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Key Points:

497 short-lived eddies detected in a coastal coriad eastern Australia.

About 23 individual short-lived eddies traced peary

43% of cyclonic eddies (4-5 per year) found offtbeast Queensland.

Cyclonic eddies displaced shelf water by about 120km.

Cyclonic eddies postulated to establish quasi-peemianorthward flow.
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Abstract

The analysis of an eddy census for the East Austr&urrent (EAC) region yielded a
total of 497 individual short-lived (7-28 days) tyaic and anticyclonic eddies for the
period 1993 to 2015. This was an average of ab®ei@lies per year. 41% of the
tracked individual cyclonic and anticyclonic eddvesre detected off southeast
Queensland between about®®band 29S. This is the region where the flow of the
EAC intensifies forming a swift western boundaryreunt that impinges near Fraser
Island on the continental shelf. This zone was aleatified as having a maximum in
detected short-lived cyclonic eddies. A total 0f(93%) individual cyclonic eddies or
about 4-5 per year were tracked in this region. déresus found that these potentially
displaced entrained water by about 115 km withwarage displacement speed of
about 4 km per day. Cyclonic eddies were likelgaatribute to establishing an on-
shelf longshore northerly flow forming the westéranch of the Fraser Island Gyre
and possibly presented an important cross-shel§p@t process in the life cycle of
temperate fish species of the EAC domain. In-ditseovations near western
boundary currents previously documented the emtram, off-shelf transport and
export of near shore water, nutrients, sedimeisis, |&rvae and the renewal of inner
shelf water due to short-lived eddies. This stumlynd that these cyclonic eddies
potentially play an important off-shelf transporopess off the central east Australian

coast.

Keywords: Western boundary currents; fisheries; eddies; pranisshelf dynamics;

East Australian Current.



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

1. Introduction

In-situ observations from Western Boundary Cur(@BC) regions indicate that
cyclonic eddies (CEs) are important for fisheriéaqai et al. 2002, Govoni et al.
2009, Suthers et al. 2011, Matis et al. 2014, Mgllaet al. 2014, and Everett et al.
2015). Forming on the near-coast side of WBC regi@kts become enriched in fish
larvae and primary productivity stimulating nutrigdue to the entrainment of near-
shore coastal water. The East Australian CurreAC)ECESs observed to the south of
the EAC intensification zone (Ridgway and Dunn 2008ere found to be usually
short-lived (2-4 weeks). The eddies were more featjand of smaller scale than
anticyclonic eddies (ACEs) and ranged in size fedmaut 10 km to 100 km
(Mullaney and Suthers 2013; Everett et al. 201Bsddved CEs propagated close to
the coastal zone, often generated a near-shorewsd flow (e.g. Huyer et al. 1988,
Roughen et al. 2011, Everett et al. 2011) and \emaed at the coastal side of the
EAC. CEs were also usually cold-core eddies, haracterised by a negative sea
surface temperature anomaly (SSTa), and Chloroh{@lhl-a) concentrations were
about twice than those observed for ACEs (e.g. Goebal., 2009, Suthers et al.
2011, Everett et al. 2011, Everett et al. 2014,lahdy et al. 2014, Everett et al.
2015). Studies of EAC CEs are few and limited ®sbuthern regions of the EAC
(e.g. Oke and Griffin 2010; Macdonald et al. 201@)jch is referred to as the EAC
separation zone (Ridgway and Dunn 2003). This sailshed to provide a census for
short-lived eddies (7-28 days) along the east Aliatr coast with a particular focus
on CE off the coast of southeast Queensland. Egien is part of the EAC

intensification region (Figure 1).
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Everett et al. (2012) and Pilo et al. (2015) perfed the only two eddy
characterisation studies of long-lived eddies (&lags) for the EAC. Both studies
utilised data from the same global eddy censusuwzird by Chelton et al. (2011).
Pilo et al. (2015) compared the eddy statisticstioze WBC regions, i.e. the Agulhas
Current, the Brazil Current and the EAC region. $hely expanded on Everett et
al.’s (2012) analysis by estimating also averafg#iitne, propagation speed and
distance travelled. A census of short-lived CEQ§™ays) propagating within close
proximity to the shelf, which appear to be more am@nt for primary productivity
and fisheries due to the entrainment of near csfaedt water, recruitment and
retention is lacking for the EAC and other WBCs (Mdioey and Suthers 2013). The
analysis presented in this paper aimed to exparidese previous studies (Everett et
al. 2012, Pilo et al. 2015). Its focus was on thalysis of eddy characteristics
detected in a coastal corridor of about 100 km hyide. eddies that were wedged
between the coast line and the EAC. We quantifhedoccurrences of short-lived
cyclonic eddies important to fisheries and provitleglfirst assessment of the role of

these eddies for the coastal ocean off southeaesigdland.

The east Australian continental shelf is at itsestd80-90 km) off the coast of
southeast Queensland between about 2%823nd to the south of Fraser Island
(Figure 1). The EAC forms to the north of this mgirom the South Equatorial
Current and Coral Sea outflows. It intensifies forgna swift, albeit seasonally
varying in strength, southward flowing current hinggthe continental shelf
(Ridgway and Dunn, 2003). A prominent oceanografdature of the region is the

EAC-driven Southeast Fraser Upwelling System (Bxietval. 2015).
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117 Figure 1: Location of the study site along thet easst of Australia. The boundaries

118 (white lines) between Zone 1 (Z1) and Zone 2 (Zmut 28S and Z2
119 and Zone 3 (Z3) at about 38 were identified in this study from minima
120 in eddy activity. Approximate mean path of the BEasstralian Current
121 (EAC) is shown in light grey. Eddies were tracke@rthe whole region.
122 An eddy census was conducted and the analysistnit two coastal
123 corridors of 100 km and 600 km width each (dased)n

124

125

126 Ward et al. (2003) and Mullaney et al. (2014) spetted that the northern sub-tropical
127 shelf waters (~25-2%5) of the EAC intensification zone supply larvagesfiperate

128 fish species that are transported southward wahERAC. These return at a later stage
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in their lifecycle to spawn again during early ventGruber et al. (2011) find that
eddy induced transports appeared to be close taxamm within a near-shore 100
km wide zone. Mullaney and Suthers (2013) argueth® importance of these near-
coast short-lived eddies for fisheries. The eddiese also found to be associated with
the northward countercurrent and entrainment o$tabavaters (Huyer et al. 1988,
Mullaney and Suthers 2013). Thus, the analysisgntes in this study was focused
on eddies and their characteristics identifiedafaarrow 100 km wide coastal
corridor (Figure 1). The characteristics were at#difrom a new eddy census for the
southwestern Pacific Ocean using the Halo et 8142 eddy detection method. It led
to the identification of three zones (Zone 1 or Zdne 2 or Z2 and Zone 3 or Z3)
distinguished from minima in eddy activity (Figukte Z1 was identified as the region
with the highest number of short-lived cyclonic eddalong the east coast of

Australia.

2. Data and Methodology

2.1 Data

Daily estimates of Chl-a (mg™) and SSTIC) were disseminated via the data portal
of Australian Integrated Marine Observing System@IS 2015a) and were used in
this study for the period 09/08/2002 to 31/10/200kke data was gridded with a
spatial resolution of 0.6XIMOS 2015a). The data was derived from MODerate
resolution Imaging Spectroradiometer (MODIS) measwents with methodological

details provided by O’Reilly et al. (2000) and G3t&re and Maritorena (2003).
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Gridded sea surface height anomaly (SSHa) wasadblaifor the period 01/01/1993 —
31/10/2015 and for every second day until 31/120284d daily thereafter (IMOS
2015b). The eddy detection tool provided by Halale(2014) was applied to SSHa
data for this period (Section 2.2 Methodology). Bpatial resolution of SSHa data
used in this study was f/5This compared to the f/#esolution in Chelton et al.
(2011), which was evaluated by Everett et al. (2@l Pilo et al. (2015) resolving
eddies with a minimum radii of >40 km and lifetinaeger than 28 days. Halo et al.
(2014) used SSH gridded data with G.B&solution and tracked eddies with lifetime
larger than 30 days. Census data from the appicati the Halo et al. (2014) method

in this study and for lifetimes of at least 7 daweye presented in Table 1.

The mean eddy core characteristics such as CI$-Ba8d SSHa were determined for
all detected eddies (Table 2). The core size whseatkin this study to have a radius
of 20 km. Chl-a and SST anomalies were also condpagethe difference in mean
value for the core and the value computed for gelaarea with radius of 40 km, but
excluding any values within the core. The numbeshifervations to determine Chl-a
and SST anomalies was much reduced compared to &8&due to frequent and

extensive cloud coverage (see also discussioniav8et al. 2015).

2.2 Methodology

Methods to track eddies in remotely sensed observat SSHa and ocean model
data were described by e.g. Chelton et al. (2@8&hson and Thomas (2007),
Chelton et al. (2011), Morrow and Le Traon (2012ason et al. (2014), Halo et al.

(2014), Karstensen et al. (2015), and Pegliaseh €2015). The eddy-tracking
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algorithm utilised in this study was initially proged by Penven et al. (2005) to assess
eddy characteristics of the Peru Current Systerto etaal. (2014) used the method
for an eddy census of the Mozambique Channel amdgwed the method as a Matlab

toolbox, which was implemented for this study.

Halo et al. (2014) combined a geometry approach avilynamic criterion. The
former method detected closed SSHa loops (Chettah 2011), whereas the latter
involved computing the Okubo-Weiss parameter. Theldd-Weiss parameter was
applied as a criteria or filter to identify regioofkvorticity. Negative values beyond a
defined negative threshold value were being indieatf a vorticity dominated flow
field (Chelton et al. 2007, 2011). Thus, regionthwi a closed loop of SSHa and
characterised by negative vorticity were then tgpfor the presence of an eddy. The
threshold value for the Okubo-Weiss parameter VW biseHalo et al. (2014) was W

< 0 $2 Chelton et al. (2007) applied a value of W < -2%162

The parameters values adopted in this study weréotlowing: a maximum radiusR
of 200 km to exclude larger eddies and ocean ggresntour interval of 0.002 m to
identify closed loops of SSHa, an Okubo-Weiss patamW < -2x10'* s 2 as per
Chelton et al. (2007) to identify regions of voitigocharacterising the flow field, and
a Hanning filter that was applied twice to redudd gcale noise in the computed
Okubo-Weiss parameter. The tracking code was ldritedentify eddies with radii
larger than 22.5 km and a minimum amplitude of G0ZFollowing an eddy census
of the entire domain (Figure 1), eddy statisticsenaovided for two coastal
corridors. These extended eastward from the locatiaghe 100 m depth contour by

100 km and 600 km. The western boundary of the eanidor was the coastline,



204 meaning both corridors varied by the width of tbatmental shelf west of the 100 m
205 depth contours. The shelf is widest just to thdlsofi Fraser Island (Figure 1). The
206 100 km corridor limited the census to eddies theteaclosest to the coast. These most
207 likely led to the entrainment of near-shore wated aubsequent across-shelf transport
208 and observed evidence of entrainment was preseeted (section 3.1). The wider
209 corridor of 600 km was used to allow for some ledicomparison with Everett et al.
210 (2012) and Pilo et al. (2015).

211

212 The Halo et al. (2014) eddy detection and trackawy was applied: firstly, to detect
213 eddies, which provided information on mean radng &SHa; secondly, to track their
214 movements, which provided information about lifegirand thirdly, to determine

215 their location within the 100 km corridor and a @800 coastal corridor for

216 comparison with previous studies. A tracked eddy heve enterd or left one of the
217 corridors. The number of detected eddies was margjet than the number of tracked
218 individual eddies. A tracked eddy was referredg@@a eddy event. It was found that
219 this study utilising the Halo et al. (2014) algbnit identified several important

220 climatological features of the EAC as highlightgdRidgway and Dunn (2003) and
221 many of the mean eddy characteristics identifietheprevious censuses.

222

223 3. Results

224

225 The application of the Halo et al. (2014) resuitedn archive of detected eddies and
226 the location of eddy cores at a particular dateceQnetected, we then inspected the
227 database of daily Chl-a and SST images for evidehtdgese eddies in ocean colour.

228 Several examples of identified eddies were presant&ection 3.1 showing the

10



229

230

231

232

233

234

235

236

237

238

239

240

241

detected eddy core location and remotely sense @hlthe shelf region of
southeast Queensland. In Section 3.2, a trackeglvedsl presented as an example for
all those tracked in the census. The census wasilded further in Section 3.3 with

results being summarised in Table 1 and 2.

3.1 Detected individual cyclonic eddies

The eddy detection tool identified CEs on July 3103 with an eddy core located at
154.2087°E and 26.4738S; on August 14, 2004 with an eddy core located at
154.2286°E and 28.1857S; on October 8, 2007 with an eddy core locatekbdt181
°E and 27.0148S; and on June 25, 2013 with an eddy core locat&842303E

and 26.8758S. CEs and corresponding Chl-a concentrations sfeyen in Figure 2.

11
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Figure 2: Series of detected CE with coordinatesetécted eddy cores on July 31,
2003; August 14, 2004; October 8, 2007 and Jur023 indicated and
corresponding images of the Chl-a concentration'ififjgon those dates. Indicated
are the 40 m, 200 m, and 1000 m depth contours.

The Chl-a images (Figure 2) were selected followhegidentification of an eddy
core on a particular day. In all cases, the regidhe eddy’s location was
characterised by higher Chl-a concentrations. Eésv&hl-a filaments (e.g. with
values of about 6 mgfon August 14, 2004) extended away from near cbastirs
in a cyclonic fashion across the 40-80 km widefabiélsoutheast Queensland. This
was indicative of the eddy’s interaction with th@kow shelf waters and the

entrainment of near coastal high nutrient primagdpctivity stimulating waters.

3.2 Tracking a cyclonic eddy

Chl-a and SST filaments observed for a detectedracled eddy, indicated that this
particular CE interacted with the shallow (<40 reprcoast shelf (Figure 3). It
exported water off-shore in a cyclonic fashion agent from entrained water

characterised by elevated Chl-a and cooler coastimr.

13
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266 Figure 3: Evidence of a CE detected on July 2, Z8dra remotely sensed (top left
267 panel) Chl-a (mg/r), (top right panel) SSTC), and (lower panel) SSHa (m) with
268 negative SSHa anomalies contoured in intervals@3 . The location of the core of

269 the eddy was traced from its initial detection oayM28 to its dissipation on July 12.
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Circles in (c) indicate location and date of cotithwore locations shown for May 30,

June 4-29 and finally for July 9, 2012.

The CE appeared to be wedged between the shelf Bnebthe EAC. The core of the
CE was situated at about 154(5 The EAC was evident from the higher SST (>25
°C) emerging in the north and extending southwaodgthe shelf break and was
associated with lower Chl-a concentrations (Fi@)relrhe CE appeared to deflect the

EAC flow eastward.

First identified on May 28 2012, the eddy was initially located at about.258 and
26.3°S or about 150 km to the northeast of its locatioduly 2, 2012. Its radius was
about 46 km, covering a surface area of 6642 &ndl extended westward close to the
coast with SSHa at about -0.05 m. The eddy wakearhover a period of about six
weeks (Figure 3 with core locations indicated).eAfh maximum in SSHa of about -
0.2 mon July 2, 2012 at location 1548and 27.25S, the CE started to rapidly
decay. It had dissipated by about July 11, 2018 ®BHa of less than 0.05 m and
reached a most southern location of 1%8.4nd 27.5S. Its mean latitudinal
displacement speed in a south-westerly directiomfabout 26.8S to about 27.3S
(=110 km) over the six week period was estimatdl elboout ~3 km per day. This
displacement speed was similar to the mean spe@@ &mn per day identified by Pilo
et al. (2015) for CEs from the Chelton et al (20@d{ly census. It was representative
for the mean displacement speeds (~4 km per daydféor all CE detected in this
study. On July 2, 2012, the SST anomaly was atib@fC and the Chl-a eddy core
concentration was about 1 mg/emd above a typical background level of about 0.2

mg/nt. The maximum SSHa was about -0.2 m (Figure 2c).

15
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3.3 The East Australian Current Eddy Census

The number of all tracked eddy events across tifiemgsee Figure 1) with lifetime

of at least 1-2 weeks was 804 (Figure 4). Thisuidetl 395 CEs (49%) and 409 ACEs
(51%). There were on average about 37 eddy eventgear. Short-lived eddies
(lifetime 7-28 days) contributed about 64% of edicked eddies. Eddies lasting more
than 10 weeks made up 16% of the total and potgnéiaited from the area

considered in this study.

Cydonic

B Anticylonic

I N | - I
34 56 7-8

9-10 >10

Number of Eddy Events
— - =

i
&

Lifetime (weeks)

Figure 4: Lifetime (weeks) of CE and ACE during ffexiod 1993 to 2015.

The total number of detected eddies per degrdedatiwas shown for both the 100
km and 600 km wide coastal corridors and for detketddies with lifetime >7 days
and >28 days (Figure 5). The distribution of de#dd€Es and ACEs per degree

latitudes was represented in Figure 6.
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314 Figure 5: Eddy census for the period 1993-2015cadtal corridors of 100 km (left
315 panel) and 600 km (right panel) width. Shown isttital number of detected eddies
316 per degree latitude for eddies with lifetime > ysldight grey) and >28 days (green).
317 The right hand panel shows the coast and horizéned were shown to coincide

318 with minima in eddy activity, which result in disguishing between the three zones.
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322 Figure 6: Total number of detected ACE (dasheds)imad CE (solid lines) shown for
323 both 7 days and 28 days lifetime.

324

325 The number of detected short-lived (7-28 days)esldnd tracked eddy events (Table
326 1) followed from the difference between eddiesitasat least 7 days and those

327 lasting more than 28 days. For example, in the oatiee 600 km wide corridor, the
328 number of total detected CEs and ACEs was at amariwithin Z3 (Table 1).

329 About 67273 detected eddigsl(with 35805 plug2 with 31468) were identified that
330 lasted at least 7 days and of those, 52300with 28211 plug2 with 24089) lasted
331 28 days and longer. Therefore, about 14973 detectdis were short-lived (7-28
332 days) within the 600 km corridor of Z3.

333
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Short-lived detected ACEs (7-28 days) dominatedl®@km coastal corridor and
contributed about 64% of all detected ACEs alorggEAC. In contrast, only about
23% of all detected ACEs were short-lived withie 800 km wide coastal corridor.
This followed from an evaluation of the data preednn Table 1. The total number
of detected ACEs with lifetime of more than 7 dawas 25542, 100 km) and
31468 g2, 600 km). Of those, 1645 detected eddies or 648e 100 km corridor

and 7379 detected eddies or about 23 % in the 6068dkridor were short-lived.

Short-lived (7-28 days) detected eddies (CEs anBEA@ominated the northern zone
(Z1) of the 100 km corridor. The total number dfddtected short-lived eddies was
994 in Z1 (Table 1: 515 CEs and 479 ACEs) fromtal tof all detected eddies (>7
days) of 1643 (Table 1: 1003 CEs and 640 ACEs)s thairesponded to a total of 202
short-lived eddy events or 41% in Z1 (Table 1: ®s@lus 108 ACES), 154 short-
lived eddy events or 31% in Z2 (Table 1: 57 CEs@8ld ACEs), and 141 short-lived
eddy events or 28% in Z3 (Table 1: 70 CEs plus TES$). In other words, of the

total number of 497 short-lived eddy events trackétin the 100 km corridorX(1 =
221 CE events plus2 =276 ACE events), Z1, Z2 and Z3 each contribdtEw,

31%, and 28 % of short-lived eddy events respégtive

19



353

354 Table 1
355 Number of detected eddies and tracked eddies tbriBAC corridors
356
100 km corridor coooodd Uooooooooood
Z1 Z2 Z3 2 Z1 Z2 Z3 2
Life-time > 7 days
Detected eddies 1003 840 1264 3107 640 719 1195 4 255
Eddy events 153 121 151 425 138 127 150 415
Life-time > 28 days
Detected eddies 488 515 602 1605 161 211 537 909
Eddy events 59 64 81 204 30 30 79 139
Life-time 7-28 days
Detected eddies 515 325 662 1502 479 508 658 1645
Eddy events 94 57 70 221 108 97 71 276
600 km corridor
Life-time > 7 days
Detected eddies 9277 9840 16688 35805 8148 8218 15102 31468
Eddy events 585 500 1011 2186 616 628 762 2006
Life-time > 28 days
Detected eddies 7340 8077 12794 28211 6110 5551 12428 24089
Eddy events 266 309 438 1013 268 245 393 906
Life-time 7-28 days
Detected eddies 1937 1763 3894 7594 2038 2667 2674 7379
Eddy events 319 281 573 1173 348 383 369 1100
357
358
359
360 The Halo et al. (2014) detection and tracking tqmbeared to have also captured the
361 approximate location of the centre of two quaskpement anticyclonic EAC
362 recirculation cells that were identified previoubly Ridgeway and Dunn (2003, their
363 Figure 7). This was evident from two maxima in detd ACEs at about 26 and
364 31°S (Figure 6). The latter maximum was also eviderheé total of all detected
365 eddies (Figure 5) and found to be close to theaprate location of the EAC
366 separation point. It further vindicated the usélafo et al. (2014) as an appropriate
367 tool to detect and track eddies.
368
369 The northern zone Z1 off the coast of southease@sland was characterised by the
370 largest number of tracked short-lived CE eventsqi943% of the total of 221 tracked

20
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eddy events) within the 100 km wide coastal comrid@ble 1). Z1 was part of the

previously identified EAC intensification zone (R&lvay and Dunn 2003).

The total number of detected ACEs in the 100 kmevadrridor and with lifetime > 7
days was found to be about 2554 (Table 1). The rmumbdetected ACEs per zone
increased north to south from 25% (640 detectetkedd Z1) and 28% (719 detected
eddies in Z2) to a maximum of 47% (1195 detectatiesdin Z3) (in Table 1) south

of about 38S (Z3) and within the EAC separation zone where3A€'s eastward

flow eastward is often associated with the spawiong-lasting anticyclonic eddies

(e.g. Nielson and Cresswell 1981).

The identified minima in the latitudinal distribati of detected eddies located at
about 29 S and 33S (see Figure 5 and Figure 6) divided the eastralisn coast

into three discernible zones. These zones werequgly distinguished based on the
mean EAC characteristics by Ridgway and Dunn (2@d8l)referred to as the
intensification (Z1, north of about 28) and separation zone (combined Z2 and Z3,
south of about 28S), which includes the location of the EAC separapoint and
where the EAC turns toward the east. In the nonthegion Z1 and within the 100 km
wide coastal corridor, the total number of shoredl (7-28 days) tracked CEs and
ACEs was found to be highest. The southern boynofaz1l was evident from a
minimum in eddy activity located at 29 coinciding with the approximate southern

boundary of the EAC intensification zone (Ridgway &unn 2003).

The combined two southern zones Z2 and Z3 comptis=&8AC separation zone

(Ridgway and Dunn 2003). The southern boundary éetvboth zones was found to
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414
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417

418

419

coincide with the approximate location of the EA€paration point (385 or 31°S to
34°S, e.g. Godfrey et al. 1980; Ridgeway and Dunn 2608 where EAC turns
toward the east between about 33*8§Ridgway and Dunn 2003) and into the
Tasman Sea. The number of eddies detected in bheth00 km and particular the 600
km wide corridors increased south of abouf32ind the boundary between zones Z2
and Z3, which is within the region where the EAQaates from the coast. This

finding was consistent with previous findings (Eateet al. 2012).

The number of detected and tracked eddies lastilegst four weeks was compared
with the Everett et al. (2012) and Pilo et al. @0Qhoting that Everett et al. (2012)

only reported detected eddies and individual eddier® not tracked.

Everett et al. (2012) reported 50.2% CEs and 4%A&ks from a total of 2613
detected eddies for “Eddy Avenue”. In this stud®,and Z3 combined (100 km
corridor) were broadly part of the “Eddy Avenue'hieh found 59.89% CEs and
40.10% ACEs from a total of 1865 detected eddies %i15+602+211+537; Table 1,
>28 days). The total number of detected eddiesalast 1/3 less than that reported
by Everett et al. (2012), who reported 1314 CEss @hudy 1117 CEs) and 1299
ACEs (this study 748 ACESs). Everett et al. (2018] this study found agreement in
the tendencies for the total number of detectedesdd increase significantly for the
larger Tasman Sea area. Everett et al. (2012) texpartotal of 14094 CEs and 14892
ACEs, this study found a total of 28211 CEs and824ACEs (Table 1, >28 days,

600 km corridor).

22



420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

Pilo et al. (2015) identified a total of 1050 indiually tracked eddies (51% CEs, 49%
ACEs, lifetime >28 days) or 50 on average per y€his study found to a total of
1919 individually tracked eddie&1 1013 plus 2 906, see Table 1, >28 days, 600
km corridor) or about 87 on average per year (53Es, 47 % ACESs, see Table 1,

>28 days, 600 km corridor). In both studies mores @tan ACEs were tracked.

Mean characteristics quantified for detected eddigisin the 100 km wide coastal
corridor appeared to be consistent with the coneeat eddy model (e.g. Bakun
2006; Everett et al. 2012; Weeks et al. 2010) widan Chl-a high for CEs than
ACEs. The model postulates that CEs are to be e$sdavith higher Chl-a due to
upwelling that supplies primary productivity enheagcnutrient rich water to the
surface, while ACE characterised by lower Chl-at, espection of satellite imagery
(Figure 2 and 3) indicated that SST and Chl-a cbexacteristics identified in this
study were likely to be a significantly controllbyg the entrainment of coastal waters
and potential entrainment from other depths. Evetedl. (2012) also found and
discussed a significant departure of mean SST dah@ Characteristics from the
conventional eddy model. In this study, mean SSHa megative for detected CEs
and positive for ACEs (Table 2). Detected CEs loacel mean SST and higher mean
Chl-a compared to detected ACEs (225vs 22.7°C and 0.27 mg/fivs 0.17 mg/m
see Table 2), which appeared to be consistentthatistandard model, but was

potentially contributed to by significant entrainméFigure 2).

There appeared to be no discernable differencesemneddy radii between CEs and
ACEs found for all zones (Table 2). Mean radii deti@ed in this study were smaller

than those reported by Everett et al. (2012) ataldRial. (2015) who reported 92 km
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445 and 83.4 km radii for CEs and 95 km and 82.5 kmAIGEs 95 km respectively.

446 These previous studies were based on eddies watimle >28 days and mean radii
447 larger than 40 km (Chelton et al 2011). This stadginimum detected eddy radius
448 was 22.5 km. Rotational speeds (~0.4 m/s to 0.5 amid mean displacement speeds
449 (about 0.05 m/s or about 4 km/day) were similaralues reported by Everett et al.
450 (2012) and Pilo et al. (2015). Considering an estiad mean displacement speed of
451 the 4 km/day and a lifetime of 7-28 days, a shodd eddy potentially travelled a
452 distance of about 115 km. This mean value basdtetracking tool was found to be
453 similar to the value estimated from tracking theiwdual eddy shown in Figure 3.
454 Mean core characteristics SST and Chl-a displagedisternable difference between
455 CEs and ACEs (Table 2) Anomalies for both wherentbto be very small (not

456 shown). This was likely due to the entrainment psscof coastal water, which was
457 likely associated with high Chl-a and low SST fikms near the edge of the eddy,
458 which appeared to emanate from the near shorewh#dfs as apparent from

459 inspection of Figure 3 and Figure 4.

460

461 Table 2

462 Mean cyclonic and anticyclonic eddy characteriskieghe 100 km wide coastal corridor,
463 individual zones Z1 to Z2 and the average of atlexo

464
Eddy Cyclonic Anticyclonic
Characteristics Eddies Eddies
Life-time > 7 days Z1 Z2 Z3 Z1 Z2 Z3
Radius (16 m) 60:14 57+14 52+12 5512 53t13 53t14
SSHa (16 m) -12+9 17411 -12+8 106 17+10 19+13
ROtfltg’{‘ran'/SS)peed 44422 5323 47423 20412 35416 50425
Chl-a (mg/m) 0.180.13 0.22t0.12 0.43:0.36 0.11*0.08 0.14:0.09 0.26t0.78
SST £C) 24.081.98 23.132.17 20.242.38 24.631.77 23.0%1.93 20.45%2.12
Radius (16 m) 66+13 62+13 55+11 61+14 56+13 6013
SSHa (16 m) -16+10 -19+11 -14+8 1246 17+10 24+13
ROtfltg’{‘ran'/SS)peed 52424 60:23 52423 35+13 37416 63+25
Chl-a (mg/m) 0.2240.15 0.23+0.12 0.44t0.42 0.1#0.1 0.1+0.08 0.2+0.12
SST (C) 241423 2322 203624 241%1.6 239121 20.341.9
465
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4. Discussion and Conclusion

The latitudinal location with maxima in detected B<at about Z& and 31S was
found to be consistent with the climatological lbea of two centres of previously
identified EAC anticyclonic recirculation cells @way and Dunn 2003). The
location of the EAC separation point at about 386.5vas evident from the maximum
of detected eddies between®and 31FS (Figure 5 and Figure 6). Here, the
separation of the EAC from the coast alleviategdisériction for ACEs formation
and the number of detected ACEs increased agathward of 33°S (Figure 6). This
was found to be consistent with other studies (&vet al. 2012, Piolo et al. 2015).
The increase was more apparent for the 600 kmdwrwhere the most southern

zone Z3 was characterised by the highest numbeetetted eddies (Figure 5).

In the northern zone Z1 off the coast of south@astensland, both short-lived (7-28
days) CE and ACE events were found to be dominghtrwthe 100 km wide

corridor (Table 1). Mean eddy characteristics saghadii, SSHa, SST, Chl-a and
total number of detected eddies confirmed withatwveventional eddy model and
were found to be broadly consistent with thosewvaerifrom the Chelton et al. (2011)
data base (Everett et al. 2012, Pilo et al.201Bsibilarities were expected due to
different detection and tracking tools, SSHa terapasolution, the actual regions
analysed, different minimum radii applied and minimlifetime of eddies considered
(i.e. 7-28 days versus >28 days in previous stidigse eddy census based on the
Halo et al. (2014) method was broadly in good agex@ with that from Chelton et

al. (2011) for the same coastal domain betweehnotaber of detected eddies, but
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511
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514

some differences in their distribution. The comgami also identified the two maxima

in detected eddies at & and 31S in the Chelton et al. (2011) database.

The continental shelf off southeast Queenslandatige south of Fraser Island was
found to be home to about 43% of all short-livetedeed CEs within a 100 km
coastal corridor along the east Australian codsits €orresponded to a total of 94
individual CE events tracked during the period 2935 or about 4-5 CEs on
average per year. These CEs were likely to encroaththe shelf leading to the
entrainment of near shore water and across-slagi$port as discussed for several
individual events (Figure 2 and Figure 3). The frexat occurrence of these CEs could
likely contribute to establishing a quasi-permaraahgshore near coast northward
flow as it was observed for the separation zonb®EAC (Huyer et al. 1988,
Roughen et al. 2011). This potentially establisaepiasi-permanent cyclonic on-
shelf EAC recirculation cell south of Fraser Islarterred to as the Fraser Island
Gyre. The cyclonic on shelf circulation is simitarthat of other continental shelf
regions characterised by transient CE genesisasitie Charleston Gyre (Govoni et
al. 2009). The continuous, but transient througllbetyear, entrainment
characteristic of the short-lived CEs generatetthisi region was likely to be part of
the enhancement of primary productivity in thisioesg which was in part also driven
by the Southeast Fraser Island Upwelling Systeney@ret al. 2015). The transient
eddies were likely to transport in a cyclonic fashfish larvae across the shelf that
were subsequently transported to the southern tegpeaters of the Tasman Sea by
the EAC. This mechanism was postulated by Ward €2@03) and this study
identified the possible role of CEs and the existeof a quasi-permanent gyre in

contributing to the cross-shelf exchange process.
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Previous studies of EAC eddy generation and tlodérin ecosystem dynamics
focused on the coastal ocean of New South Waleshenseparation zone of the EAC
(e.g. Suthers et al. 2011). Results presentedvhene from an eddy characterisation
study with some focus on the coast off southease@siand finding that CEs
appeared to be a distinct and most prominent fedtuirthis region of the eastern
Australian coast. It is noted that this eddy stodhy have underestimated the
presence of CEs for this (and other) region sihcedifficult to capture smaller-scale
CEs in satellite derived SSHa with a spatial resotuof 22.5 km (see e.g. Macdonald
et al. 2016). In the future, it would be prudenineestigate the on-shelf flow pattern
and the role of the EAC in this region from in-safoservations augmented with
detailed higher resolution modelling studies tofeamthe apparent dominant role

played by CEs gleaned here from remote sensing data

In the case of the EAC, we found that it is thetmem EAC intensification zone that
was dominated by short-lived CEs (7-28 days). Tipeseided a possible key
cyclonic and cross shelf transport mechanism &jr farvae, which is a poorly
understood physical process of biological signifm (Ward et al. 2003, Mullaney et
al. 2013, Mullaney et al. 2014). Frequent CEs ef HAC intensification zone were
likely to lead to an alongshore-northerly flow désoadocumented for the southern
EAC separation zone (e.g. Roughen et al. 2011).luwed with a southward flowing
EAC along the shelf-break, this would establistoarshelf characteristic mean

oceanographic circulation feature referred to asHtaser Island Gyre.
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Location of the study site along thet eaast of Australia. The
boundaries between Zone 1 (Z1) and Zone 2 (ZDait29 S and Z2
and Zone 3 (Z3) at about 83 were identified in this study from minima
in eddy activity. Approximate mean path of the BEasstralian Current
(EAC) is shown in light grey. Eddies were trackedmthe whole region.
An eddy census was conducted and the analysistint two coastal
corridors of 100 km and 600 km width each (daskd)n

Series of detected CE with coordinafetetected eddy cores on July 31,
2003; August 14, 2004; October 8, 2007 and Jur2023 indicated and
corresponding images of the Chl-a concentration'fifjgon those dates.
Indicated are the 40 m, 200 m, and 1000 m depttooon

Evidence of a CE detected on July 2, 26418 remotely sensed (a) Chl-a
(mg/nT), (b) SST {C), and (c) SSHa (m) with negative SSHa anomalies
contoured in intervals of 0.05 m. The locationlod tore of the eddy was
traced from its initial detection May 28 to its sligation on July 12.
Circles in (c) indicate location and date of cotithwore locations shown
for May 30, June 4-29 and finally for July 9, 2012.

Characteristic lifetimes of CE and AQiWeeks) detected during the
period 1993 to 2015.

Eddy census for the period 1993-2015caadtal corridors of 100 km
(left panel) and 600 km (right panel) width. Showithe total number of
detected eddies per degree latitude for eddiesdgat least 7 days (light
grey) and 28 days (green). The right hand panelshbe coast and
horizontal lines were shown to coincide with minimaddy activity,

which result in distinguishing between the threeezo
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736 Figure 6: Total number of detected ACE (dasheekljirand CE (solid lines) per
737 degree latitude and shown for both 7 days and ¥8 lifatime
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497 short-lived eddies detected in a coastal corridor off eastern Australia.

About 23 individual short-lived eddies traced per year.

43% of cyclonic eddies (4-5 per year) found off southeast Queensland.

Cyclonic eddies displaced shelf water by about 110-120 km.

Cyclonic eddies postul ated to establish quasi-permanent northward flow.



