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Abstract 

Maps of Mean Absolute Dynamic Topography (MADT) derived from satellite 

altimetry, for the period January 1993 to December 2007 were used to investigate 

the variability of the Antarctic Circumpolar Current (ACC) meridional frontal positions 

and gradients along the Greenwich Meridian. Using the MADT derived meridional 

frontal positions, the meridional zones between the fronts have been classified. With 

the classification of the zones established, integrated Sea Surface Temperature 

(SST) has been used to consider the surface variability in the ACC along the 

Greenwich Meridian. A strong relationship between the meridional position of the 

fronts and gradients of MADT exists. In addition, the study found that the meridional 

positions and gradients of MADT exhibit interannual variability as well as 

considerable trends over the 15-year time-series. The meridional zones along the 

Greenwich Meridian also displayed clear trends over the period from June 2002 -

November 2007 in integrated SST. The trends suggest a warming and shift in the 

climate state driving some of the variability in the ACC, which is consistent with other 

scientific studies. However, the study failed to find convincing correlations with the 

remotely sensed data used, and the Southern Annular Mode (SAM) on interannual 

timescales, suggesting that the ACC fronts do not strongly respond to the SAM on 

interannual time-scales. 
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1. Introduction 

Persistent eastward flow in both the ocean and atmosphere exist in the Southern 

Hemisphere (Hall & Visbeck, 2002). The strong zonal flow is driven by the large 

density differences from the equator to pole. The ACC represents the Oceanic 

component of the zonal flow, which is further enhanced by the westerly winds 

between 45° -- 55°S (Trenberth et a/. 1990). The westerly winds are associated with 

the phase of the main mode of atmospheric variability in the Southern Hemisphere, 

the SAM (Thompson & Wallace, 2000). In recent decades the SAM has favoured a 

positive phase (Thompson & Solomon, 2002). This raises the possibility that changes 

in the SAM might be changing the ACC. 

The ACC is unique in that it is the only current system that connects each of the 

ocean basins, and thus an important component of the climate system. It is the 

primary means by which interocean exchanges of water, heat and salt can occur. 

These exchanges form an integral part of the Meridional Overturning Circulation 

(MOC) (Gordon, 1986; Rintoul, 1991; White & Peterson, 1996; Sloyan & Rintoul, 

2001 a; Sloyan & Rintoul, 2001 b; Speich et a/. 2001). Despite the global importance 

of the ACC, the Southern Ocean remains relatively poorly sampled due to its 

remoteness and harsh environmental conditions. Therefore, hydrographic 

observations remain scarce in both space and time, which means that our 

understanding of the physical and dynamic processes that contribute to the variability 

in the Southern Hemisphere climate remain poor. 

The ACC is located between the subtropical regimes to the north and the subpolar 

regimes to the south. Distinct meridional differences in upper ocean water properties 

mark the boundary between the warmer saltier waters of the subtropics and the 
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cooler fresher waters of the Southern Ocean (Orsi et al. 1995). This boundary is 

known as the Subtropical Front (STF), and marks the northern extent of the ACC. 

This front is interrupted by only the South American continent, otherwise the STF 

marks a continuous boundary around the globe, marking the northern most extent of 

the Subantarcitc Surface Water (SASW) (Orsi et al. 1995). The SASW is cooler and 

fresher than the warm and more saline subtropical surface waters north of the STF. 

SASW converges with the subtropical surface waters at the STF and density 

differences between SASW and subtropical surface water cause the SASW to 

subduct below the subtropical surface waters (Burls & Reason, 2006). The STF 

although persistent round most of the Southern Ocean, becomes weak and 

intermittent in the eastern South Atlantic (Burls & Reason, 2006). An uninterrupted 

and strengthened STF manifests itself at _100 E and continues to _70 0 E due to the 

retroflection of the Agulhas Return Current (Lutjeharms & Valentine, 1988; 

Lutejharms & Ansorge, 2001). The Agulhas Current is the strongest western 

boundary current in the Southern Hemisphere (Reason, 2001). The Agulhas Current 

Retroflection region is an area of extreme dynamic variability and it is here that 

mesoscale eddies are spawned (Lutjeharms & Valentine, 1988). The eddies, 

otherwise known as Agulhas Rings, perform a critical process whereby heat and salt 

is exchanged from the Indian Ocean to the South Atlantic Ocean (Lutejharms & 

Ansorge, 2001). In addition, the Agulhas Rings can propagate south of the STF 

transporting heat and salt into the northern limb of the ACC (Swart et al. 2008). 

Baroclinic transports have the greatest variability north of -42.5°S in the South 

Atlantic sector of the ACC due to the meridional stability of the STF and the presence 

of Agulhas Rings (Swart et al. 2008). 
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The ACC is convergent in nature (Belkin & Gordon, 1996), deep water upwells, and 

is transported northward in an Ekman layer, and then sinks at the Antarctic 

Convergence (Speer et al. 2000), otherwise known as the Antarctic Polar Front 

(APF) (Moore et al. 1997, 1999). To compensate for this northward flow of 

intermediate and bottom water, the deep waters propagate southward toward the 

Antarctic shelf (Speer et al. 2000). Classically the ACC is regarded as having three 

convergent fronts (Orsi et al. 1995). These three fronts extend from the ocean 

surface to the deep ocean: from north to south, the three fronts are the Subantarctic 

Front (SAF), the APF, and the Southern ACC Front (SACCF) (Orsi et al. 1995; 

Sokolov & Rintoul, 2007). The Southern Boundary of the ACC (SBdy) separates the 

ACC from the subpolar gyres (Orsi et al. 1995). Weak convergence of the Southern 

Boundary Zone (SBZ) waters and subpolar gyre waters has made this boundary 

difficult to define. The SBdy exists due to the southward divergent flow of the SBZ. 

The SBZ is a zone of water in the ACC, its boundaries are defined by the location of 

the SACCF (northern boundary) and the SBdy (southern boundary) (Swart et al. 

2008). 

The dominant mode of variability in the extratropical Southern Hemisphere is the 

SAM (Thompson & Wallace, 2000; Hall & Visbeck, 2002; Thompson & Solomon, 

2002; Marshall, 2003; Sen Gupta & England, 2006). Like the Southern Ocean, the 

atmosphere in the Southern Hemisphere is uninhibited by topographic features at the 

midlatitudes. This allows a strengthened westerly atmospheric jet to circumnavigate 

the Southern Hemisphere (Hall & Visbeck, 2002). Although the SAM is highly zonally 

symmetric in its spatial structure (Thompson & Wallace, 2000; Marshall, 2003), it is 

known to exhibit a wavenumber 3 structure with the three centres located over the 

three southern subtropical ocean basins (Mo, 2000). The SAM is seen to have an 
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oscillating structure over time, a positive and negative phase. Oscillating on all 

temporal scales from the synoptic to centennial (Hall & Visbeck, 2002). During a 

positive (negative) phase the westerly surface winds increase (decrease) with zonal 

symmetry across the Southern Hemisphere (Hall & Visbeck, 2002). A positive 

(negative) phase of the SAM is characterised by an extension (contraction) of the 

subtropical high pressure systems and an intensification (abatement) of the subpolar 

low pressure cells in the Southern Hemisphere. This seesaw motion of tropospheric 

mass is an indicator of the meridional position of the westerly storm track (Gong & 

Wang, 1999). 

Hall & Visbeck (2002) found that theoretically there should be a degree of co­

variability between the SAM and the Southern Ocean. In the circumpolar ocean 

region the westerly winds prevail, driving a northward Ekman drift within the ACC. 

Northward flow within the ACC creates divergent flow in the surface waters of the 

ACC away from the Antarctic continent. This northward flow of cold divergent water 

prevents the warm subtropical waters from reaching Antarctica. As warm waters are 

kept away from the high latitudes in the Southern Hemisphere the density gradient is 

further enhanced. The density gradient created effectively generates the strong 

eastward flow of the ACC. Furthermore, the westerly winds track across different 

latitudes over the Southern Ocean and in doing so, waters within the Ekman layer 

move north and south depending on the meridional location of the westerly winds. 

The southward and northward moving waters converge and diverge, creating frontal 

regions and divergent zones within the ACC. 

If the ACC is influenced by the atmospheric forCing on the ocean, and the main mode 

of variability in the atmosphere in the Southern Hemisphere is the SAM. It is likely 

r:: 
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that the SAM will influence the variability within the ACC. Models suggest that it is 

likely that the SAM is responsible for at least part of the variability in the ACC (Hall & 

Visbeck, 2002; Sen Gupta & England, 2006). Observational evidence, however, is 

not as well documented. Cai (2006) attributed the more southward advection of the 

subtropical water to a southward shift in the westerly winds. Sallee et al. (2008) found 

that the ACC responds to changes in the westerly winds and the phase of the SAM. 

Interestingly, the changes in the westerly winds are thought to be caused by ozone 

depletion in the Southern Hemisphere and changes to the SAM (Thompson & 

Solomon, 2002). 

This study used observations from satellite altimetry to locate the ACC frontal 

positions and describe their associated variability, and in doing so validate whether 

the frontal positions derived from altimetry data agree with the classic frontal 

positions found by Orsi et al. (1995). The frontal positions found by Orsi et al. (1995) 

were obtained from hydrographic data. Furthermore, this study aims to describe the 

surface variability of the zones between the fronts of the ACC using integrated SST 

data. 

An attempt was made in this study to investigate if the signal of the SAM and the EI 

Nino-Southern Oscillation (ENSO) is evident in observational data of the ACC at the 

Greenwich Meridian and if the SAM influences the variability of the fronts as 

suggested by the Hall & Visbeck (2002) idealised model. 

As the ACC is a critical component of the climate system, its features, extent and 

variability must be understood fully (Orsi et al. 1995). This study was limited due to 

time constraints and was therefore only conducted at a single longitude in the 
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Southern Ocean. The Greenwich Meridian was chosen, as it is reasonably stable 

from the downstream perturbations caused by the Drake Passage and far enough to 

the west to not be influenced dramatically by the flow of Agulhas Current and 

Agulhas Return Current. Observing the variability of the ACC at a longitude with 

reduced 'noise' from dominant external forcings allows the lower frequency variability 

of the ACC to be detected, which is thought to aid the detection of atmospheric 

signals within the variability of the ACC. Please refer to the topographic map of the 

Southern Ocean from -60° - 1200 E , which can be found in the Appendix. 

2. Data 

2.1 Satellite Altimetry Data 

Maps of MADT were used to describe the variability of the fronts of the ACC at the 

Greenwich Meridian. MADT is the sum of the sea level anomaly data and mean 

dynamic topography From Rio & Hernandez (2004). The mean dynamic topography 

is obtained through a combination of in-situ measurements (hydrographic & surface 

drifter data), altimetry data and the EIGEN-GRACE 03S geoid. The altimetry products 

are produced from the combination of four different altimeter instruments on 

individual satellite platforms: Topex/Poseidon, Jason-1, ERS-1/2 and ENVISAT. The 

altimetry data is available at weekly time-steps with a spatial resolution of 1/3° and 

mapped on a Mercator grid. The MADT data are referenced to a seven-year (1993-

1999) mean. For further information on mapping techniques and error corrections 

refer to Le Traon et a/. (1998), Le Traon & Ogor (1998) and Ducet et al. (2000). 

2.2 Satellite Sea Surface Temperature Data 

To investigate the variability of the zones within the ACC at the Greenwich Meridian 

the Microwave Optimally Interpolated SST gridded data is used, and is available from 

Univ
ers

ity
 of

 C
ap

e T
ow

n



BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

June 2002. The blended Microwave Optimally Interpolated SST product uses data 

obtained from the Microwave Imager (TMI) onboard the Tropical Rainfall Measuring 

Mission (TRMM) satellite and is NASA's Advanced Microwave Scanning Radiometer 

component for the Earth Observing System (EOS) (AMSR-E). The Microwave 

Optimally Interpolated SST product has a spatial resolution of 114° (-25km) and is 

available daily. Before the data are included in the optimally interpolated analysis 

they are corrected for errors and biases known in the instruments. Near-real-time 

validation and bias corrections are undertaken using in-situ data retrieved from the 

Global Ocean Data Assimilation Experiment (GODAE). Collocation of the TMI AMSR­

E data with GODAE data only occurs if the TMI AMSR-E data is taken within 25km 

and within six hours of in-situ sampling under GODAE. Only after the errors have 

been determined are the data blended together. The blending is done using the 

method described by Reynolds & Smith (1994). Coverage of the TMI instrument is 

limited to a latitudinal band between 400 N and 400 S. The AQUA satellite has a near 

polar orbit providing the AMSR-E instrument with global coverage. Much of the data 

used in this study are beyond or at the limit of the TMI instruments range and 

therefore based mainly on the AMSR-E instrument. Unfortunately the AMSR-E 

instrument does not have daily global coverage. Furthermore, the mean spatial 

resolution of the AMSR-E instrument is coarser at -58km. Nonetheless, the swath 

gaps and reduced spatial resolution do not pose a serious issue when considering 

data consolidated in to monthly averages as is the case in this study. 

2.3 The Southern Annular Mode & EI Nino Southern Oscillation Indexes 

The SAM index as described Marshall (2003) has been used in this study. The index 

is based on station data from six stations at -400 S and another six stations situated 

at -65°S in the Southern Hemisphere. 
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The proxy zona l Mean Sea Level Pressure (MSLP) at both 40°5 and 65'S is 

calculated. Station derived MSLP is then compared to NCEP-NCAR reana lysis data 

on 2.50 latitude - longitude grid, This true zonal mean is the mean of 144 points 

along the appropriate parallel. Data corresponding to station Observations were 

determined by interpolating the NCEP-NCAR reanalysis MSLP fi elds to the station 

location to the nearest D." . The di fference in MSLP at 40'S arid 65'S is how the 

SAM index is defined. This index was preferred over a purely rearlalysis based index 

as b"ases in reanalysis constructions in the SAM have been found {Hines e/ al. 

2000). Additionally, th is study uses obsel'lational data and it IS Iherefo re deemed 

appropriate to use an observation corrected SAM index, Fa.- further details on the 

SAM index please refer to Marshall (2003). 

Figur~ 1 I"" SAM inde> (Marshall , ?0(3) B lie lone is the rr.o:::onl hOi SAM in~e" The thk::k bI"c" Iii'" is"n 

4-moolh running me"" otlhe n)OrHhly SAM inde, to dentity lhe "wer freQl>elx y ""riabillty 01 the SAM 

The MultlYilriate ENSO Index (ME l) has been used in this study to identify if the 

EN SO signal is being projected into some of the variab ility found in the fronts and 

zones of the ACC at the GreenWich Meridian, The MEl is derived from tropical Pacific 

Comprehensive Ocean-Atmosphere Data Set (COADS) records {Wolter & Timl in, 

1998). The ME l is based on the six main observed variables In the tropical Pacific in 

an attempt to reduce errors in ind',vidual variab les, These six var iables are: sea- level 

pressure, lonal and meridional components of the surface wind stress, sea surface 

" 
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temperature, surface air temperature. and total cloudiness fraction of the sky (Wolter 

& Timlin. 1993). 

T-, 

i ' 
• 

I 
i :~ 

I ' ' - ,- "' -,-----
Figure 2. B,mooilly Multivariate EI Nro-$outhern Osci lalioo Itldex (ME l) from January 1993 10 
December 2007 

3. Meridional Frontal Characteristics and Associated Variability Inferred From 

Satellite Altimetry 

The fron ts of the ACe are re latively narrow belts characterised by elevated current 

velocities. marked horizontal gradients in temperature, salinity. Sea Sudace Height 

(SSH) , and other oceanographic properties (Orsi el al. 1995. Belkin & Gordon, 1996, 

Moore e/ al. 1999; Sokoiov & Rintoul. 2007 Swart 131 al. 20{lS). Sokolov & Rintoul 

(2007} investigated the fronta l pos it ions and structures and found that whi lst there 

are five general frontal features, each frontal featu re generally cons·,s ts of multiple 

branches that merge and diverge along their Circumpolar paths Figure 4 identifies 

the more complex frontal structure of the ACC along the Greenwich Meridian as a 

series of pronounced uv velocities_ Only the main frontal features of the ACC, 

identified by the most prominent MADT gradients were classified in this study (see 

Figure 3} 
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Figure 3. ~ADT data layn "':' Isolid blue line,l arid MADT 1000idionai (Jadi.e!1 t IsolO;:1 green line) at the 

Greenwich Merd an, The mean fro nlal posit.),,, 01 the ACC al the Greenwlcn Meridian loond by lhe 

MADT and ~ ADT meridoonal grado ent are marked 

TO consider the monthly and interannual variability of the fronts within the ACC the 

weekly data has b€en amalgamated into ITKlnthly averages for the January 1993 

Decemb€r 2007 r;e(od to remove some of the higher frequency variabitity. The 

frontal positions of the ACC at the GreenwiCh Meridian have b€en located u~ing the 

meridional gradient of MADT from the monthly averages. The mean meridional 

position of the MADT with the highest gradients was found U~ing the tatitudinal 

positions of the greatest gradients it IS possible to extract the value of MADT for each 

gradient ;splke" (Figure t)_ By following the value of MADT at each time-step and 

locating the corresponding latitudinal value it IS possible to locate the frontal po~itions 

of the ACC at the GreenwICh Meridian over the period in question. This method 

proved reasonably robust with mean meridIOnal frontal positions in close agreement 

with the hydrographic derived frontal positions as defined by Drsi et al (1995) at the 

Greenwich Meridian (Table 1). 
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3.1 Meridional Frontal Posit ions and Associated Variability 

To illustrate the meridional interannual var iability of the ACC at the Greenw ich 

Meridian. Figure 3 displays the alt imetry deriv ed surface ve locity magnitude in ms ' at 

each monthly time step over the January 1993 - December 2007 peri od. The 

meri diona l frontal positi ons have been plotted over the surface velocity magnitudes 

(J(U ' + v')) Swart and Speich (2009) found that the Isollnes of MADT close ly fol low 

the surface current magn itudes of the main ACC fronts along the Good Hope 

transect Th is study agrees w ith the fi ndi ngs by Sokolov and Rintoul {2007) and 

Swart el aI. (2009) that the MADT isol ines do provide an accurate method of locating 

the merid iona l fronta l pos itions and that these merid ional pos itions correwond 

close ly wi th the classic frontal positions found by G rsi at ai, (1995) {Table 1), 

Table 1. Cr l eria Used 10 <:>cale the ACC Fronts reprodl!Cec from Ors, el al (1%151 

Fron l Critena Classical Position MArlT rletived 

Mean Frontal 

Posit"", (S) 

Frontal 

Posillun 

Statldard 

Dcviat>on 

SIF 1 O' C <: 0 ''''; <12"C 
--~~·'4 ... _- - 38.5 0.79 

SAF S <: 34.2'0 at Z < 3COn 

II '" 4 5"C at 400m 

I) < 2'C ak::<>g H,.... at Z" 200m 

~ '" d'C along Il"". at Z <: 150m 

Southern limit 01 vort"al 

maximum of IJ > 1.5'C, (_2OOrr,) 

45.7 

49.4 

52.4 

55.1 

45.3 

53.5 

55.5 

0.31 

0.27 

0.19 

0.28 

The Ironts i~ the table are as follows, StJ~trop ,, "' f'r(lflt (STF), Subantarctic Front (SAF). Ant"rctic Pc>"r 

Front (APF), Suuthem ACe Fr(lflt iSACCF). Southern Boutldary 01 lhe ACC iSBcty). 0 i, the ""tontl"1 

I'''''perature, S is the Sa. nity. The ,:!as,"cal positrons are f(Jf the Gr"""",,,ch Mcrkl,an. a, ~ot"''''' i ""d by 

Or" el <11. i1995) The MAOT derived mea~ frontal positi"" an~ aSSOCk1te~ staro:Jarc oov'.,IO"1 tor ooch 

Iront are listed 
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BILLANY: V ", i " bi ~ 'y tn Frontal Z[)n e, In , he SO(j 'hem Ocean ak) r>g the Greenwd Meridian 

The GoooHope cruise track, which was f irst. established In early 2004 

{http://www.lfremer.fr/lpoi speich/GOODHOPE/goodhope .htm j crosses the STF at 

approximately 40.5°S and 10"E Swart et al (2008) found that the MADT could not 

realistically capture the STF at this location due to the intense mesoscate activity 

caused by the propagation 01 Agulhas Rings in the region. Unlike the GoodHope 

transect, this study focused on the STF at the Greenwich Meridian. Here the STF is 

less influenced by Aguthas Rings, in comparison to the STF at the GoodHope 

transect further to the cast, which encounters Agulhas Rings on the order of -2 per 

year (Swart el al. In Press). Nonetheless, the STF remains the most variable of fronts 

within the ACC at the Greenwich Meridian with the greatest meridional standard 

dev iation lie 0.79" tatltude) When not influenced by me~oscale eddies the MADT 

contour used for the STF follows the velocity magnitudes reasona~y well. The 

SACCF showed the least meridional variabil ity of al l the fronts of the ACC at the 

Greenwich Mendian (ie 0 19°). 

Univ
ers

ity
 of

 C
ap

e T
ow

n



BILLANY: Vo,iHOl1rty in Fro"'o llones in the SDuthern Ocean along the G""",w>vh Mmkl.m 

MADT (lerOio(l trontol p''' itlons of tt>e ACC (block li nes , in d','n "'I aklr>;j the Greenw <; h MerkJian from 

Jdnuary 1'J'J3 10 Decemoor =7 Th is is Jlu strated te< (al The STF, (bl the SAF. (ei 1I,e APF. (dill", 

SACC F, leltt>e S&iy 
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BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

The MADT isolines for the fronts are shown in Figure 4, from north to south the fronts 

are as follows: (a) STF = 1.56 dyn m (1 dyn m = 10m2s-\ (b) SAF = 1.09 dyn m, (c) 

APF = 0.58 dyn m, (d) SACCF = 0.19 dyn m, (e) SBdy = -0.06 dyn m. It is clear from 

both Figure 3 and Figure 4b and c that both the SAF and APF are particularly well 

defined when using MADT. The main branch of the SAF is chosen in this study, 

however, it is clear to see that there is often another northern frontal feature of the 

SAF, which is found at approximately 44° - 43°S (Figure 4b). This is also clearly 

identifiable in Figure 3 (Moore et al. 1999; Sokolov & Rintoul, 2007). The APF is a 

distinct front and does not appear to have any other branches or filaments associated 

with it at the Greenwich Meridian (see gradient of MADT in Figure 3). The boundary 

separating the SACCF and SBdy are more difficult to distinguish in Figure 4d and e. 

This is due to the relatively small change in gradient between the SACCF and SBdy, 

as can be identified in Figure 3. 

Anomalous uv velocity magnitudes are apparent in close proximity to the STF along 

the Greenwich Meridian (Figure 4a). Displayed are four events of high uv velocity 

magnitudes, which appear in the following chronological order: September -

November 1993, February - March 1998, and May 1999 - May 2000, and January -

March 2007. These mesoscale structures are persistent over monthly timescales. 

Excluding the uv velocity magnitude anomaly in early 2007, the anomalies are 

associated with the STF meridional position being incorrectly identified. Further 

investigation reveals the errors in frontal position of the STF are associated with 

mesoscale eddy activity in the vicinity of the STF, along the Greenwich Meridian. 

Figure 5 displays weekly snapshots of MADT data of an anomalous event in during 

1999/2000. The snapshots allow individual mesoscale eddies to be indentified and 

followed through time. The close proximity of eddies causes the value of MADT to 
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BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

move northward away from the meridional position of the STF at the Greenwich 

Meridian toward the track of eddies (Figure Sb to d) that are often referred to as the 

Agulhas Corridor (Witter & Gordon, 1999). During August 1999 a train of eddies shed 

from the Agulhas Current cross the Greenwich Meridian near to the STF. Since 

Agulhas Rings are anticyclonic they are readily identified by altimeter observations as 

they display a positive sea level anomaly relative to surrounding ocean environment 

(Witter & Gordon, 1999). This explains why the value of MADT used for following the 

STF through time (1.S6 dyn m) is also found in the eddy passing the Greenwich 

Meridian in August 1999. The northward migration in the value of MADT continues 

through to April 2000, trailing a mesoscale eddy moving in a northwest direction. By 

April 2000 the mesoscale feature is no longer present along the Greenwich Meridian. 

Also, the amplitude of the mesoscale eddy signature has decayed to a point where 

the value of MADT used to find the STF frontal position is no longer found in 

proximity to the mesoscale eddy. The value of MADT is again located southward in 

April 2000 at 38.SoS, which is 0.01 ° from the latitudinal mean of the STF at the 

Greenwich Meridian. In June 2000 (Figure Sf) another eddy causes the MADT value 

used to follow the STF, to shift northward, again due to another mesoscale eddy. 

Continual eddy disturbances occur during the 1993, 1998 and 1999/2000 periods at 

the Greenwich Meridian. 

The isoline used to follow the APF was found to mistakenly identify the APF on one 

occasion in late 1998. The errors have been included in Figure 4, to show how the 

contour lines will follow the uv velocity magnitudes and eddy activity. However, errors 

associated in the frontal positions due to incorrectly tracking of fronts have been 

removed from all further Figures and analysis from this point. 
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BILLA NY: Variabil ity In Fronla l 2o",,~ " the SO LJth{>rn Ocean aOng the Greenwich Merd"" 
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FI9u,e 5. Blmonthly "",-.p5h:)t. of MADT (d!' 11 m) " a reg"n Dcated "I "rid neo, 'he Greenwich 

Meridian a.n~ STF meri ~kln"1 pos;;"" (hack d'iImOlldl "hot, was fO LJ r>d fol.,wing " co ntoor ot MADT 

through IIm~ _ The bimonth ly snapst>ois of lhe fi rSl week 0/ e,-.ch monlh w~ re I"ken " the 1001ow;ng order 

1,'1 A";lIJst 1999. (b) October 1999. (e) DecerrLe , 1999, (~I retxuary 2000. Ie) April 21XXl. (f) Jun e 
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[\ 11. 1 ANY; Va'iability '" Fron/at 70""5 in the $Quthe,n Oc€"n ,""""the Greec.wich M<ir>:J",,, 

3.2 Seasonal Variabi lity in the Merid ional Positions and Gradients of MADT in 

the Fronts of the ACe al the Greenwich Meridian 

(.) (.) 

, , ' , , . 
, 

J 
-----1 

, 
! , , 

Figure 6. Mean seaso"al "",rid",,,al Sr.'!S r ialllUOO) in lhe fronlal posit ons in the ACe at lhe 

G,oo""",,11 Mer,"",n from a 15-year continuous line-wries The lronts were ",Iii In to two laillud,ml 

group'. 3' different cila,""lerislic. are li,e~ to be idenl'.,J in the two qrol.\O' IVa" Loon, 1007) la ) Til e 

flce frc<l~ "",til 01 50' S: STF (thick fed line), SilF Ith,c, black line), IIPF rtilick rnag<lflta line) (b) n ", 

front, oll h" lice >Gutil of 5<)'S: SIICCF (til"" red li lle). SBdy (Ihd olack ~ ""I 

The seasonal changes in the Southern Ocean are known to play a part in the 

variabili ty in a number of atmospheric and oceanic components (Rouault et al. 2005). 

Here the study explored the seasonal va ri ab ility of the meri dional pos itions and 

gradient of MADT ,n the ACe fronts. Figure 6a plots Ihe mean mendional seasonal 

variabi lity of the fronts at and north of 50'S of the ACC at the GreenwiCh Meridian 

Seasonal va ri abi lity in both the SAF and APF are not par ti cularly strong at any 

month. The STF however, does appear to have a more pronounced mean seasonal 

cyc le. A rapid change in the meridional frontal posi ti on occurs Apr.1 (38.8°S) to ,ts 

most northern position in June (37.9'S). The northern most location of the STF in 

June agrees with Meehl (1991) that the ocean heat storage In the Southern Ocean is 

at its minimum in June. From June the STF migrates back towards 'Its most southerly 

locatlOll (April) at a slower rate In October and February there appear to be smal l 

,. 
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BILLANY: VoriollM'I n Frontal ZC<"'Jes in the Southern Ocean along the Greenwich M~ridion 

northward shifts in the mean merid ional seasonal frontal position of the STF. The 

more pronounced seasonal variability is likely due to the lact that the STF at the 

GreenwICh Meridian marks the upper ocean txlundary between the Southern Ocean 

and subtropical gyre 01 the SOuth Atlantic. The southern fronts 101101'1 a more 

sinuSOidal nature and as expected venture in the north (south) during austral winter 

(summer) (Figure 6b). 

,., '"' 
.-

- ------------ /'.~~"l 

-. .~" " 

Figure 7 M<>an sca""n vari.t>llty in the gradients (~'1n m) at the fronts in the ACC at the GmcnwKOh 

Mero;an fram 0 l5-yenr ()O()tinOOlJs lime-,eries (a) The ACC tranls nanh of 5(l"S: STF (th<;, roo lone), 

SAF (thd black ~ nel , IIPF Ithick magenta liool (Il) The ACe Ironts SO\Jth of 5O"S: SACCF ilh" k roo 

lineL SBdy (lhd black Inc) 

Mean seasonal variations in the gradient 01 MADT of the STF show a semiannual 

cycle (see Figure 7a). There are two peaks in the MADT gradient 01 the STF, one in 

April (0.0221 dyn mi. and the second in October (0,0250 dyn m), the troughs in th is 

semiannual cycle occur in May (0,0195 dyn m) and December (0 0158 dyn mi. The 

two peaks in the MADT gradient of the STF cOincide with southward migrations in the 

meridional lrontal position ot the STF. FUrthermore, the most northward mean 

meridional seasonal position of the STF occurs in June, when the MADT 9radient 

monthty mean value is relatively weak (0.0200 dyn m). The second trough in the 

MADT gradient of the STF occurs in January, the meridional seasonal position in 
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[lILLANY; Variabil ity in Frontallon<>s in the Sollthern Ocean alonq the Greenw",h Merd an 

January and February is located in a slight northward migratIOn. Unlike the periOd in 

June however. during January the surface waters of the Southern Ocean are 

experiencing warming as it is the austral summer. This may help explain the 

northward extension of the STF in June, A decrease In the gradient of MADT favours 

northward migrations in the meridional frontal position of the STF, which during June 

is likely to be further north as this IS during the austral winter During the austral 

winter the position of the STF migrates further north due to a cooling of the upper 

ocean waters. 

The seasonal variability of the meridIOnal poSitIOn and gradient of MADT in the SAF 

both display weak seasonal cycles, Furthermore. the peaks and troughs of the SAF 

in the meridional position and gradtent of MADT are in close agreement. In fact 

when comparing Figure 6 and 7 the SAF, APF and SACCF all show mean seasonal 

Shifts northward in their meridional frontal positions during months more pr!!val!!nt to 

strong,,, gradients and vice versa, Yet the houndaries of the ACC, the STF and SBdy 

share similar mean seasonal responses to their gradient of MADT and their 

mendional positions. Nevertheless, the seasonal cycles do differ This is not 

surpriSing as the boundari!!s are situated at either latitudinal boundary of the ACC 

and It is therefore likely that they are influenced differently by seasonal changes The 

SBdy shows a smoother more predictable mean annual cycle in both its gradient of 

MADT and meridIOnal position (Figure 6b & 7h) than the STF, whIch shows a semI­

annual cycle in its gradient of MADT and a more abrupt northward meridional shift 

during the peak of winter (Figur!! 6a & 7a), 
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BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

3.3 Interannual variability of fronts at the Greenwich Meridian using altimetry 

To better capture the lower frequencies of variability in meridional positions and 

gradient, the mean seasonal variability has been removed. Seasonal variations in the 

frontal positions are not considered the dominant mode of variability, nevertheless, 

there is a seasonal component to both the gradient of MADT and altimeter derived 

meridional positions. What is more, there is a relationship between the gradient of 

MADT and meridional position of the fronts within the ACC when considering the 

mean seasonal variability of the fronts within the ACC at the Greenwich Meridian. 

Despite this, it must be stressed that the variability in the gradient of MADT is not 

driving the meridional position of the fronts or the other way around. It is likely that 

response in the gradient of MADT and the meridional position are both driven 

simultaneously by other forcings. To further explore this, the relationship between the 

interannual variability of meridional frontal positions and the gradient of MADT (see 

Figure 8) throughout the entire 15-year time-series will be considered. 

Caution must be exercised when interpreting the results of the STF prior to 2002, 

which do not appear to be strongly out of phase when the inaccurate features have 

been removed (Figure 8a). Before 2002 Agulhas Rings were found to disturb the 

MADT contour being used to follow the STF. The three main fronts within the ACC 

show persistent positive relationships in their meridional positions and gradients of 

MADT (see Table 2). 
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BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

Table 2. Monthly timeseries correlations of the meridional positions and gradients of MADT of the fronts 

within the ACC at the Greenwich Meridian 

Frontal Position Gradient (r value) 

STF 0.28 

SAF 0.51 

APF 0.94 

SACCF 0.96 

SBdy -0.63 

Correlations were based on the normalised index of both variables with mean seasonal variability and 

mesoscale associated errors removed. The significance for all r values in Table 2 are greater than the 

99% confidence level. 

Five northward extensions in the meridional positions of the SAF are also marked by 

considerable 'spikes' in the gradient of MADT (Figure 8b). The five spikes occur 

chronologically as follows: January - February 1999, January 2000, June - July 

2000, January 2001 , and March - April 2002. 

One event occurs in the corrected APF position and gradient of MADT where a 

negative relationship between the meridional position and the gradient of MADT is 

observed. In December 1996 there is a southward shift in the APF, its most southerly 

migration in the entire time-series, which coincides with a slight positive value in the 

gradient of MADT. Otherwise, the APF meridional position follows the gradient 

changes in strength exceptionally well (Table 2). 

There is a strong positive relationship (r=0.96) between the meridional position and 

gradient of MADT of the SACCF. Northward migrations in meridional position of the 

SACCF are associated with an increase in the gradient of MADT. There appears to 

be a negative trend in the meridional position and strength of the SACCF over the 15-
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GIlLANY; Variabi i ly in Frol1taIZ",,,,,,, Inc Soolne", Oc~a" along the Grool1wkoh Mor<lia n 

year lime-senes. A period 01 stability in meridional position and gradient of MADT 

occurs from 2000 10 2004. before Ihe negative lrend agam becomes apparent. The 

SBdy displays a negat ive relationship in its meridional position and gradient 01 

MADT, except during an extended period from mid 2001 10 late 2002 when there is a 

po&itive correlation otherwise, the negal ive correlaliflnlS strong (see Table 2). 
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Figure 8. Time-series of normalisoo data \,,ith the mean seasonal cycles 'emwe(J from the ."",o ooal 

IronIa; rosition, ithick cy"" ""'.1, grad ient of MADT at the f ' unt, ibl""'k ~ashod 'nci plutl{)(l with tho 

Ironia' posit .., t,,,,,d Ii"" iblLK) JoHood lincl. A 5-m<:<lth runnin<) m~an "", r.o"n arrJied 10 all Ih~ dala tu 

n ghl '3fit periods ot e,ICI'.(!od """maluu, behavior al1~ r~muve I"" mg"'" trequency il1lra.tTIOlthly 

nri3bO ily. Tns is il l lStralod lor (a) The STF. (b) the SAF, (e) I"" APF, (d) the SACCF, (e:, the S&iy. The 
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FIQure 8. Ti me-series 01 nonnai ise<J data "'Iil Ih" m~a" seasonal cyd~~ remoyed Iml'n th" merOd,o,,"1 

lronlal positi ons IlIj ck cyan 100), wadie nt 01 MADT 01 the fro nt; ibi ,lek dashed Ii ",,} plotted with tho 

Irontal f'O"lion lr~nd lin e iblue dolled 'in e). A 5-moll lh rumi nQ rn~an ha, ~ ee fl Wied 10 all th" data to 

higl1 i ght perioos at e",onde<l anomaklus bOh"vklr am remOYG the higl"", freq"enc~ irma-month ly 
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BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

variability. This is illustrated for (a) The STF, (b) the SAF, (c) the APF, (d) the SACCF, (e) the SBdy. The 

inaccurate gradient values of MADT and positions in the fronts have been removed. 

3.4 AtmospheriC modes and the fronts of the ACC at the Greenwich Meridian 

The monthly SAM index was superimposed over the normalised frontal gradients of 

MADT and their meridional positions to identify any possible relationship. The 

normalised position of the STF showed a positive correlation with the SAM, when 

applying a 5-month running mean (r = 0.32 not significant above 95%) and when 

correlating the monthly data (r = 0.16 not significant above 95%). Despite the positive 

correlation with the SAM and the meridional position of the STF, the corrections in 

the meridional position of the STF may bias some of the results. The anomalous 

events in the STF, which were removed, occur during positive phases in the SAM 

(see Figure 4a). Correlation of the STF with the SAM without correcting the frontal 

position of the STF resulted in an r-value of 0.45 (significant above 99%), this is 

found with a 5-month running mean is passed through the data. The 5-month running 

mean also highlights the in phase relationship of the meridional position and gradient 

of MADT in the STF after 2002. During this in phase relationship the SAM leads both 

the position and gradient of the STF, also, the negative correlation in the gradient of 

MADT continues, while the meridional position of the STF and correlation appears to 

weaken. 

There was no obvious relationship between the SAF and the SAM, other than if the 

data was smoothed with a 5-month running mean and an 18-month lag, when there 

was a correlation of -0.27 with a significance above the 95% confidence level in the 

meridional position. The gradient of MADT in the SAF while following the meridional 

position during the positive anomalies does not follow the meridional position 

throughout the time-series (see Table 2.). A strong correlation was found in the 
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BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

gradient of MADT and the SAM (0.47 with a significance greater than 99%), however, 

the gradient of MADT then precedes a change in the SAM by 8-months. If the same 

lag is taken as the position, the correlation in the gradient of MADT against the SAM 

is -0.14, yet it is not significant. 

Applying the 5-month running mean to the APF position and gradient of MADT 

resulted in negative correlation with the SAM, nonetheless, this is only after applying 

a 15-month lag to the data. Without applying a running mean to the monthly data or 

using a lag no significant relationships were found. 

The SACCF did display a negative relationship with the SAM in both its meridional 

position and gradient of MADT in the monthly data with no lag, suggesting that part of 

the variability in the position and strength of the SACCF can be explained by the 

phase of the SAM. The correlation was performed and different lead/lags were 

investigated but there was no significant correlation. None of the correlations 

between the SBdy and the SAM were found to be significant, whether a running 

mean was applied or not. 

The possible influence of the ENSO on the variability of the fronts along the 

Greenwich Meridian was investigated. No significant relationship was found between 

the meridional position and ENSO or the gradient of MADT at the frontal position and 

ENSO. Only the corrected STF frontal position showed a possible relationship to the 

ENSO, with no running mean, the STF position correlated with ENSO at 0.27 

(significance greater than 99%), this was found by introducing a 12-month lag in the 

frontal position. Without the lag a relationship was still found in the STF and ENSO, 

however, the relationship becomes out of phase, -0.23 (significance greater than 

95%). 
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BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

Table 3. Correlations of the normalised frontal positions of the ACC at the Greenwich Meridian against 

the SAM 

Frontal SAM Lag (months) Correlation with Correlation with 

normalised (significance) lag removed no lag or running 

meridional (significance) mean 

positions (significance) 

STF 0.32 «95%) 33 0.30 «95%) 0.16 «95%) 

SAF -0.26 (>95%) 18 -0.04 «95%) -0.08 (<95%) 

APF -0.41 (>95%) 15 -0.13 «95%) -0.13 «95%) 

SACCF 0.33 «95%) 59 -0.19 «95%) -0.27 (>99%) 

SBdy 0.33 «95%) 48 0.01 «95%) -0.03 «95%) 

All correlation unless otherwise stated, like those in the last column are found using a 5-month running 

mean in all the data. 

Table 4. Correlations of the normalised frontal gradients of MADT of the ACC at the Greenwich Meridian 

against the SAM 

Frontal SAM Lag (months) Correlation with Correlation with 

normalised (significance) lag removed no lag or running 

gradient of MADT (significance) mean 

(significance) 

STF -0.33 «95%) 19 -0.19 «95%) -0.11 

«95%) 

SAF 0.47 (>99%) -8 0.02 «95%) -0.09 «95%) 

APF -0.36 (>95%) 15 -0.12 «95%) -0.11 

«95%) 

SACCF 0.30 «95%) 58 -0.18 «95%) -0.23 

(>95%) 

SBdy -0.28 «95%) 48 0.04 «95%) 0.12 

(<95%) 

All correlation unless otherwise stated, like those in the last column are found using a 5-month running 

mean in all the data. 

The mean monthly Microwave Optimally Interpolated SST used in this study is over 

the period from June 2002 - November 2007. The Integrated SST or the meridional 

sum of SST between the boundaries of each zone within the ACC at the Greenwich 
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BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

Meridian is calculated. This provided a means of describing some of the surface 

variability within the individual zones of the ACC along the Greenwich Meridian. Due 

to the obvious relationship in the integrated SST values and distance between fronts, 

the integrated SST is divided by the distance between the northern and southern 

front of each zone. Each cell is equally spaced at 0.25°. Additionally, The high 

seasonality in the SST is removed so that the underlying interannual variability could 

be identified (see Figure 9). Using the corrected meridional positions of the fronts 

along the Greenwich Meridian the zones between the main frontal features are 

defined. The seasonal changes in SST show no semiannual cycle (not shown), all 

zones show a seasonal maximum (minimum) in March (October), though the 

seasonal cycles are prominent. By combining these techniques it is possible to 

remove much of the internal variability within the zones of the ACC. The remaining 

variability of the integrated SST could then be investigated. 

The Subantarctic Zone (SAZ), Antarctic Polar Zone (APZ) and Southern ACC Zone 

(SACCZ) show prevalent increases in their mean zonal SST for approximately a year 

between 2006 and 2007. The SAZ mean SST increase more rapidly than the APZ to 

begin with, while the SACCZ peaks before both SAZ and APZ. The warm event of 

the SACCZ is shorter lived than those of the SAZ and APZ (Figure 9a, b, c). A 

warming trend is apparent in the SAZ over the 2002 to 2007 time-series, while there 

appears to be a cooling trend in the SBZ. 

A 2-month running mean needed to be added to the data of the SAZ before stronger 

correlations with the SAM were found. Notwithstanding the two most southern zones, 

the SACCZ and the SBZ, these display negative correlations with the SAM, -0.27 

(significance above 99%) and -0.24 (significant above 95%) respectively without a 
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running mean (see Table 5). With a 2·month running mean applied the correlations 

with zero lags are no longer significa nt above 95%. However the SAZ. SACCZ. and 

SBZ show more pronounced correlations when lags are consiclered POSS 'l ble 

mechan isms for lag wil l be discussed in the next section. When consider ing the 

ENSO. no relationship is foond with significance except for the SACCZ and SBZ with 

a 6-month {r" 0.29 >95°'(.) and 24-month Ir = 0.33 >99%) lag respectively_ This is in 

agreement with Sal lee e/ al. (2008) who noted that the ENSO outside of the Pacific 

basin tends to be anticorrelated with the SAM response. 
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When examining Figure 9 it becomes apparent that there is a change in the 

integrated SST, With latitude from north 10 south there is a change from a strong 

positive trend in SST in the SAZ 10 a strong negative Irend in the integrated SST in 

58Z 

It should be noted that the SAM index used in th is sludy from 1993 to 2007 shows a 

slight negative trend, Nonetheless, the SAM has shown a positive trend over recenl 

decades and has been in an anomalously pOSitive phase throughout the majority of 

the study period. consequently much of the correlations of the remotely sensed data 

wilh the SAM are dUling an already posItive phase in the SAM 
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Table 5. Correlations of normalised mean integrated SST for the zones of the ACC along the 

Greenwich Meridian against the SAM 

Zonal Integrated SST 

SAZ 

APZ 

SACCZ 

SBZ 

SAM with 2-month 

running mean & lag 

considered 

--0.28 (>95%) 

0.23 «95%) 

-0.32 (>95%) 

0.40 (>95%) 

Lag 

13 

3 

14 

23 

SAM without a running 

mean or lag 

0.16 «95%) 

0.08 «95%) 

-0.27 (>99%) 

-0.24 (>95%) 

The potential mechanisms associated with the observed trends in the meridional 

positions and gradient of MADT of the fronts will be discussed in the section. 

4. Discussion 

4.1 Variability in the Fronts of the ACC along the Greenwich Meridian 

The disturbances in the STF where corrections in the meridional frontal position were 

made were found to be due to mesoscale features being tracked, rather than the true 

meridional frontal position. The STF is known have a highly variable spatial structure 

due to the meandering in the STF and mesoscale eddies (Belkin & Gordon, 1996; 

Swart et al. 2008). Nonetheless, it is not clear if these disturbances are due to the 

Agulhas Ring Corridor being located further south from its mean position, 

alternatively increased meandering of the STF might be causing additional mixing of 

the SASW and subtropical surface waters. The example in Figure 5 and the other 

anomalous periods identify limitations in the use of MADT as a means of locating and 

following frontal features in both time and space, in regions of intense mesoscale 

variability. An intriguing observation, however, is that the same periods of anomalous 

activity in the STF coincide with positive phases of the SAM (see Figure 1 & Figure 

4a). These are not single events but rather anomalous periods of a year or longer 
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when Agulhas Rings interact with the STF at the Greenwich Meridian. Whether this is 

a coincidence, or whether mechanisms associated with the SAM are forcing the STF 

to branch and meander was not investigated. It is possible that the phase of the SAM 

can influence the interannual variability of spawning mesoscale eddies at the 

Agulhas Current Retroflection. Little has been done in this field, due to the difficulty in 

tracking Agulhas Rings using observational data. Agulhas Rings decay over time and 

therefore their signature is constantly changing. Using SST is not always appropriate 

since the skin temperature of the eddy may be the same as the surrounding waters 

while the ring is still present. The use of altimetry also struggles to follow and capture 

individual eddies when temporal coverage is limited, eddy tracks can vary and 

merge, and the sea level anomaly signals of the eddies weaken in time. 

4.1.1 Seasonal Variability 

The seasonality of the STF, SACCF and SBdy meridional positions are particularly 

noticeable. The seasonal variability in the meridional positions displays a reasonable 

response. Cooling of the ocean occurs during the winter, and therefore a northward 

migration in the MADT isolines occurs due to a steric change in seawater in the 

upper ocean. The meridional migrations of the frontal positions in the southern sector 

of the ACC are largely uniform. Both the SACCF and SBdy meridional mean 

seasonal shifts share similar characteristics. The more southerly of the two, the 

SBdy, leads the SACCF by approximately one month, also the magnitude of the 

seasonal variability of the SBdy is greater than that of the SACCF. The most 

southerly seasonal position is found in October (SBdy) and November (SACCF). This 

is a period of change in the Southern Ocean when the austral winter has come to 

and end and austral summer is beginning to dominate. A small second peak in both 

the SBdy (May) and SACCF (June) occurs at a period when the Southern 
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Hemisphere is entering winter. A reason for this might be the slow oceanic response 

to solar heating during the austral summer, and the high thermal heat capacity of 

seawater. SAF & APF show weak seasonal variability in their meridional frontal 

positions. This is likely due to the high uv velocity magnitudes found in the SAF and 

APF, which are created through pronounced gradients in density. 

Previous studies have found that the seasonal cycle in the mid and high latitudes of 

the Southern Hemisphere have changed in recent decades (Rouault et al. 2005). The 

seasonal changes can be attributed to documented changes in the Semiannual 

Oscillation (SAO). The SAO has under gone changes since the 1960's (Rouault et al. 

2005). These changes in the SAO have been linked to changes in the polar vortex, 

which are largely due to photochemical ozone depletion (Thompson & Solomon, 

2002). The SAO displays a twice-yearly intensification in the midtropospheric thermal 

gradient between 50° - 65°S (Rouault et al. 2005), which is situated directly over the 

southern sector of the ACC. It is likely that the mean seasonal cycles applied to the 

data do not accurately represent the seasonal changes through the time-series due 

to changes in the SAO from 1993 to 2007. 

4.1.2 Interannual Variability and Connection between Meridional Position and 

Gradient of MADT 

The interesting question raised here is why the meridional positions of the fronts in 

the ACC shift northward (southward) in conjunction with a strengthening (weakening) 

in the gradient of MADT, and why this relationship is reversed in the SBdy (see Table 

2). A possible explanation might be that the frontal positions are created through the 

convergence of differing water masses. If there is an anomalous amount of cool 

water advecting northward, the gradient between the northward advecting water and 
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the warmer southward advecting water will be intensified. A cool water event would 

result in an increased gradient in the front and a northward shift in the meridional 

position of the front. If, on the other hand, there is an anomalous southward shift in 

warmer water, one would also expect the gradient to increase, but with a southward 

migration in the meridional frontal position. Cool northward advecting water is a 

dominant feature of the ACC and is present at all times in the ACC (Belkin & Gordon, 

1996), it is therefore unlikely that even an increased southward flow of water from the 

north would force the frontal positions south, while anomalous northward flow would 

further dominate the forcing of the meridional position and cause a northward shift, 

along with an increase in the gradient of MADT at the front. 

It must be stressed that this study has not investigated possible mechanisms 

responsible for these results. Further studies are required to investigate whether 

changes in the Sea Level Pressure (SLP), wind stress, wind stress curl, and heat 

fluxes at mid and high latitudes can help explain the variability observed in the 

meridional position and gradient of MADT in the fronts of the ACC at the Greenwich 

Meridian. 

4.2 The Southern Annular Mode and Southern Ocean frontal variability 

With the mean seasonal cycles removed from the fronts within the ACC at the 

Greenwich Meridian pronounced interannual variability persists. As shown in Table 2, 

the gradient of MADT in the fronts is closely linked to the meridional position of the 

fronts. The strength in the gradient of MADT at the fronts is an indicator to the degree 

of change in density from one water mass to the next on opposing sides of the fronts. 

Additionally, the intensity of convergence-divergence of upper ocean waters is likely 

to influence the strength in gradient of MADT. A product of such changes will 
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undoubtedly influence the meridional position. Dynamic and thermodynamic 

responses through surface stresses and alteration of the heat and freshwater fluxes, 

are capable of changing the upper ocean characteristics (Sen Gupta & England, 

2006). Changes in the westerly winds are associated with changes in the phase of 

the SAM. Changes in the SAM are therefore likely to change the dynamic and 

thermodynamic relationship between the ocean-atmosphere system in the Southern 

Ocean. 

The mid and upper layers of the Southern Ocean have shown a warming trend in 

recent decades, with the observed warming concentrated in the ACC between 450 
-

600 S (Gille, 2002). Cooling (warming) trends to the north (south) of 1.3 dyn m in the 

ACC have been documented (Gille, 2002). The long-term trends in the meridional 

frontal positions of the ACC along the Greenwich Meridian have remained static or 

shown a southward migration over the 15-year time-series (STF, SACCF, SBdy). A 

southward migration of the SACCF and SBdy supports the findings by Gille (2002) 

that warming has occurred south of the 1.3 dyn m contour. North of the 1.3 dyn m 

contour is the APZ, the APF on the northern boundary of the APZ has shown a 

northward migration in its meridional positions, indicating a cooling. This would also 

support Gille (2002), which may be attributed to increased divergence from the south 

and subduction of colder waters at the APF. The southward shift in the meridional 

position of the STF may be related to the decrease in westerly winds and a 

southward shift in subtropical waters as noted by Cai (2006). A warming of the upper 

and mid ocean layers is associated with a change in density of the seawater, which 

should be expressed in a southward drift in the contours of dynamic height. Gille 

(2002) noted that warming was found in the subducting SASW, sometimes referred 

to as the Subantarctic Mode Water. SASW is situated at the surface between the 

Univ
ers

ity
 of

 C
ap

e T
ow

n



BILLANY: Variability in Frontal Zones in the Southern Ocean along the Greenwich Meridian 

SAF and the STF, which is referred to as the SAZ in this study. The SST signature of 

the SASW in the SAZ has shown a considerable warming since 2002 (Figure 10a) 

with a weak positive correlation (r = 0.16) with the SAM, although it is not significant 

above the 95% confidence level. Despite the weak correlation, it does at least 

suggest that the SAZ favours warming during a positive SAM. The cooling of SST in 

the southern zones of the ACC along the Greenwich Meridian can potentially be 

explained by the southward shift and increased strength of westerly winds. A 

southward shift and strengthening of the westerly winds are associated with a 

positive phase in the SAM. Correlations between the Integrated SST of the SACCZ 

and SBZ with SAM show a negative response with no lag or running mean applied. 

The response of SST in the southern ACC is to cool, this is arguably due to the 

combination of anomalous heat fluxes and enhanced Ekman transport. The 

meridional positions may still move south as the warming in the southern sector is in 

the mid and upper layer of the Southern Ocean and therefore not in direct contact 

with the surface. 

The results in the SST data from the this study support the numerical modelling work 

conducted by Sen Gupta & England (2006) which imply that increased northward 

Ekman transport occurs at around 600 S, while an easterly intensification of winds at 

approximately 400 S causes a poleward response in Ekman transport. This is 

indicated by the immediate warming of SST in the SAZ and cooling in the SACCZ 

and SBZ. The changes in the Ekman transports during positive phases in the SAM 

are associated with weak westerlies and easterly winds at approximately 35° - 400 S 

and strong westerly winds between 55° - 600 S (Sen Gupta & England, 2006; Sallee 

et al. 2008). 
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Reduced winds and increased SLP over the SAZ are likely to favour warmer SST. 

SST is, however, sensitive to rapid changes in the atmosphere. Transient eddies and 

synoptic features can rapidly alter SST in zones of the ACC. Furthermore, despite the 

long term trend of the SACCF and SBdy meridional positions, when correlated 

against the SAM, they do not show significant relationships. An identifiable problem 

with using MADT to locate the meridional frontal positions and to then identify a 

relationship with an atmospheric mode is extremely difficult. The SAM oscillates on 

all timescale from synoptic to centennial (Hall & Visbeck, 2002), at which temporal 

scales does the ACC respond to forcing from the SAM. This is made more difficult by 

the fact that the current use of MADT limits studies to interannual and annual 

timescales. Moreover, the response of the ACC to the SAM is likely to vary with 

depth, with the upper ocean responding quicker. This might be why the Microwave 

Optimally Interpolated SST data has shown a clearer relationship with the SAM 

despite its shorter time-series. The SAM has shown a positive trend since the 1970's 

(Thompson & Solomon, 2002), which might explain the longer-term trends in the 

meridional positions and gradients of MADT. 

The SBZ displays an immediate cooling of SST against the SAM when it is in a 

positive phase. However, when a lag is added the SBZ SST increases under a 

positive SAM. The lag is considerable, at 23-months, which is questionable when the 

time-series has only 64-months of data when using a 2-month running mean. 

Meredith & Hogg (2006) found anomalous Eddy Kinetic Energy (EKE) in the ACC 

during the 2000 - 2002 period and attributed this to a positive phase of the SAM 

during 1998. Using an eddy-resolving model Meredith & Hogg (2006) established 

that increasing westerly winds are associated with a delayed increase in eddy 

activity. Consequently, if Meredith & Hogg (2006) are correct, the documented 
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changes in the SAM in recent decades (Thompson & Solomon, 2002) might help 

further explain the observed warming in the ACC (Gille, 2002) by increasing 

poleward heat fluxes. While the 23-month lag of SST in the SBZ is a possible 

indicator to warming through increased eddy activity, the meridional positions of the 

SACCF and SBdy, both show a correlation with the SAM, which is positive «95%) 

with over a 4-year lag. This is in contrast to the findings by Meredith & Hogg (2006) 

who associated a warming in the southern sector of the ACC with a positive SAM. 

Although, increased eddy activity may in fact act to transport cool waters northward 

and cool the southern sector on interannual timescales. In addition, the 4-year lag 

can possibly be elucidated by the findings of Meredith & Hogg (2006) who stated that 

eddy activity in response to the SAM takes approximately 4-years to return to a 

steady state. Nevertheless, the length of the lag makes this result contentious until a 

longer time-series is available or alternative methods are used to further investigate 

the relationship in the SAM and meridional positions of the SACCF and SBdy. 

The SAF and APF do express negative correlations in their meridional position with 

the SAM with an 18-month (r = -0.26) and 15-month (r = -0.41) lag respectively, both 

correlations are significant above the 95% confidence level. This does indicate a 

warming in the fronts in relation to the SAM with a lag of over a year. Sen Gupta & 

England (2006) noted an increased Ekman convergence and downwelling at 45° -

55°S in their simulated response of the ACC during a positive SAM forcing. An 

indicator of increased convergence is the gradient of MADT at a frontal position. The 

gradient of MADT in the SAF (~45°S) did show a strong positive correlation with the 

SAM (r = 0.47 >99%), however, the change in the gradient of MADT precedes the 

SAM by eight months. This is an unexpected finding with no explanation available at 

this time. The gradient response of MADT did not show a clear relationship with the 
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SAM. Correlations are either negative (APF), which do not correspond with the 

simulated model response found by Sen Gupta & England (2006) or the correlations 

lag considerably and are not significant above 95% confidence level. The gradient of 

MADT and meridional position of the APF has, however, shifted northward and 

intensified. This finding supports Sen Gupta & England (2006) in as far as supporting 

their conclusions of increased Ekman transport and downwelling at the latitude near 

the APF, although only a weak correlation was found. An important difference in the 

coupled numerical model studies of the SAM and its influence on the ACC and those 

of MADT is that the model response of the horizontal ocean circulation to the SAM is 

restricted to the surface, while the MADT takes into account the entire water column. 

Nonetheless, further studies should be carried out to investigate the delayed 

responses in the fronts due changes in the SAM. 

The zonal wind component is only one part of the surface expression. Meridional 

winds contribute significantly to the state of the ACC, moreover, synoptic scale 

features are capable of changing the phase of the SAM (Meehl et at. 2001). The 

numerical studies on the response of the ACC to the SAM conducted to date (Hall & 

Visbeck, 2002; Sen Gupta & England, 2006) do not take into account mesoscale 

features. This is a fundamental limitation in such studies, as eddies are thought to 

contribute a significant amount to meridional heat fluxes in both the atmosphere and 

ocean (Meredith & Hogg, 2006). Despite the limitations of the numerical models, they 

do capture the oceanic response reasonably well. Of course regional differences and 

responses are considerable (Sallee et at. 2008) and not fully represented in the 

coupled numerical models. Further observational studies are required to better 

resolve the fundamental dynamics that drive variability in the ACC. 
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4.3 Frontal Zones of the ACC along the Greenwich Meridian and the EI Nino­

Southern Oscillation 

The correlation of the meridional position of the STF and the ENSO is 0.27 with a lag 

of 12 months. This supports Colberg ef al. (2004) who used a general circulation 

model to model the response of the South Atlantic to the ENSO. Their model 

suggested that EI Nino should cause an increase in the northward Ekman drift 

through an increase in the mid latitude westerlies, which were found to increase under 

EI Nino through a strengthening of the South Atlantic subtropical anticyclone. A 

positive wind stress curl over the SASW would be expected to force the STF 

northward, the opposite being true for a La Nina event. The integrated SST data for 

the SAZ showed a cooling under a positive ENSO, although the correlation is weak. 

The correlations of the SACCZ and SBZ against the ENSO both showed positive 

relationships, 0.29 (>95%) and 0.33 (>99%) respectively. The SACCZ lagged ENSO 

by 6-months, while the SBZ lagged by 24-months, given the length of the time-series, 

lags this length make the results questionable at best. Having said that, the results 

indicate under EI Nino (La Nina), integrated SST in the southern sector of the ACC is 

more likely to be warming (cooling). 

Despite the models findings and observational agreements, caution must be applied 

as the model also suggested that the response in the South Atlantic to the ENSO is 

non linear. Sallee ef al. (2008) found that the ENSO has a lower frequency response 

on SST in the ACC than the SAM. The lower frequencies of integrated SST, did show 

better correlations, however, the length of available Microwave Optimally Interpolated 

SST data does not favour such studies, yet. 
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5. Summary 

Until recently previous studies have been limited by the amount of available data, 

with the harsh environment of the Southern Ocean being a major obstacle. Recent 

developments in the use of altimetry data have made it possible to accurately map 

the MADT of the ocean in great detail. 

A good agreement between the altimetry derived meridional positions of the ACC 

along the Greenwich Meridian with those found by Orsi et al. (1995) using 

hydrographic data was found. This confirms that the use of altimetry along the 

Greenwich Meridian is a robust method in identifying the frontal features, although 

caution should be used in the northern sector of the ACC as mesoscale features can 

cause inaccuracies in the method. 

There appears to be stronger seasonal features at the northern and southern 

boundaries of the ACC, while the central fronts showed less seasonality. An 

interesting observation was that the gradient of MADT of the frontal feature is directly 

related to its meridional position. There was a strong positive correlation between the 

meridional position of the SAF, APF and SACCF and their gradients. The SBdy, 

showed a strong negative correlation in its meridional position and gradient of MADT. 

The relationship between the meridional position of the STF and its gradient of MADT 

remained somewhat ambiguous. 

The study found that the values of MADT used as a contour through time along the 

Greenwich Meridian have not remained stationary, and have instead shown 

migratory trends. All frontal meridional positions have shifted south from the period of 
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1993 to 2007, except for the APF, which has moved northward. These findings 

support Gille (2002) that the Southern Ocean appears to be warming (cooling in the 

APZ zone) and possibly freshening south of 55°S (Wong et al. 1999). 

The integrated SST in the zones between the fronts along the Greenwich Meridian 

also exhibits trends over the period of observation. From north to south, the zones 

show a steady change in their integrated SST. The most northern zone, the SAZ 

shows the greatest warming (OC/0.25° latitude) with a steady decline in each zone 

further south. The SBZ, the zone furthest south, exhibits a cooling trend over the 

observed period. This would also support the coupled ocean-atmosphere studies 

(Hall & Visbeck, 2002; Sen Gupta & England, 2006) that the intensifying and 

southward migration of the westerly winds might be changing the Ekman transports 

in the upper ocean of the ACC as well changing the heat fluxes and other variables 

associated with ocean-atmospheric feedbacks. 

The interannual variability of the meridional positions and gradient of MADT did 

display weak relationships with the SAM, however, the results are far from 

conclusive. Reasons for this might be that the interannual variability of the ACC is 

likely to be dominated by the overlying atmosphere in only the upper ocean and the 

MADT takes the entire water column into account, furthermore, the slow oceanic 

response to changes in the overlying atmosphere may be masking the response. 

Still, integrated SST displayed features suggesting a relationship with the SAM, yet 

the correlations also remained weak. It must be emphasised that the study periods 

ran from 1993 to 2007, during this time, the SAM remained in an anomalously 

positive phase in comparison to previous decades, therefore interannual responses 

to the same may be hidden under the already anomalously high phase of the SAM. 
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The dynamics are clearly more complex and cannot be fully explained by the SAM 

alone. Longer time-series of the data, as well as further investigation into the 

mechanisms using a combination of reanalysis data, model data and observational 

data are needed to establish why the fronts are changing and why there is 

interannual variability present. 

A regional snapshot, such as this study is likely to be dominated by regional forcings 

as found by Sallee et al. (2008) and mesoscale activity, which are not reflected in the 

SAM. Nonetheless, this study provides some confidence for coupled ocean­

atmosphere models using relatively coarse resolutions to capture the main features 

in the ocean-atmosphere system of the Southern Ocean and the overlying 

atmosphere. In addition, altimetry data has proved to be an indispensable method in 

observing the interannual variability of the ACC fronts along the Greenwich Meridian, 

nevertheless, further studies are required to explain the observed variability. 
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