 268 — 27 S (southern section).
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Volume Transport (1 Sv = 110° m’s™)

L ocation Summer Autumn Winter Spring Annual
25°S  2.36+0.28 171+0.08 1.60+0.19 224+0.05 1.97+0.77
27°S  -1.27+0.13 -1.05+0.27-0.83+0.12 -1.16 +0.17 -1.07 £0.61

S;‘gf‘;g{,gak -1.35+0.24 -0.96+0.07 -1.04+0.14 -1.34+0.181.17 +0.23
S;‘gf‘;?{,gak 021+0.08 028+0.18 0224008 020+0.16 3&D.13
Sgglfzgggak -1.09 +0.39 -0.60 +0.27-0.87 +0.29 -1.08 +0.50 -0.90 + 1.15

The mean transport at % is southward and away from SEQMCZ and seasomialbiiity is
consistent with that at 25. During austral spring, the along-shelf mearntnagtsport reaches
a mean of about -1.16+0.17 Sv af@yincreases to -1.27+0.13 Sv during summer béfore
decreases to a mean of about -1.05+0.27 Sv angt=@ B Sv during autumn and winter,
respectively. The annual net volume transportier$EQMCZ at the shelf break toward the
east of -0.90 + 1.15 Sv is the balance betweespamts at 25S of 1.97+0.77 and 2B of -

1.07£0.61. Thus, the SEQCMZ exports water eastwardss the shelf throughout the year.

Eastward net-transport away or export from the SEXZMharacterises the cross-shelf flow
along the shelf break (Fig. 6¢). Inward cross-stralisport is also evident particularly during
the late summer (February), autumn and winter. I8mo seasonal along-shelf transport
pattern, the cross-shelf transports in the SEQM&/2als seasonal characteristics and the
highest (lowest) mean net-transport occurred duaingjral summer (winter) (Table 2). The
total annual along-shelf and cross-shelf transigdslanced and approximately zero
integrated across the enclosed boundary of the SEQWig. 1), i.e. there is no net-gain or

loss of water within the SEQMCZ.
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Fig. 6. Monthly volume transports (1 Sv =%m°s?) at latitudes (a) 2%, (b) 27S, and (c)
the shelf break across the 150 m isobath. Pogiiegative) values indicate inward (outward)

transport to (from) the SEQMCZ. (d) Residence tsoale (days) for SEQMCZ water.

3.5 Residencetimescale

A time series of the residence time scale for titeee SEQMCZ is calculated using the
approach by Chen (1996). Values range from a mimrotiabout 2.7 days to more than 5
days and a maximum of about 8 days (Fig. 6d). €s&lence time appears to be shorter
during austral spring to summer than during auttonminter. Mean time scales for the
period 1993-2012 are about 2.53 days, 3.19 da$8,days and 2.63 days for summer,
autumn, winter and spring respectively. The lonigee scales during autumn-winter are

most likely a result of the on-shelf water reciatidn due to the Fraser Gyre. The overall
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mean residence time scale average is about 2@2tday. This finding is consistent with the
short residence times in the order of several dagygputed by Schiller et al. (2015) using
volume transports from a high-resolution modelhef Great Barrier Reef. Schiller et al.
(2015) found that short residence time scalesfefvadays characterise most of the northern
Australian continental shelf. In shelf regions theg more confined, such as Hervey Bay

(Ribbe 2014), residence times are much longer ikl order of several tens of days.

3.6 Resultsfrom wind stressand SSHa analysis

Results of the previous section identify the presesf an episodic seasonally reoccurring
cyclonic circulation within the SEQMCZ, which isfeered to as the Fraser Gyre. In this
section, we explore the link between local winctfieg and changes in the coastal
circulation. Remotely sensed SSHa serves as agaerthat captures the time-varying

changes in the circulation (see Fig. 7).

The cross-shelf and long-shelf wind stress compisn@n, ty) over the SEQMCZ for the
period 1993 — 2012 display a distinct seasonalecffeilg. 7a). A positive long-shelf wind
stress €, > 0) component indicates southerly wind (i.e. ctied to the north) while a negative
value ¢y < 0) represents a northerly wind (i.e. directethisouth). Positiver{ > 0) and
negative {x < 0) cross-shelf components of the wind sttgsenote westerly (i.e. directed to
the east) and easterly (i.e. directed to the weisi) respectively. The wind stress data
indicate that the southerly,(> 0) and easterly windy< 0) is present 77% and 89% of the
time. In contrast, northerly( < 0) and westerlytf > 0) wind occurs only 23% and 11% of

the time respectively (Fig. 7a). Southerly wind {@this down-welling favourable) prevails
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for most of the year and a relatively weak northerind (which is up-welling favourable)

occurs only in spring to early summer.

The wind stress over the SEQMCZ is characterisedigtinct seasonal variability (Fig 7a).
Strong and persistent southerly wind stress odcegsiently during early autumn to winter
(March to August) with an average value fpof about 0.014 N/f The wind changes
direction to relatively weak northerly wind stresgh an average value fay of about -0.004
N/m? during spring to early summer (September to Jafii@ihe conceptual framework of
the coastal circulation and Ekman dynamics (e.ey @t al. 2011) leads to the conclusion
that the intensification of the southerly wind gextes downwelling favourable conditions,

while the sporadic and weaker northerly wind isgildy associated with upwelling.

We also examine the link between the long-sheltdvatiess (i.e. parallel to the coast) and

SSHa variability in the SEQMCZ. Remotely sensed &8ttraged over the SEQCMZ is

shown in comparison with SSHa data from coastal gauge measurements for the period of

1993 to 2012 in Fig. 7b. The linear correlationN®n the data is about 0.74 (95%
confidence level). SSHa is characterised primdnyiyegative anomalies during austral

spring and summer and positive SSHa during auturmdnanter.

The relationship between long-shelf wind stress@8Hla reveals a positive (negative) SSHa

when the wind stress is southerly (northerly) i@ 8EQMCZ region. The southerly wind
stress and positive SSHa correspond to a strengthefthe recirculation in autumn and
winter (Fig. 4), and the establishment of a neastgeostrophic northerly flow in the

direction of the wind (Fig. 3). We identify a stgppositive relationship between long-shelf
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wind stress and SSHa with a correlation coefficadrdabout 0.53. In contrast, the cross-shelf
wind and SSHa correlation is weak with about -8dth correlations with a confidence level
at 95%. A positive relationship in the long-shelhd/ stress suggests that the southerly wind
stress €y, > 0) induces an onshore flow within the surfacengk layer. This surface layer
wind-driven transport increases the on-shelf pasi8SHa during austral autumn and winter
and is likely to induce downwelling consistent wigbneral theory (Talley et al. 2011). In
contrast, the northerly wind results in a decreds@SHa, which in turn is likely to be
associated with upwelling during spring and sumrakhough Brieva et al. (2015)
demonstrated that spring and summer upwellingad@mninately due to current driven

upwelling, since northerly wind is weak and toorsjglic in this region.
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Fig. 7. (@) Monthly long-shelf (solid line) and cross-gh@lotted line) wind stress (Nfn
over the SEQMCZ, (b) SSHa (m) remotely sensed geeraver the SEQCMCZ (solid line)

and from the Mooloolaba tide station (dotted liftlpase see Section 2.1 for data sources.

4 Discussion and Conclusion

In this study, we document the climatological metate of the circulation of the SEQMCZ
off central eastern Australia. A most charactarifgature is the existence of a seasonally
reoccurring cyclonic circulation. This is referredas the Fraser Gyre. It is wedged between
the coast and the southward flowing EAC and ocautie shelf from north of Moreton

Island at about 2o the south of Fraser Island at abouf25The gyre forms during the
austral autumn to winter and the southerly windiéntified as its main driver. The gyre is
characterised by a westward extending southerrchrdrat emanates from the EAC at about
27°S. After crossing the shelf, the flow turns nortihgveorming a northward long-shore
current of about 0.15 ritghat follows the shelf for about 200 km northwhedore it turns
eastward just to the south of Fraser Island. Tastveard branch of the gyre joins the
southward flow of the EAC near the shelf break. fillé evidence of the gyre from several
independent data sources including trajectoriesudfice drifters, remotely sensed SSHa,
geostrophic surface velocities from satellite adtinrg and ocean assimilation model data. Our
findings confirm much earlier postulations of a §ibke cyclonic gyre. These were based on
the analysis of non-satellite tracked traditiored surface drifter observations (Woodhead
1970) and current meter measurements (Middletah €094), but these studies did not
present clear evidence for the temporal and spatiaht of the gyre, the associated volume

transports, longshore current velocities and onfsveder residence time scale. The existence
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of similar shelf constraint cyclonic gyres was shdar the southern region of the EAC by
e.g. (Huyer et al. 1988) and other WBC regionsuditig the Charleston Gyre (Govoni et al.
2010) wedged between the Gulf Stream and North Aaercontinental shelf and the
Tortuga gyre (Fratantoni et al. 1998). The averag&lence time for the SEQMCZ based on
an analysis of volume transports is about 2.9 2 tl&y, which is short but characteristic for

the near-shore regions of the northern Austral@tinental shelf (e.g. Schiller et al. 2015).

The seasonally reoccurring flow of the Fraser Ggeatified in this study and the associated
volume transport, current velocities and waterdesce time scales are likely to have
biological implications. Ward et al. (2003) refatri® the migration pattern of several
temperate fish species that are known to spawanbtrapical waters of the SEQMCZ. The
Fraser Gyre represents a mechanism that would #ssisross-shelf export of larvae and
their entrainment and southward advection withBAE as well as assisting the northward
migration of adult species along the shelf durimg austral autumn and winter months.
Similarly, Gray & Miskiewicz (2000) and Armbrechta. (2014) identified the existence of
these on-shelf quasi-stationary cyclonic gyresrgsortant cross-shelf transport mechanism

for larval fish, phytoplankton and other oceanioparties.

We identify two opportunities for future work thalso represent limitations to our study.
Firstly, the analysis presented here focuses kamekhe long-term seasonal change and
mean state of the coastal ocean off southeast Qlageh However, it is known that short-
term variability in the form of mesoscale eddiea sharacteristic feature for this region (see
Ribbe and Brieva 2016). This can also lead to esbedf transports induced by associated

single current filaments (Shapiro et al. 2010).dpeky, our study relies on remotely sensed
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and reanalysis data and lacks in direct field olegerns. Thus, future work is to focus on
investigating the contributions made by mesoscdékes to cross-shelf exchanges and the

variability of the Fraser Gyre from higher resabntimodelling and in-situ observations.
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