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The Southern Ocean (SO) has a central place iglttml thermohaline circulation. Most of the majeater masses of the glohal
ocean cross each other around Antarctica, beingellgdy transformed, subducted or simply generatethé area. The meridionfl
overturning circulation of the water masses induaesouthward shoaling of the isotherms that is @asel with the Antarcti
Circumpolar Current (ACC). The ACC consists in saVeircumpolar jets or fronts that separate déférgeographic zones with
distinct physical and bio-chemical properties.

A variety of definitions have been used to identihe fronts of the Southern Ocean. Arising from rogglaphic cruises, the
definitions are usually based on criteria relatethe interior ocean structure: transport maximagignts along particular isopycnajs,
latitude where a property isoline crosses a pdaidaobar (Peterson and Stramma, 1991; Orsi 4985 ; Belkin and Gordon, 1994 ;
Sokolov and Rintoul, 2002). The same simple phemmtogical criteria can be used to locate the fraltsg their circumpolaf
extent. Those definitions underline the persistemt robust character of the fronts.

High resolution observations (satellite altimethygh resolution hydrographic sections) and numeénmcadels have revealed moye
complex structures than the climatological hydrpbia data, with multiple branches that merge anemdje (Sinha and Richards,
1999; Hughes and Ash, 2001, Sokolov and Rintoud820From those observations, new frontal defingi@ppeared. As the ACClis
associated with large geostrophic currents, thetér@an be associated with sea surface temper8&E) and sea surface height
(SSH) gradients (Gille, 1994; Hughes and Ash, 2@ing H et al. 2006 ; Sokolov and Rintoul, 2008).

More recently, Sokolov and Rintoul (2008) showeat #sach ACC branch remains mainly associated witéricular streamline. The
association between jets and streamlines appeab® tpersistent along the circumpolar pathway desttie interactions with
bathymetry and eddies. In equivalent barotropiwflie in the SO, the streamlines can be approx@chéty SSH contours (Killworth
and Hughes, 2002). Particular values of SSH cam teeused to define fronts in the SO: a maximur83$H gradient (the core of|a
ACC jet) can be tracked with a particular SSH cantdy applying a nonlinear fitting procedure, Slokoand Rintoul (2008
identified ten SSH values that describe the mutirich structure of the ACC south of Australia (160180 °E) during a 12 yegr
period.

In equivalent-barotropic flow, the streamlines espond to a particular water column structure (Soch Watts, 2001; Watts et II.
2001).This means that frontal definitions basededher SSH values or on water mass properties dhgive the same front

positions in such a flow regime. This idea is conéd in Sallee et al. (2008) where the frontal S®dtours are found by using
subsurface hydrography.

In this paper, we combine hydrologic and dynamiteda to identify the ACC fronts in the Bluelinicean model, including a frde
run and an assimilating run. Our objective is toesd the time and spatial variability of the frantée apply a SSH contour criteria [to
define the ACC fronts from Ocean General Circultatdodel (OGCM) outputs. To identify the SSH conwmuwe use the SO
thermodynamical structure, i.e. water masses amsport properties.

After a description of the model runs, the methedduto identify the ACC fronts is described. Thealzility of the fronts in the S(
is then presented, followed by our conclusions.

The OGCM is based on version 4pl of the Modularadcklodel (Griffies, 2004) with a free surface fotation. No horizontal
diffusion is applied and the horizontal viscosity liesolution and state-dependent based on the Simsigo scheme with &
biharmonic operator (Griffies and Hallberg, 200Bpr tracer advection, the model uses the thirdvoquecker scheme (Leonarf,
1979). For vertical mixing, the hybrid mixed layaodel described by Chen et al. (1994) is used: uaddgiler-Klaus bulk layer, th
mixing is parametrized with a Richardson numberetielent scheme.

\1-2

The model configuration is called Ocean Forecasfingtralia Model (OFAM) with a resolution of 1/1@% the Asian-Australian
region (90-180°E, south of 17°). Outside this dam#ie horizontal resolution decreases to 1o adies$ndian and Pacific Oceafs
and 2° in the Atlantic Ocean. OFAM has 47 vertiealels, with 10 m resolution to 200m depth and &%ls in the top 1000n}.
Partial cells are used at the bottom.
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The Bluelink ReANalysis (BRAN; Schiller et al. 2008 a multiyear model run with data assimilati@bservations assimilated |n
BRAN includes sea-level anomaly (SLA) from sattdllaltimetry and tide gauges, satellite-derived S8d in situ Temperature (T)
and Salinity profiles (Argo floats, CTD, XBT, TAQray...). The Bluelink Ocean Data Assimilation ®yst(BODAS) is an ensemb|e
optimal interpolation system (Oke et al. 2008).ohder to project the observations onto the fullastenodel state, BODAS usgs
model-based, multivariate background error covaganBODAS is used to sequentially assimilate afagimns once every 7 days.

BRAN is integrated from 1992 to 2006 and forcechviitterannual 6-hourly surface fluxes. From 199Mtd-2002, wind stress, hept
and freshwater fluxes are provided by the ERAAGaibais (Kallberg et al., 2004) and from mid-2002ilu2006 by the ECMWH
forecast. The initial conditions come from a 13rgespin-up run, spanning 1994-2002, with no dasin@ktion. The spin-up run i
initialized with a blend of CARS climatologies (G8D Atlas of Regional Seas; Ridgway et al., 2002) lagvitus (1989). During th
first year of integration of the spin-up run, OFAMforced with climatological surface fluxes (Scaatipton Oceanographic Centfe,
Josey et al., 1998). Forcing fields are providedh®yERA40 reanalysis for the period 1994-2006hwéstoring surface salinity fo
Levitus (2001) over a 30 day period.

o

For this study, fields from BRAN and the spin-up rhereafter referred to as the OFAM free runused as databases to identify the
ACC fronts.

Transport and temperature criteria as front indicators

A natural definition of a front in the SO is the xmaum of gradients of SSH or SST. Since the OGCMvijates a complet
description of the ocean circulation, we can ex@loharacteristics of fronts by examining many aspef the time-evolving
temperature, salinity, and density, as well as ktotal transport and geostrophic transport, fdrnagridional sections south ¢f
Australia. Figure 1 presents meridional sectiongemfiperature and zonal transport at 135°E for Wee databases used herelin
January 1998. The model simulations reveal a coxgiteicture of the SO with multiple ACC fronts, mears and eddies.
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Figure 1
Transport (Sv) and temperature (°C) at 135°E sectiong with fronts positions using the transpod aemperature criteria in red
and using the SSH criteria in green for Januan818®per panels: OFAM free run, lower panels: BRAN.
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Consistent with previous findings (Belkin and Gard@996; Sokolov and Rintoul, 2002), the Subani@fetont (SAF) corresponds
to maxima of transport and maxima of temperatueglignt between 300 and 400 m. The northern PotaxtKPF-N) is the norther
limit of the Antarctic zone and a traditional limg the northern extent of the Antarctic Winter Wfa(AAWW) characterized b
subsurface temperature minima. In the two simutati®FAM and BRAN), the northern end of the suleteftemperature minimu
layer (Tmin-layer) is associated with a maximumntrahsport and a maximum of gradient along the Tlayer. The southern Polgr
Front (PF-S) coincides with an increase in deptthefTmin-layer (Gordon, 1967, 1971) and an enhdbemperature gradient alofg
the Tmin-layer (Sokolov and Rintoul, 2002) whichds to a maximum of transport.

However the water masses do not have the samectér@stics in the two simulations and the ACC jats not associated with tie
same hydrographic limits. Table 1 regroups the &madorre criteria used to identify the fronts andnpares them with the criterfa
identified by Sokolov and Rintoul (2002) in the #wolAustralia sector. To identify those limits, wiudied the T gradients qf
interannual means in Tmin-layer and at around 38(ee table 1 for the exact depth used for the dinaulations) for differen
sections south of Australia (OFAM and BRAN) (segufe 2 for BRAN). The maxima of the T gradientsrespond to the positio
of the SAF and PF. The fronts are not located atshme latitude all around Antarctica (Figure 2alft, they always occur i
particular temperature limits (Figure 2b). Depegdim the longitude, we can identify two or threeFSA
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Figure 2

BRAN meridional temperature gradients (°C/100kmbhi@ subsurface temperature minimum layer (gresshimnd at 372m depth
(black lines) for different longitude south of Aradta (top) as a function of latitude, and (bottas)a function of temperature

Sokolov and Rintoul,

Fronts OFAM BRAN 2002

SAFs depth/level 372 m/ level 28 372 m/ level 28 400 dbar
SAFs Tra”gport maximal goc < T < 9oC 3°C < T < 8.5°C

etween
SAF-N T limits 7°C <T<8.75°C 6.5°C < T <8.25°C 6°C<T<8°C
SAF-M T limits 5°C<T<7°C 4.7°C<T<6.5°C 50 <6°C
SAF-S T limits 3°C<T<5°C 2.6°C<T<4.7°C 4C <5°C
PF T limit of AAWW 3.2°C 2.8°C 2°C
Table 1

Front indicators for the two simulations, OFAM aBRAN, and comparison with the indicators for thes&alian sector of the
Southern Ocean from Sokolov and Rintoul (2002).
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The identification of the three SAFs and two PFpésformed on weekly mean outputs for all the meridl sections south d
Australia. To locate the SAF on meridional sectjoms first identify the position of the transporaxima within an area delimited K

T characteristics around 380 m depth. Each transpaxima is then associated with a particular fregfarding the T characteristic

around 380 m. For the PF-N, we monitor the AAWWIdfeing the depth and temperature of the Tmin-lay®e use the T limit o

table 1 to identify the northern limit of the AAWWhe PF-N is then defined as the maximum of trartsgmuth of this limit. For th¢

PF-S, we locate the maximum of increase in depth@®fTmin-layer. The PF-S corresponds to the mamirofitransport nearby th
position. The results for the 135°E section arevshon Figure 1.

Towards SSH contours

Using transport and temperature criteria has tivarmtdge to reconcile two frontal views: the hydegaric and dynamical views. The

traditional hydrographic indicators underline thergistence of the fronts that separate differeatgeio-hydrographic zones. T
maximum of transport criteria ensures that our ysislalso reflects the dynamical part of the frahist are associated with lar
geostrophic currents, the ACC jets.

However the method has some limitations. Since deatify the fronts on weekly mean outputs, meandeid eddies perturb th
transport and temperature fields, thereby comptigathe identification of the fronts. The mergingdasplitting of the fronts can lim
the number of fronts. Large meandering or deflectibthe fronts can lead to two meridional posisidor one single front.

The seasonal formation of a summer thermoclinésis roblematic for the study of the Tmin-layem&i the AAWW are generatg
during the winter, the Tmin-layer is a subsurfaagel in summer but reach the surface in winter. ttamsport and temperatu
criteria for the southern front tend to identifetRF-S during the summer and the South ACC frax€ () in winter.

Another limitation comes from the temperature Isnftable 1). Frequency distributions of temperafarethe ACC fronts do ng
reveal a particular isotherm but exhibit broad Gaurs variations that overlap (figure not shown).aAsesult, a particular isother

may correspond to two different fronts that our moet cannot reliably distinguish between. Figuren@arlines this tendency to junpp

from one front to another.
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Figure 3

Transport field (Sv, red and blue colors) soutio$tralia (week 8 1998) overlaid with the positimfithe 4 ACC fronts (black and
grey) identified with the transport and temperatniteria for BRAN.

The results obtained with the transport and tentperecriteria are used as a first guess to lodagedf the main ACC jets. Usin
frequency distribution of SSH for this frontal dadése, we then identify SSH contours that bestdithefront. Figure 4 show
histograms of the SSH contours derived from thisklyedatabase for BRAN. Because of uncertaintyimistishing different fronts

using transport and temperature criteria, the Gangseaks of the histogram overlap. However, astioesed by Sokolov and Rintodll

(2008) and Sallee et al. (2008), each front isattarized by a particular SSH value.

Table 2 regroups the SSH contour values for BRANfottunately, the SSH contour definition can notapplied to OFAM becaug
of long-term SSH trends that are present in theulsition.
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Figure 4
Frequency distribution of SSH contours (numberafusences) for the fronts identified with the tyamd and temperature criteria
method for BRAN. The vertical lines identify somédows around the peak value for the SSH filtering.

Fronts BRAN
SAF-N -1.1
SAF-M -1.34
SAF-S -1.64
PF -1.89
SACCf -2.16
Table 2

SSH contour values (m) associated with the ACCtframthe Southern Ocean for the BRAN reanalysmu(l$ Australian sector).

Reanalysis (BRAN) versus Non-Assimilating Model (OAM)

Because of assimilation, one can argue that tleifeBRAN are controlled by altimetry and do nopresent hydro-geographjc
barriers that separate the water masses in theASfOmparison between BRAN and OFAM is necessargrsure that the front
identified in BRAN are due to the model physics aotithe assimilation step.

n

Our method based on transport and temperaturegiardees not reliably distinguish the fronts (figuB). To remove the uncertainty
and identify a single front, the best-fit SSH camtbare used as filter value.. A window of +/- @alaround the SSH peak values
(figure 4) is applied to filter the database ofnfia positions. Figure 5 shows the mean positiothefACC fronts in the Australiah
sector for the two simulations. The mean PF-S ahiE-8 positions from Sallee et al. (2008) and theam&onts from Sokolov anfd
Rintoul (2008) are also superimposed. The fronttheftwo model runs exhibit similar spatial pateerwith the same meanderipg
tendency downstream of the main bathymetric featurbeir positions agree quite well, especially whee fronts are steered by the
fractures of the southeast Indian Ridge or by thenfbell Plateau, and when they cross the Macquridge. If our SAF agreg
globally with the mean SAF position of Sokolov aRihtoul (2008) and Sallee et al. (2008), our PFvseéo differ as our PF-|l
seems to correspond to their PF-S and our PF-S likefg corresponds to a South ACC front (SACCfhelTTmin-layer approach |s
problematic in winter, when the surface mixed-laigedeep. By contrast, the SSH filtering approaah ientify a single front if
both winter and summer.
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Figure 5
Mean ACC fronts position from the transport andgernature criteria with a SSH filtering for OFAM #uk) and BRAN (thick
black) superimposed with the bathymetry (m) ingbath Australian sector. The ACC fronts from Saéeal., (2008) (color dash
lines) and from Sokolov and Rintoul (2008) (colimek) are also represented: SAF in red, PF inwedlod SACCf in blue.

SSH contours versus hydro-dynamic criteria

In figure 1, the frontal positions of the transpartd temperature method and of the SSH contouradethn be analyzed apd
compared for a section south of Australia. Theisestand dates chosen for figure 1 underline thie mgreements and discrepandes
found all around Antarctica. For the SAF and P, ttho methods give similar positions which are sumpgosed most of the timé,
with discrepancies of no more than 0.5°C (figureFDr the position of the SACCH, the discrepancineen the two methods is moye
significant and can reach a few degrees. In sumthersouthern front corresponds to the PF-N fortthesport and temperatufe
criteria and to the sACCf for the SSH contour débin. The SSH contours method has the advantagewefaling the five frontg
systematically.

In figure 6, the SSH contours fronts follow andhjtiie strongest simulated ACC jet. The SAF-N andpylear to be the most interfse
current jets south of Australia (figure 6).

Figures 1 and 6 confirm that SSH contours can ke ts approximate streamlines (in particular thes ad the ACC jets) and can e
associated with subsurface hydrographic structutké Southern Ocean.
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Figure 6

Mean SSH gradient (Sv, read and blue colors) sopersed with the mean positions of fronts for BRAII{ black lines). The
standard deviation envelope (meridional spatiaiabmdlity) of the fronts position is representedthin black lines.
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ACC fronts mean positions

The mean frontal positions of BRAN agree quite wdth the mean positions of Sallee et al., (2008) Sokolov and Rintoul (2004
(figure 5). In both cases, mean pathways and nweradideflections of the fronts are controlled bgdgraphy. Along its circumpola
path, the ACC has a number of large topographiddyarthat perturb the flow. South of Australiag tlmain obstacles are the Sough-
eastern Indian Ridges, the South Tasmanian Ridt®),($he Macquarie Ridge and the Campbell Plat&d&e ACC fronts aré
typically steered around these obstacles or oweistallow plateau. The topographic steering leadsharp meridional deflectiof.
When a jet is constrained to pass over a shall@epu or ridge, all the fronts tend to move equedald to compensate for loss [of
potential vorticity.

~

=

Downstream of topographic barriers, mesoscale iactiends to be developed. The frontal meanderingoherent and persistgnt
enough to appear in the mean position of the front®se coherent mesoscale meanders are lessiltiae frontal databas
calculated from satellite altimetry products tharBRAN. South of the SIR (downstream of the SIR)p meanders are very distin
A weaker signature of those meanders can be olitbénv8allee et al., (2008) but do not appear indBnk and Rintoul (2008
Downstream of the Macquarie Ridge, all the froreflett northward and are then constrain to deféectthward by the Campbe
Plateau, generating sharp meanders with an amelfiimost 4°. Once again this signature is neanty revealed in Sallee et {l.,
(2008) or Sokolov and Rintoul (2008).

e

Variability

The topography not only controls the pathways ef ACC fronts but also their variability (e.g., Gordet al. 1978; Chelton et 3l.
1990; Gille 1994; Moore et al. 1999; Sokolov andtRill 2008; Dong et al. 2006). Steep bottom sl@yesassociated with very wegak
variations of the front position, whereas flat-battareas are subject to large movement of thedr@Figure 6). When the jets aye
steered by topography, the meridional variabilitpps and the intensity of the flow increases. Whtan fronts cross a shallov
plateau or ridge, a drop of variability is also elved and is associated with a decrease in thasityeof the jets. Over the abysgal
plain, the intensity of the fronts stays quite sgrowith an increase in variability. With no bathynie control, the fronts ar
predominantly forced by atmospheric forcing and tineridional movements of fronts can be correlaté@th wlimatic modes fron
ENSO (El Nino Southern Oscillation) and SAM (Southénnular Mode) (Sallee et al, 2008).

1%

A SSH contours are found by using subsurface hydpiyy combined with depth integrated propertiese figsults for the reanalygis
and from a free model run are quite consisteningius confidence in BRAN fronts positions databd3®e positions of the fronfs
are controlled primarily by the model physics aod oy the assimilation step.

The next step is to use this ACC fronts analysia sl to perform intercomparisons with the neamheration of BRAN and OFANI
runs, and also intercomparisons with other reaiafgsg., GLORYS) or OGCM (ORCAO025, Langlais et 2D010). This new metrig
will enhance our understanding of the differencetsvieen the hydrographic definitions of the fronts ¢he differences in the spatfal
position and variability of the ACC jets.

Financial support for this research is providedh®sy Quantitative Marine Science joint program bemv&niversity of Tasmania ar|d
CSIRO and through the CSIRO Wealth from Ocean Ragprogram.
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