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Abstra
tData from 21 hydrographi
 se
tions are used to estimate the baro
lini
transport of the ACC south of Afri
a. Surfa
e dynami
 height (referen
edto 2500 dbar) is derived from XBT data, by establishing an empiri
al rela-tionship between verti
ally-integrated temperature and surfa
e dynami
height 
al
ulated from CTD data. This temperature-derived dynami
height data 
ompares 
losely (average RMS di�eren
e = 0.05 dyn m) withdynami
 heights 
al
ulated from CTD data. A se
ond empiri
al relation-ship between surfa
e dynami
 height and 
umulative baro
lini
 transporthas been de�ned allowing to monitor a more extensive time series of baro-
lini
 transport, derived from upper o
ean temperature se
tions. From18 XBT transe
ts of the ACC, 
ompleted south of Afri
a, the averagebaro
lini
 transport is estimated at 87.5 ± 3.97 Sv relative to 2500 dbar.This estimate is analogous with baro
lini
 transport values 
al
ulatedfrom CTD data. Weekly maps of mean dynami
 height (MDH) are usedto dedu
e ACC baro
lini
 transport estimates by exploiting the relationbetween dynami
 height and 
umulative transport. The estimated meanbaro
lini
 transport of the ACC, obtained this way, is 110 ± 18 Sv. Thesetransports agree well with simultaneous in-situ estimates (RMS di�eren
ein net transport = 5.2 Sv). This suggests that sea level anomalies largelyre�e
t baro
lini
 transport 
hanges above 2500 dbar.Improved measurements of baro
lini
 transport, using high densityXBT se
tions, allow us to monitor the variability of the ACC's �ow onimproved spatial s
ales while altimeter derived baro
lini
 transports ad-van
e the temporal resolution, than 
ould not be undertaken using previ-ous methods.
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1 Introdu
tionThe Southern O
ean plays a unique role in 
oupling the o
ean to the atmosphereand 
ryosphere. Southern O
ean dynami
s are dominated by the extensivezonal �ow asso
iated with the Antar
ti
 Cir
umpolar Current (ACC), whi
h isthe primary 
urrent that links all three o
ean basins. The ACC is by far the5 largest 
onduit for the ex
hange of heat and salts between the subtropi
s andthe higher latitudes as well as between the Atlanti
, Indian and Pa
i�
 O
eans.These ex
hanges provide a vital me
hanism by whi
h the e�
a
y of the globaloverturning 
ir
ulation is permitted, whi
h in turn regulates the global 
limatesystem (Gordon, 1986; Rintoul, 1991; Spei
h et al., 2001). The intera
tion10 between the atmosphere, o
ean and 
ryoshere in the Southern O
ean result inthe 
reation for a number of water masses whi
h ventilate the deeper layers andplay an important role in the global thermohaline 
ir
ulation (THC).Polar-extrapolar 
ommuni
ation of heat, freshwater and CO2 provides astrong 
oupling between the o
ean and atmosphere within the Subantar
ti
15 belt of the Southern O
ean, through the produ
tion of Antar
ti
 IntermediateWater and Subantar
ti
 Mode Water (M
Cartney, 1977; Piola and Georgi, 1982;Rintoul and England, 2002; Ansorge et al., 2004b). Baro
lini
 
onditions asso
i-ated with the upper thermal stru
ture of the ACC are 
entral to the meridionalexport of these water masses. These water masses spread northwards inje
ting20 
ool, low saline water into and along the base of the main thermo
line. The up-welling of Cir
umpolar Deep Water south of the ACC provides a pathway in thetransport of heat from below 2000 m and into the atmosphere and 
ryosphere.To the south of Afri
a, the ACC is largely in�uen
ed by the o
eanographi
regimes that extend beyond its northern and southern borders. The Agulhas25 Current system to the north, is regarded as one of the strongest western bound-ary 
urrents in the world, driving ex
hanges of water between the Indian and3



Atlanti
 O
eans, that has important impli
ations on the THC (Gordon, 1985;1986). The in�uen
e of the Agulhas Retro�e
tion and asso
iated ring sheddingin this region plays an important role in the determining the latitudinal ex-30 tent of the STC, and, therefore, the northward domain of the ACC (Figure 1).South of the ACC, the Weddell Gyre 
onstitutes the largest 
y
loni
 
ir
ulationregime in the Southern O
ean. The role of the Weddell Gyre is vital throughthe entrainment and transport of heat and salt from the ACC to the Antar
ti
Continental shelves, where deep and bottom waters are produ
ed (Orsi et al.,35 1993).In spite of these 
entral elements, suitable Southern O
ean observational
overage is severely limited by the logisti
 di�
ulty of sampling and s
arseroutine hydrographi
 observations. This results in a poor understanding ofthe physi
al and dynami
al pro
esses that 
ontrol the variability of the ACC40 and its in�uen
e on the THC. The GoodHope proje
t laun
hed in early 2004(http://www.ifremer.fr/lpo/spei
h/GOODHOPE/goodhope.htm; Ansorge et al.,2004a) aims to establish an intensive monitoring programme that will providedetailed information on the varying physi
al stru
ture and volume �ux of watermasses of the ACC in the region south of Afri
a. A key 
omponent of Good-45 Hope is the implementation of a high density, expendable bathythermograph(XBT) repeat line between Cape Town and Antar
ti
a (referred to as AX25),whi
h runs largely along the TP-JASON 1 altimeter ground-tra
k, serving forground truthing altimetry-derived sea-height anomaly data. Furthermore, thesouthern fra
tion of the GoodHope monitoring line (south of 50◦S) has already50 been sampled for several years by moorings of the German WECCON proje
t.To the north, the GoodHope monitoring line overlapped with the USA AST-TEX programme (Byrne et al., 2006; Witter, 2006), thus linking the SouthernO
ean dataset with that 
olle
ted in the Benguela region.4



Sustained observations along the GoodHope 
ruise tra
k provide the means55 to monitor the verti
al thermal and salinity stru
ture and variability of the ACCand its asso
iated fronts south of Afri
a. Su
h intense monitoring has been un-derway in the Drake Passage (Sprintall et al., 1997) and south of Australia(Budillon and Rintoul, 2003) sin
e the 1970s. A major obje
tive of the Good-Hope programme is to provide sound estimates of ACC transport and variability60 using both in-situ measurements and remote sensing te
hniques. Previously, theonly ACC transport estimates in the region of the Greenwi
h Meridian 
amefrom Whitworth and Nowlin (1987) and Legeais et al. (2005). Using CTD 
astsfrom the AJAX expedition, Whitworth and Nowlin (1987) estimated the baro-
lini
 transport of the ACC to be 162 Sv to the bottom. From three CTD65 se
tions o

upied near the Greenwi
h Meridian the baro
lini
 transports aver-age 144.6 Sv relative to the bottom and 88.9 Sv relative to 2500 dbar (Legeaiset al., 2005). Legeais et al. (2005) use proxy methods to derive the baro
lini
transport of the ACC from 14 XBT se
tions 
ondu
ted near the Greenwi
hMeridian. The mean of these baro
lini
 transport estimates is 97.5 Sv realtive70 to 2500 dbar and range from 87.5 Sv to 109.6 Sv. In 
ontrary to the studyby Legeais et al. (2005), the empiri
al relationships demonstrated in this pa-per allow us to apply remotely sensed data to the proxy te
hniques, therebyenhan
ing the spatial and temporal sampling resolutions.In this paper we establish empiri
al relationships whereby dynami
 height75 and baro
lini
 transport of the ACC 
an be determined from upper o
ean tem-perature alone. Studying the baro
lini
 transport of the ACC provides a valu-able way to improve our understanding of the pro
esses o

uring in the SouthernO
ean that may have a large in�uen
e on the THC and the 
limate for the re-gion. It is essential that resear
hers better understand modi�
ations in the �ow80 of the ACC between the three 
hoke points (Drake Passage, south of Australia5



and south of Afri
a). This allows us to quantify the leakage that o

urs in andout of the ACC during its 
ourse to link all three major o
ean basins and theasso
iated e�e
ts this has on the THC (Gordon, 1986).Furthermore, this study aims to better understand the upper thermal vari-85 ability of the o
ean region south of Afri
a. This is a
hieved by monitoring theposition of the Southern O
ean fronts and dynami
 height of the o
ean. Dy-nami
 height data helps to improve our knowledge of the ACC dynami
s, whi
hlead to variations in the temperature and salinity �elds in both the short andlong term. These estimates are 
ru
ial to better understanding the 
hanges in90 the density �eld and its asso
iated transport. However, our understanding ofhow the ACC transport varies and identifying long term 
hanges in the baro-
lini
 �ow of the ACC, are still in
omplete. This is largely due to the la
k ofobservations 
ompleted during the austral winter months and be
ause measure-ments are 
ompleted at su
h a low temporal resolution. We attempt to resolve95 this observational void by presenting a 
omplete time series of ACC baro
lini
transport south of Afri
a, using satellite altimetry data.The data used in this study are de�ned in Se
tion 2. Se
tion 3 des
ribes theupper thermal stru
ture and frontal variability between Afri
a and Antar
ti
aprimarily using XBT data. We 
all on proxy methods to derive dynami
 height100 data from upper o
ean temperatures alone. The detailed pro
edures and resultsare shown in Se
tion 4. In Se
tion 5 we utilise all the available dynami
 heightdata in the study region to derive baro
lini
 transport estimates o� the ACCsouth of Afri
a and then analyse the meridional distribution of these transportsin Se
tion 6. A summarised transport budget over the south Atlanti
 Basin is105 depi
ted in Se
tion 7. Finally, in Se
tion 8, we show that it is possible to exploitsatellite altimetry data to estimate the baro
lini
 transport of the ACC usingthe proxy relationships des
ribed in Se
tion 4 and 5.6



2 Data2.1 Condu
tivity-Temperature-Depth110 We use data from six CTD se
tions 
ompleted in the South-East Atlanti
 be-tween November 1983 and O
tober 2005. The se
tions provide a good 
overageof the seasonal variability expe
ted in the South-East Atlanti
 region be
ausethey are o

upied during all seasons (Table 1). Two of these transe
ts 
onsistof repeats of the GoodHope 
ruise tra
k 
ompleted by the Shirshov Institude,115 aboard the RV Sergey Vavilov. The undertaking of two CTD o

upations alongthe GoodHope line allow us to improve the a

ura
y of geostrophi
 and baro-
lini
 transport estimates from those already made by Legeais et al. (2005). Intotal, we use data from 276 CTD 
asts (of whi
h 232 stations lie within theACC domain), whi
h 
onne
t Cape Town to Antar
ti
a primarily along the120 Greenwi
h Meridian (Figure 2). The AJAX and A21 transe
ts have the 
oars-est spatial resolution, where stations are spa
ed approximately 100 km apartas opposed to a 75 and 88 km spa
ing between stations o

upied by the A12and SR2-WOCE se
tions, respe
tively. The GoodHope II CTD se
tion has amean spa
ing of 43 km while the station spa
ing for GoodHope IV is 56 km.125 In most 
ases, tighter station spa
ing is found over regions of steep dynami
or bottom topography. The 
loser spa
ing between the GoodHope CTD 
astsallow us to investigate the meanders and mesos
ale features in the ACC regionof lengths
ales of at least 200 km. Details 
on
erning the CTD 
alibration,station positions, bottle analysis, problems en
ountered, and sampling 
arried130 out on ea
h 
ruise 
an be found in a series of te
hni
al reports (S
hripps, 1985;Roether et al., 1990; Lemke, 1992).
7



Table1:SummaryoftheCTDse
tionsusedinthisstudy

Se
tion AJAX A21 A12 SR2 GH2 GH4Date Jan. '84 Jan.-Mar. '90 May-Aug. '92 Jan.-Feb. '93 Nov. '04 O
t. '05Ship RV Knorr RV Polarstern RV Meteor SA Agulhas RV Vavilov RV VavilovInstitution Texas A&M U. U. Bremen A.W.I. U. Cape Town Shirshov ShirshovC. S
ientist T. Whitworth W. Roether P. Lemke M. I. Lu
as S. Gladyshev S. Galdyshev
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2.2 Expendable Bathythermograph (XBT)The deployment of XBTs by resear
h and mer
hant vessels, whi
h frequent theAntar
ti
 bases, provides an e
onomi
al and rapid means to 
olle
t o
ean tem-135 perature data. Devoid of this method, full depth Condu
tivity-Temperature-Depth (CTD) 
asts, 
urrent meter moorings or pressure inverted e
ho sounder(PIES) arrays are needed to better understand the volume transport throughthe widest of the three '
hoke points' of the Southern O
ean (approximately4000 km between Afri
a and Antar
ti
a). This vast distan
e and la
k of s
ien-140 ti�
 resour
es to do resear
h in this remote region make the task of monitoringthe transport of the ACC south of Afri
a very 
hallenging.The XBT data, in part, originates from 13 se
tions 
ompleted 
lose to theGreenwi
h Meridian (Figure 3), between 1989 and 2006, as part of Germanand Russian resear
h 
ruises and one ferry servi
e 
ompleted by the University145 of Cape Town. Apart from the August 1989 se
tion, sampling always tookpla
e in the summer months, between November and Mar
h. In addition tothis, �ve repeat high-density XBT se
tions have been 
ompleted sin
e February2004 between Cape Town and Antar
ti
a, as part of the GoodHope programme.The o
ean 
limatology is extremely well resolved by utilising XBTs deployed at150 high resolution, whi
h in turn improves our understanding of the ACC o
eandynami
s and the lo
ation of asso
iated surfa
e and subsurfa
e fronts southof Afri
a. The GoodHope 
ruise tra
k runs south-west from the 
ontinentalslope o� Cape Town and along the T/P-Jason 1 altimeter ground tra
ks. Atapproximately 52◦S, the 
ruise tra
k interse
ts the Greenwi
h Meridian at whi
h155 it 
ontinues south until rea
hing the Antar
ti
 
ontinent.During the GoodHope transe
ts, XBTs were deployed to measure the uppero
ean temperature optimally at intervals of 25 km, in
reasing the frequen
y to15 km over the main frontal regions asso
iated with the ACC. Most deployments9



rea
hed a maximum working depth of the Sippi
an Deep Blue XBT of about160 780 m. The GoodHope and Alfred Wegner Institute (AWI) XBT transe
ts aremeasured with a verti
al resolution of 2 dbar while the se
tion 
ompleted by theAntar
ti
 Russian Institute (AARI) has a verti
al resolution of 1 dbar. The 4000km transe
t between Afri
a and Antar
ti
a was on average 
ompleted withintwo weeks, with ea
h se
tion providing a roughly synopti
 pi
ture of the upper165 thermal layer in this region of the Southern O
ean.Extensive quality 
ontrol pro
edures have been applied to the XBT databy AOML/NOAA in the United States. Adja
ent temperature pro�les were
ompared with ea
h other and to the Levitus 
limatology (Levitus, 2001) inthe region. On rare o

asions, data gaps were found when XBTs failed as a170 result of high winds and sea swell, whi
h 
aused the running signal wire to blowagainst the hull of the ship, thereby damaging the insulation. Pro�les werede
lared bad and dis
arded if they did not rea
h a minimum depth of 400 dbar.When feasible and if the temperature data re
overed well, 'spikes' in the pro�lewere removed and edited. O

asionally, a pro�le was '�ltered' when di�eren
es175 in temperature appeared as spikes in the pro�le. This was usually 
aused byele
tri
al interferen
e or grounding problems on the ship.2.3 Mean Dynami
 TopographySatellite altimetry measurements of sea surfa
e height are used to estimatebaro
lini
 transport. The 'Mean Sea Level Anomaly (MSLA)' produ
t from180 CLS/AVISO, a weekly sea surfa
e height (SSH) anomaly map on a 1/3◦ Mer
a-tor grid that in
orporates T/P, Jason-1, ERS-1/2 and Envisat altimeters, wasused in this work. These multi-mission gridded sea surfa
e heights are referen
edto a seven year (1993-1999) mean. For details on mapping methods and error
orre
tions applied to these �elds, please refer to Traon et al. (1998), Traon and185 10



Ogor (1998) and Du
et et al. (2000).3 Upper thermal stru
ture and frontal variabilitysouth of Afri
aSouth of Afri
a, the ACC �ows between the South Atlanti
 and South Indiansubtropi
al domains in the north and the eastern part of the Weddell Gyre in190 the south. Sin
e the ACC is not bounded by natural 
ontinental barriers southof Afri
a, su
h as at Drake Passage, it is important to a

urately de�ne thenorthern and southern Southern O
ean fronts, whi
h delimits the ACC fromthe subtropi
al and polar �ow regimes. We lo
ate the ACC boundaries andfronts on the CTD and XBT se
tions using the temperature 
riteria proposed195 by Orsi et al. (1995) and listed in Table 2. These temperature 
riteria 
orresponda

urately with the frontal positions, determined using salinity 
riteria, from theCTD se
tions.Table 2: Temperature 
riteria used to dete
t the ACC fronts, reprodu
ed fromOrsi et al. (1995). STC is the Subtropi
al Convergen
e, SAF the Subantar
ti
Front, APF the Antar
ti
 Polar Front, SACCF the southern ACC Front, SBthe Southern Boundary and θ is the potential temperature.Front Temperature 
riteriaSTC 10◦C < θ100m < 12◦CSAF θ > 4-5◦C at 400 m, farther northAPF θ < 2◦C along θmin at z < 200 m, farther southSACCF θ > 1.8◦C along θmax at z > 500 m, farther north
θ < 0◦C along θmin at z < 150 m, farther southSB Southern limit of verti
al maximum of θ > 1.5◦C, (∼200m)A time sequen
e of six se
tions (�ve repeat GoodHope o

upations and theAntar
ti
a - Cape Town se
tion) between 2004 and 2006, depi
ts the temporal200 and latitudinal variability of the upper o
ean temperature stru
ture in the At-lanti
 se
tor south of Afri
a (Figure 4). All se
tions were o

upied during either11



the austral spring or summer months and, therefore, do not illustrate featurestypi
al for austral fall and winter.Whereas ea
h of the meridional temperature se
tions indi
ates the general205 features one would expe
t to �nd in this region, the upper o
ean thermal stru
-ture does not remain 
onstant with time and exhibits important temporal vari-ability. We 
ompare the latitudinal positions of the Subtropi
al Convergen
e(STC), Subantar
ti
 Front (SAF), Antar
ti
 Polar Front (APF) and South ACCFront (SACCF) for the six transe
ts (Figure 5). The February 2006 se
tion does210 not follow the GoodHope 
ruise tra
k and, therefore, some spatial di�eren
eso

ur. However, no 
onsiderable variability in the sea height �eld is observedfor the latitudinal bands of the SAF and APF (between February 2004-2006),revealing that no 
onsiderable variability in the frontal positions is 
hara
terizedby the zonal sampling di�eren
e between the two transe
ts.215 A warm 
ore, anti
y
loni
 feature is found between the STC and SAF duringthe January 2005 (Figure 4
) and De
ember 2005 (Figure 4e) se
tions. Thetemperature se
tions where these features are lo
ated reveal a warming of thewaters beyond 800 m with surfa
e temperatures rea
hing as high as 19.0◦Cduring both the January 2005 transe
t and 15.5◦C during the De
ember 2005220 transe
t. The intense feature seen in the January 2005 se
tion 
auses a strongmeridional temperature gradient, where at 300 m the temperature in
reases from<8◦C to >13◦C over less than 60 km. The diameter of the warm 
ore eddy isapproxiamately 400 km at 200 m. Even though this 
onstitutes a strong warmanomaly for this region, it does not ne
essarily a�e
t the latitudinal position of225 the SAF, but rather it strengthens the temperature gradient a
ross the front.On this o

asion the position of the SAF was found to lie at 44.22◦S. Due to theabsen
e of warm or 
old features in the remaining se
tions, a uniform horizontaltemperature gradient is found between 41-44◦S.12



The sequen
e of frontal latitudinal positions, shown in Figure 5, reveals a230 southward shift in both the SAF and APF, at least during the spring and sum-mer months. Between 2004-2006, the SAF moved 1.16◦ (130 km) southwardwhile the APF shifted 2.65◦ (294 km) southward. Mu
h of this signal wouldbe indu
ed by seasonal warming of the upper thermal layer as revealed by thesouthward shift in the fronts between early summer and late summer months.235 During the summer (winter) months these fronts are lo
ated to the south (north)of their mean annual lo
ations. However, when the latitudinal positions of theSAF and APF for ea
h February month are 
ompared, a 
lear southward trendin these two fronts is evident. Even though the 
omparison is only made overtwo years, it may still suggest lo
alised warming of the Southern O
ean in this240 region. Previously, Gille (2002) has analysed temperature data from Lagrangian�oating platforms to show that the Southern O
ean, and in parti
ular the ACC,has warmed by 0.17◦C sin
e the 1950s. This resulted in a southward shift ofthe ACC by approximately 50 km. More re
ently, a study by Cai (2006), hasrevealed that an observed positive wind stress 
url trend (1978 and onward245 NCEP/NCAR reanalysis), indu
ed by Antar
ti
 ozone depletion, drives an in-tensifying, southward shifting Southern O
ean super-gyre 
ir
ulation leading toa greater southward in�ux of warm water in all three o
eans, and 
ontributingto the greater rate of warming.4 Dynami
 Heights from XBT data250 In many o
ean regions, well-de�ned temperature-salinity (T-S) relationships ex-ist allowing to infer the salinity 
orresponding to ea
h temperature observation.Due to the 
onne
tions of the Southern O
ean with the 
ryosphere (formationand melting of sea-i
e) and the fa
t that warmer, saltier subtropi
al waters bor-der it to the north, temperature and salinity pro�les generally 
ool and freshen255 13



to the south, and at some lo
ations the relationship is multi-valued (one temper-ature 
orresponds with several salinity values). This means that the T-S 
urve
annot always be exploited to yield dynami
 height values and, instead, an al-ternative method needs to be explored. However, when restri
ted to the ACC,the T-S 
urve is stable enough to estimate dynami
 heights using temperature260 data alone.Rintoul et al. (1997) have shown that a tight 
orrelation exists between theaverage upper o
ean temperature and dynami
 height south of Australia. Thisrelationship also exists in the ACC region south of Afri
a (r = 0.95, signi�
antat the 95% level). This relationship proves to be extremely useful be
ause265 XBT data, whi
h extends to only 800 m, 
an then be used to derive dynami
heights at the surfa
e. To test this relationship, several average temperaturewith pressure ranges were used: 100-200 dbar, 300-400 dbar, 600-700 dbar and0-600 dbar. It was found that utilising the average temperature between 0-600dbar was best suited to derive an empiri
al relationship with dynami
 height at270 the surfa
e (relative to 2500 dbar). Figure 6 shows the empiri
al relationshipbetween temperature averaged between 0-600 dbar and dynami
 height at thesea surfa
e relative to 2500 dbar using data from the six CTD se
tions 
ompletedin the Atlanti
 se
tor south of Afri
a (Figure 2). Four of these CTD se
tions,AJAX, A21, A12 and SR2 (
ompleted during February 1984, February 1990,275 May 1992, and January 1993, respe
tively) were used be
ause they 
orrespondspatially with the GoodHope transe
t while the remaining two CTD se
tionswere o

upied along the GoodHope line.Although the CTD se
tions are from di�erent seasons of di�erent years, thedata 
ollapse onto a single 
urve, showing that this relationship is stable for280 this region of the Southern O
ean. The shape of the 
urve generally re�e
tsthe meridional variability of salinity from north to south. The larger s
atter of14



points, where temperatures ex
eed 7◦C, is due to the in�uen
e of Agulhas Waternorth of the STC. This region has higher temperatures and salinities broughtinto the region by Agulhas Rings and �laments, whi
h shed o� the Agulhas285 Retro�e
tion to the east. The drop in dynami
 height below 3◦C results in asteep gradient, whi
h is 
aused primarily by the southward in
rease in uppero
ean salinity (34.3 to 34.7) and drop in meridional o
ean temperature between49◦S and 55◦S. The mean dynami
 height drop a
ross the ACC for the six CTDse
tions is 1.1 ± 0.06 dyn m.290 The mean o
ean temperature between 0-600 dbar (T0−600) from the 18 avail-able XBT stations for the region are used to investigate their latitudinal depen-den
e (Figure 7). The data points fall on a relatively tight 
urve over thedomains of the ACC, but diverge to the north and south. The region to thenorth of the ACC (north of approximately 40◦S) experien
es a highly energeti
295 �eld of anti
y
loni
 and 
y
loni
 eddies originating from the Agulhas Currentand its Retro�e
tion, whi
h allows for ex
hanges of Atlanti
, Indian and South-ern O
ean water masses. The upper o
ean thermal stru
ture in this region isthereby variable, 
ausing the upper o
ean temperature range to spread signi�-
antly. The Southern Boundary marks the frontier separating waters �owing in300 the ACC from those found in the 
y
loni
 sub polar Weddell Gyre. Polewardof the Southern Boundary, the upper o
ean tends to have a greater range oftemperatures due to the in�uen
e of diverse water masses (Park et al., 2001) as-so
iated with the transition between the ACC and the Weddell Gyre at roughly56◦S.305 In order to estimate dynami
 height from the available XBT se
tions, weexploit the empiri
al 
orrelation shown in Figure 6 by applying a smoothingspline to the data. Fifth and eighth order polynomial �ts were also tested andapplied to the data. However, the smoothing spline provides a more a

urate15



method of interpolating values from this dataset. In re
ent years, it has been310 generally a

epted (Emery and Thomson, 2001) that the smoothing spline is themost e�e
tive interpolation method. The smoothing spline is a parti
ular non-parametri
 estimator of a fun
tion. Given a data set (xi, yi) it estimates valuesof y for y's other than those in the sample. Splines, unlike other polynomialinterpolation formula, apply to a series of segments of the data re
ord rather315 than the entire data series (Emery and Thomson, 2001).To assess the ability of this method to infer dynami
 height from XBT tem-perature data, we �rst 
ompare the a
tual dynami
 height relative to 2500 dbarto the estimates predi
ted by the regression relationship for the six availableCTD transe
ts. The a
tual CTD dynami
 heights are withheld from the rela-320 tionship when the empiri
ally based dynami
 heights are derived, in order toavoid bias. The results and 
orresponding root mean square di�eren
e (RMSD)over the ACC domain are shown in Figure 8. The mean of the RMSD for thesix CTD se
tions is 0.05 dyn m. The agreement between the two estimates areex
ellent and the RMSDs are small. Dis
repan
ies between the two estimates325 are largest near the northern and southern boundaries of the ACC, where theempiri
al relationship is less tight likely due to the mixing of di�erent watermasses found at the boundaries and where the spread of upper o
ean temper-ature in
reases (as shown in Figure 7). Due to the higher resolution of thetwo CTD stations (∼50 km), o

upied along the GoodHope 
ruise tra
k by the330 Shirshov Institute of O
eanology, mesos
ale features are better resolved 
ausingthe dynami
 height data to vary more than found in the remaining four CTDse
tions that have lower resolutions. The Southern O
ean fronts, espe
ially theSAF and APF are well represented in the dynami
 height gradients.Dynami
 heights are now estimated from the 13 XBT se
tions and �ve repeat335 GoodHope XBT transe
ts using the empiri
al relationship. These estimates16



have a marked latitudinal dependen
e, parti
ularly within the ACC domain,and 
ompare 
losely with true dynami
 heights from the CTD se
tions (Figure9). On
e again, the values north of the STC and poleward of the SouthernBoundary exhibit a large dispersion due to the large temperature range in upper340 o
ean asso
iated with these regions. Fortunately, for the purpose of this study,we fo
us spe
i�
ally on the ACC, i.e. on the domain between the STC andthe 
urrents southern boundary, where the empiri
al relationship is parti
ularlystable. Further, we illustrate the dynami
 height estimates for the GoodHoperepeat XBT transe
ts in Figure 10. The mean net dynami
 height drop from345 the northern to the southern boundary of the ACC for the �ve XBT se
tionsis 1.1 ± 0.065 dyn m, whi
h is the same as the mean CTD dynami
 heightdrop o�. The range of the dynami
 height drop a
ross the ACC is between1.01 dyn m in February 2004 to 1.20 dyn m in November 2004. This indi
atesa range of 0.19 dyn m over the ACC. The three inner frontal positions are350 marked along the dynami
 height pro�les. Rapid de
reases in the dynami
height are well produ
ed over the SAF during the GH2 (November 2004) andGH3 (January 2005) transe
ts. The dynami
 height drop a
ross the APF andSACCF is well reprodu
ed during all the transe
ts. This eviden
e shows thatwe 
an a

urately determine the Southern O
ean frontal positions where large355 gradients in dynami
 heights are en
ountered. This furthers the opportunity todetermine the frontal positions using the gradients of sea height derived fromsatellite sea surfa
e height.5 Baro
lini
 transports from XBT dataIn order to derive baro
lini
 transports of the ACC from temperature data alone,360 we derive a se
ond empiri
al relationship between dynami
 height, relative to2500 dbar (DH2500), and 
umulative baro
lini
 transport, integrated northward17



and above the 2500 dbar isobath (CT2500) (Figure 11). This is prepared usingdata from �ve of the CTD transe
ts 
ompleted in the South-East Atlanti
.This method has been used to derive baro
lini
 transports from altimeter data365 for the region south of Australia (Rintoul et al., 2002). Similarly to Rintoulet al. (2002), we use here 2500 dbar as the referen
e level be
ause it is thedeepest depth that lies above the height of the mid-o
ean ridge. There is a 
loserelationship between the two variables (r = 0.98, signi�
ant at the 95% level),suggesting we 
an estimate baro
lini
 transports using dynami
 height at the370 surfa
e. We apply a smoothing spline to the data in order to estimate baro
lini
transports derived from hydrographi
 dynami
 height.The a

ura
y of this method to infer baro
lini
 transports from upper o
eantemperature is evaluated here. The dynami
 heights for the CTD se
tions were
omputed using upper o
ean temperature using the T0−600 − DH2500 relation-375 ship and then applied to the DH2500 − CT2500 relationship to derive baro
lini
transports. These transports were then 
ompared to baro
lini
 transport es-timates derived from the �ve CTD se
tions relative to 2500 dbar. Resultingbaro
lini
 transports and RMSDs are shown in Table 3 and Figure 12. Themean RMSD for the �ve tested se
tions is 6.0 Sv (1 Sv = 106 m3s−1). This380 RMS error between baro
lini
 transports is relatively high, although, the endtransports 
ompare well. The mean baro
lini
 transport for the �ve se
tionsis 87.9 ± 3.9 Sv 
ompared with DH2500 − CT2500 derived baro
lini
 transportswhi
h averaged 91.5 ± 1.2 Sv. On average, 
umulative baro
lini
 transportvalues obtained from the DH2500 − CT2500 relationship ex
eed CTD derived385 baro
lini
 transports by 3.6 Sv while the mean di�eren
e is 3.5 Sv, or only 4%higher.We apply this proxy method to 18 XBT se
tions lo
ated in 
lose proximityto the CTD transe
ts. Several XBT se
tions are situated further eastward18



Table 3: Comparison between baro
lini
 and temperature derived transportsfor �ve CTD se
tions. RMSDs are given over the entire se
tion. All values arein Sv.Se
tion CTD Baro
lini
 Tr DH2500 − CT2500 Tr Di�eren
e RMSDAJAX 85.0 92.6 7.6 4.6A21 89.1 90.4 1.3 4.5A12 94.3 90.3 -4.0 8.8GH2 86.2 91.1 4.9 6.1GH4 85.0 92.8 7.8 6.0Mean ± Std 87.9 ± 3.9 91.5 ± 1.2 3.5 6.0of the CTD transe
ts. These se
tions exhibit a poleward shift in the STC390 in this region 
ausing the average northern ACC limit on the XBT lines tobe displa
ed southward relative to the average value from the CTD transe
ts(41.8◦S versus 40.3◦S) (Legeais et al., 2005). The XBT-inferred ACC baro
lini
transports (above and relative to 2500 dbar; Tr2500) range from 85.2 Sv to94.7 Sv, with a mean of 90.0 ± 2.4 Sv (Table 4). This is only 2.1 Sv (or395 2.3%) higher than the 87.9 ±3.9 Sv average from the CTD se
tions. Figure 13,shows the baro
lini
 transport for the �ve repeat GoodHope se
tions and theAntar
ti
a - Cape Town (AA-CT) se
tion between February 2004 and February2006. Di�eren
es in baro
lini
 transport at ea
h station pair are representedby the stems. In
reases in net baro
lini
 transport o

ur extensively over the400 major fronts of the ACC. The substantial in
rease and then de
line in baro
lini
transport near the northern end of the GH3 se
tion is as a result of the intenseAgulhas Eddy that was 
rossed. These baro
lini
 transport estimates are biasedtowards the summer months when sampling primarily o

ured.There is no 
lear inter-annual pattern in net baro
lini
 transport. The net405 baro
lini
 transport does, however, tend to in
rease during the mid to late sum-mer months when 
ompared to se
tions 
ompleted in the early summer/springmonths of the same season. The temperature se
tions show that the isothermgradients steepen as seasonal progression warms the upper o
ean layers. This19



Table 4: Empiri
ally derived baro
lini
 transports relative to 2500 dbar and thebottom, estimated for 18 XBT se
tions. Transports are given in Sv.Se
tion Date Tr2500 Trbottomviii2 Aug. 1989 92.9 150.0viii3 Nov. 1989 91.2 147.3ix3_1 Jan. 1991 87.8 141.9ix3_2 Mar. 1991 90.9 146.8x7 De
. 1992 92.6 149.6xii2 Nov. 1994 90.4 146.0xii3 Jan. 1995 91.2 147.3xv4 Mar. 1998 90.3 145.8xvi2_1 Jan. 1999 87.1 140.6xvi2_2 Mar. 1999 89.5 144.5xviii3 De
. 2000 90.5 146.1AARI Feb. 2004 94.7 152.9GH1 Feb. 2004 87.9 142.0GH2 Nov. 2004 89.9 145.2GH3 Jan. 2005 90.9 146.8GH4 O
t. 2005 85.2 137.5GH5 De
. 2005 86.2 139.2AA-CT Feb. 2006 90.9 146.7Mean ± Std - 90.0 ± 2.4 145.3 ± 3.9in
reases the sheer in the dynami
 height, whi
h in turn intensi�es the eastward410 baro
lini
 �ow. The temperature at the southern end of the se
tion is relatively
onstant with time, and, therefore, an in
rease in baro
lini
 transport tends to
orrespond to the presen
e of higher temperatures (and temperature gradients)in the northern domain of the ACC.The average of the bottom referen
ed transport for four CTD se
tions is415 145.0 ± 9.4 Sv. Due to the fa
t that CTD 
asts did not rea
h the bottomin the majority of the stations 
omprising the se
ond CTD o

upation of theGoodHope 
ruise tra
k, no baro
lini
 transports relative to the bottom 
ould beobtained for this se
tion. The ratio between the baro
lini
 transport above 2500dbar and to the bottom is almost 
onstant and averages approximately 0.62 ±420 20



0.055. This ratio proves useful parameter to estimate the full depth baro
lini
transports from XBT-inferred transports at 2500 dbar. When applying the62% Tr2500/T rbottom ratio, the bottom XBT-inferred ACC baro
lini
 transportranges between 139 and 153 Sv, with a mean of 145 ± 3.9 Sv for the 18 XBTse
tions (Table 4).425 6 Meridional baro
lini
 transport distributionWe now present results on the distribution of baro
lini
 transport over themeridional extent of the GoodHope se
tion and examine the importan
e of hy-drographi
 front dynami
s to this distribution. The latitudinal distribution ofthe a
ross se
tion 
umulated baro
lini
 transport for ea
h repeat XBT se
tion is430 shown in Figure 14. It is evident that throughout the se
tions there are anoma-lous periods of westward �ow over short distan
e ranges. The most prominentof them are lo
ated at the northern end of the se
tions and are probably anti
y-
loni
 Agulhas warm 
ore eddies 
rossed by the se
tions. This situation o

ursduring the �rst, third and �fth GoodHope transe
ts, where proposed eddies are435 identi�ed in the temperature se
tions (refer to Figure 4). The strongest of theseis identi�ed during the third GoodHope transe
t and produ
es large opposingbaro
lini
 transports of 34 Sv westward at 41.5◦S and 46 Sv eastward at 42◦S.The magnitude of these transports suggests this feature is likely to be an Agul-has Ring, whi
h has pervaded into the northern part of the ACC. The o

urren
e440 of similar features have been re
orded by surfa
e drifters and subsurfa
e �oats(at approximately 800 m depth) in the region of 41◦S (Ri
hardson, in press). Inthis study it was found that the Agulhas extension appears to split the SouthAtlanti
 Current (in the pro
ess, the northern ACC) into two bran
hes and totransport Agulhas Water westward where it is eventually mixed and absorbed445 with eastward �owing water from the western Atlanti
.21



Weaker westerly �ow is also found at the SAF and APF, where the baro
lini
transport is expe
ted to be more variable. The mean baro
lini
 transport, of �veGoodHope XBT transe
ts, has been divided into half degree latitudinal bandsover the ACC domain (Figure 15a). Again, it is evident that the mean �ow at the450 northern end of the se
tion (north of 42◦S) is found to have a surprisingly strongmean westward �ow. The mean westward �ow north of 42◦S is 
al
ulated as 17.4Sv. Two broad peaks of eastward baro
lini
 transport are found between thelatitudinal ranges of the SAF and APF (arrow ranges in Figure 15). The lo
almaximum in eastward �ow at the 52.5◦S band is asso
iated with the SACCF.455 There is little mean additional eastward baro
lini
 transport (<1 Sv) south ofthe SACCF and at the Southern Boundary of the ACC.The meridional distribution of variability in the baro
lini
 transport (Figure15b) is highest in the region north of ∼42.5◦S due to the east-west �u
tuationsin �ow asso
iated with the meandering STC and intruding Agulhas anti
y
loni
460 eddies. In this region, the standard deviation ex
eeds 12 Sv. Large standarddeviations are also found over the SAF, Subantar
ti
 Zone and APF and mayre�e
t both meridional shifts in the frontal positions and 
hanges in 
urrentstrength. This was similarly shown to be the 
ase along the SR3 and SURVOS-TRAL se
tions 
ompleted south of Tasmania (Rintoul et al., 2002). South of465 51◦S, the variability is, as expe
ted, substantially less (standard deviations lessthan 3 Sv), where the two southern most ACC fronts experien
e less seasonalwarming and 
ooling asso
iated with the 
hanging seasons.The baro
lini
 transports asso
iated with the three inner ACC fronts, andtheir 
ontribution to the net ACC baro
lini
 transport are 
al
ulated for ea
h470 GoodHope transe
t and displayed in Table 5. This was done by a

umulatingthe baro
lini
 transport between the point where the baro
lini
 transport wasfound to be zero or �owing westward to the south and to the north of the22



Table 5: Mean position of the three inner ACC fronts and asso
iated 
ontri-bution of ea
h front to the baro
lini
 transport of the ACC (in Sverdrups andper
entage of net ACC baro
lini
 transport, relative to 2500 dbar)Front Mean Position (◦S) Transport (Sv) % Transport of ACCSAF 40.5 ±0.2 28.8 ±8.8 32.3 ±9.1APF 44.6 ±0.5 24.8 ±7.4 28.4 ±9.0SACCF 50.4 ±0.9 9.8 ±5.9 11.1 ±6.6Total - 63.4 72axial front position. The XBT-inferred frontal 
ontributions largely mat
h thosededu
ed from the CTD se
tions. The 
ontribution from the SAF and SACCF for475 the XBT-inferred baro
lini
 transports were 5.4 and 4.5% less, respe
tively. Anoverwhelming fra
tion (72%) of the net ACC baro
lini
 transport is a

ountedfor by the three inner ACC fronts of whi
h the SAF and APF dominate witha 32% and 28% 
ontribution, respe
tively. This emphasises the key role thefronts play in determining the total baro
lini
 transport of the ACC. Both the480 SAF and APF are primarily responsible for the variability asso
iated with thetotal �ow of the ACC. These two fronts have large baro
lini
 transport rangeswhi
h ex
eed 20 Sv (SAF: 21.7-42.9 Sv; APF: 15.9-34.4 Sv) and their standarddeviations are 8.8 Sv and 7.4 Sv (or 9%), respe
tively.7 ACC transports in the Atlanti
 se
tor485 Measurements of transport in the Atlanti
 se
tor have dominated in the DrakePassage, where natural 
ontinental boundaries of the ACC simplify the 
ompu-tation of the total volume transport. Whitworth (1980) observed the baro
lini
transport, relative to 2500 dbar, to average aproxiamately 80 Sv, while Nowlinand Cli�ord (1982) obtained a range of between 86-88 Sv referen
ed to the same490 level. More re
ently, Sokolov et al. (2004) 
al
ulated the baro
lini
 transportto be 92.7 Sv, relative to 2500 dbar from four CTD se
tions along the SR123



line, while upper o
ean temperature derived baro
lini
 transports using proxymethods from these same data produ
ed an estimate of 83.5 Sv. Our baro
lini
transport estimates 
ompare very 
losely with those of the Drake Passage. The495 mean geostrophi
 �ow referen
ed to 2500 dbar, along or 
lose to the Greenwi
hMeridian is 87.9 ±3.9 Sv, while the mean baro
lini
 transport estimates fromthe 18 XBT se
tions using the proxy method is 90.0 ±2.4 Sv. These resultssuggest that there is no net gain or loss in the ACC volume along the SouthAtlanti
 basin or from the South Atlanti
 Gyre when regarding the 
ir
ulation500 in the upper 2500 dbar. One must keep in mind the un
ertainties that may be
reated by temporal variations, and a barotropi
 transport 
ontribution, when
omparing the baro
lini
 transports along the longitudinal extent of the SouthAtlanti
.Between the Drake Passage and the Greenwi
h Meridian we �nd greater505 dynami
al intera
tion between water masses asso
iated with the ACC and thosefound to the north within the deeper level 
ir
ulation (below the 2500 dbarisobar). There is substantial variations in the bottom referen
ed baro
lini
transport between the Drake Passage, at 35◦W, and at the Greenwi
h Meridian.Full depth mean baro
lini
 transports range between 134 ±11 Sv (Whitworth510 and Peterson, 1985) and 137 ±8 Sv (Cunningham et al., 2003; Sokolov et al.,2004) at the Drake Passage, while at 35◦W, a study by Heywood and King(2002) found the baro
lini
 transport to be 157 Sv. Our full depth baro
lini
transport estimate in the region of the Greenwi
h Meridian is 145 Sv from boththe CTD baro
lini
 �ow and from the 18 XBT baro
lini
 transport estimates,515 whi
h is the same as the values obtained by Legeais et al. (2005). This resultmay 
onsequently reveal that approximately 20 Sv are gained within the ACCbetween the Drake Passage and 35◦W. This is as
ribed to deep level inje
tion ofNorth Atlanti
 Deep Water (NADW) within the SAF in the western boundary24



region, as shown through water mass breakdown proposed by Heywood and King520 (2002). This was previously proposed by Gordon (1986). In addition, Read andPollard (1993) 
on�rmed that there showed be some addition of NADW to theCir
umpolar Deep Water (CDW) be
ause of its higher salinity found furthereast at 40◦E.On the basis of isopy
nal salinity distributions at deep levels (Arhan et al.,525 2003), it has been suggested that the de
rease from 157 Sv at 35◦W to 145 Sv atthe Greenwi
h Meridian (net loss of 12 Sv), re�e
ts a northward loss of CDW bythe ACC (Legeais et al., 2005). If 
orre
t, this would be a partial 
ompensationto the gain of NADW found to the west of 35◦W, in the same depth range.Furthermore, the fa
t that transport estimates above 2500 dbar are similar530 between Drake Passage and the Greenwi
h Meridian supports the indi
ationthat net volume 
ommuni
ation takes pla
e at the deep levels. There may alsobe a loss of Lower CDW (LCDW) from the ACC to the Weddell Gyre between35◦W and the Greenwi
h Meridian. Eviden
e shows that most of the waterwarmer than 0.2◦C in the Weddell Gyre is an unmodi�ed remnant of LCDW535 from the southern ACC (Whitworth and Nowlin, 1987). This idea is supportedby θ − O2 diagrams from the Criva-2 stations, whi
h show a dis
ontinuity in
θ − O2 slopes between LCDW and AABW (Park et al., 2001).Lastly, the bottom referen
ed baro
lini
 transport estimates of 157 Sv at30◦E (Legeais et al., 2005), of 157 Sv (Park et al., 2001) and of 159 Sv at 33◦E540 (Read and Pollard, 1993) suggest that the ACC domain south of Afri
a gainsbetween 9 to 14 Sv. Read and Pollard (1993) have suggested that this may bea

ounted for by a southward transfer of water a
ross the STC south of theAgulhas Retro�e
tion between 0 and 30◦E. A summary of the ACC baro
lini
transports in the Atlanti
 basin is shown in Figure 16.545
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8 Baro
lini
 transports inferred from satellite al-timetryA 
ore aim of this paper is to show that baro
lini
 transport estimates of theACC, at a substantially improved temporal resolution, 
an be undertaken. Hy-drographi
 data are 
olle
ted in the Southern O
ean primarily in the summer550 months and 
reates the risk of aliasing high frequen
y variability. Annual XBTand CTD transe
ts are not frequent enough to resolve the net ACC baro
lini
transport variability be
ause annual sampling mostly re�e
ts baro
lini
 trans-port variations in the mesos
ale band. A 
ontinuous time series of mean dynami
height (MDH) is 
reated by adding the altimeter sea level anomalies (multimis-555 sion gridded sea surfa
e heights produ
t from AVISO; see Se
tion 2.3) to themean surfa
e dynami
 height relative to 2500 dbar 
al
ulated from two CTDand �ve XBT repeats of the GoodHope 
ruise tra
k. The MDH reprodu
esthe dynami
 gradient a

urately when 
ompared to the CTD (Figure 17) andXBT dynami
 heights. The MDH produ
t is somewhat 'smoother' than the hy-560 drographi
 dyanmi
 heights and in some 
ases mesos
ale features are less wellresolved. The hydrographi
 dynami
 height estimates are relative to 2500 dbarand in
lude only the baro
lini
 signal above this �eld. The altimeter derivedMDH, however, may re�e
t 
hanges in the density �eld transmitted to varyingdepths in the water 
olumn. Di�eren
es between the MDH and hydrographi
565 dynami
 heights, therefore, may in part originate from the baro
lini
 �eld below2500 dbar, and the barotropi
 �eld. The di�eren
es may also re�e
t temporaland spatial sampling dis
repan
ies, mapping errors and tides whi
h have notbeen entirely removed from the altimeter signal, as well as errors in
urred inattaining the CTD and XBT observations. Similarly, this was found to be the570 
ase when sea surfa
e height anomalies, inferred from CTD and altimeter mea-26



surements were 
ompared south of Australia (Rintoul et al., 2002). Despitethese fa
tors, hydrographi
 estimates of dynami
 height and the MDH are verysimilar (mean RMSD is 0.063 dyn m). This suggests that the MDH largelyre�e
ts baro
lini
 
hanges in the upper 2500 m of the water 
olumn.575 Given that the ACC, south of Afri
a, is unbounded by any 
ontinental land-masses, it has an open o
ean 
urrent stru
ture. This be
omes an advantagewhen estimating baro
lini
 transports using satellite altimetry produ
ts be
auseno �ow is ommited that o

urs too 
lose to 
oastal areas where altimeter databe
omes unreliable due to tidal errors. This problem was en
ountered by Rin-580 toul et al. (2002) south of Tasmania, where the �ow between 45◦S and theTasmanian 
oast was ex
luded due to altimeter limitations. The northern andsouthern boundaries of the ACC are devised using a method by whi
h the posi-tions of the ACC fronts 
an be delineated using the MDH. The position of ea
hfront is determined by the lo
al maximum in the MDH gradient in the relevant585 frontal regions (where one expe
ts the isopy
nals to be most in
lined). Thefrontal positions estimated using this method 
ompare 
losely with the in-situinfered lo
ations from CTD and XBT se
tions, as determined using 
riteria byOrsi et al. (1995). The mean latitudinal di�eren
e in the position of the frontusing these two estimates is 0.22◦, 0.09◦, 0.01◦, 1.07◦ and 0.16◦ for the STC,590 SAF, APF, SACCF and Southern Boundary, respe
tively.We use the empiri
al relationship between dynami
 height and 
umulativebaro
lini
 transport to estimate the baro
lini
 transport of the ACC (relativeto 2500 dbar) from the MDH. To test this approa
h, we 
ompare the baro
lini
transport estimated from the MDH and from two CTD and �ve XBT o

upa-595 tions along the GoodHope tra
k (Figure 18). Both the transports and the formof the two 
urves are well produ
ed. The a

retion of baro
lini
 transport overthe SAF and APF is parti
ularly well represented. The station pair di�eren
es27



are generally less than 8 Sv but in
rease over se
tions that have a low stationdensity. Se
tions with largely spa
ed stations 
ause more abrupt 
hanges in600 the dynami
 height over latitude (spe
i�
ally the GoodHope 3 XBT se
tion;Figure 18d). The mean RMSD between the two transport estimates is 7.1 Svand 10.1 Sv for the CTD and XBT se
tions, respe
tively. Nearer the fronts(namely the SAF and APF), the MDH dedu
ed baro
lini
 transport gradient isgreater (i.e. greater transport in
rease over latitude). This may, in part, re�e
t605 the deep stru
ture of fronts, whi
h extend 
loser to the sea �oor than the restof the ACC regime, and whi
h are responsible for a signi�
ant proportion ofthe ACC's net baro
lini
 transport (see Se
tion 6). Other di�eren
es betweenthe MDH and hydrographi
ally derived baro
lini
 transports may be due todeep baro
lini
 �ow (>2500 dbar), and mapping errors and tides, whi
h have610 not been removed from the altimeter signal. An explanation for the di�eren
ebetween the two 
urves may be 
aused by the barotropi
 
omponent of the �ow
aptured in the altimeter signal and that is reprodu
ed in the MDH produ
t.If the e�e
ts of the deep baro
lini
 �ow, mapping errors and tides are ignored,the residual transport derived from the MDH 
an be 
onstituted as a barotropi
615 transport estimate if we assume the dynami
 height residuals in Figure 18 re-�e
t the barotropi
 
omponent of the MDH. In re
ent times, there has beenslow progress made in determining the barotropi
 �ow of the ACC. It is hopedthat being able to measure the barotropi
 
omponent of the ACC net transport,using satellite remote sensing te
hniques su
h as these presented here, will make620 a signi�
ant 
ontribution to determining the absolute transport stru
ture of theACC.
28



9 Continuous time series of net ACC baro
lini
transportThe MDH is used to estimate a 14 year 
ontinuous time series of net ACC baro-625 
lini
 transport (Figure 19a) by exploiting the relationship between dynami
height and 
umulative baro
lini
 transport (Figure 11). The baro
lini
 trans-ports are integrated between the Southern Boundary of the ACC and the STCalong the GoodHope tra
k. The time series extends, at weekly intervals, be-tween O
tober, 14, 1992 and June, 7, 2006. The net baro
lini
 transport shows630 intense high frequen
y variability with a range of between 73-146 Sv and a meanof 109.5 Sv (standard deviation of 17.6 Sv). A linear trend shows that the netbaro
lini
 transport has in
reased by 9.7 Sv over 14 years (or 6.9 Sv per de
ade).The mean baro
lini
 transport between 1992 and 2000 is 105.6 Sv and sub-sequent to 2000 is 113.8 Sv, relating to a 8.2 Sv in
rease in baro
lini
 transport635 between the two periods. The net baro
lini
 transport does not ex
eed 120 Svbetween the period July, 01, 1998 to the beginning of 2000. This is a periodwhere the net baro
lini
 transport is at a minimum and the mean net transportis 99.9 ±8.8 Sv.10 Summary640 The exploitation of data is extremely important in the Southern O
ean region,where it is espe
ially hard to obtain due to its remoteness and harsh environ-ment. In this study, we demonstrate how repeat CTD se
tions allow us toderive proxy te
hniques for determining the variability of the ACC using XBTand remote sensing data alone. These alternative methods are used to make fre-645 quent, a

urate estimates of baro
lini
 transport with high spatial and temporalresolution. 29



First, we showed that a 
lose 
orrelation exists between upper o
ean tem-perature and dynami
 height. Surfa
e dynami
 heights were thereby derivedfrom XBT pro�les whi
h demonstrated 
lose 
omparison with 'true' dynami
650 heights 
al
ulated from CTD data. The agreement between the two estimateswere ex
ellent and di�eren
es were small (mean RMSD <0.05 dyn m). Thesedi�eren
es were highest towards the southern and northern end of the se
tions,where 
ommuni
ation between several water masses 
ontaining di�erent tem-perature and salinity signatures was most extensive. The resulting dynami
655 heights showed 
lose 
orresponden
e with the ACC fronts where lo
al maximain gradients were experien
ed as well as demonstrating a

ura
y at resolvingmesos
ale features evident in the temperature se
tions.A similar empiri
al relationship between surfa
e dynami
 height and 
umu-lative baro
lini
 transport was used to derive, with minimal error, the baro
lini
660 transport from all available XBT dynami
 height delineations. These transportswere found only to be, on average, 2.3% higher than the a
tual geostrophi
 mea-surements. The ratio between 2500 dbar and bottom referen
ed CTD transportswas relatively 
onstant (67%), thereby allowing us to referen
e the XBT baro-
lini
 transports to full depth. This permitted an ACC baro
lini
 transport665 budget between di�erent longitudes a
ross the South Atlanti
 basin of whi
hthe estimates were similar with those of previous works.The mean distribution of baro
lini
 transport with latitude exhibited broadbands of eastward �ow asso
iated with the three inner ACC fronts. Expe
tedly,these fronts also 
ontributed to extensive amounts of variability in the ACC670 �ow. The most northern part of the se
tions displayed periods of extreme �owreversals 
ontributing to the highest amounts of baro
lini
 transport variabil-ity. These o

urren
es were attributed to westward propagating Agulhas Ringswhi
h penetrated the northern domains of the ACC along the GoodHope tran-30



se
t. Similarly, this situation was revealed in surfa
e drifters and subsurfa
e675 (800 m) �oats (Ri
hardson, in press).A MDH, over the ACC, was 
reated by adding SSH anomaly data to a meansurfa
e dynami
 height. The MDH 
ompared 
losely with dynami
 heightsfrom CTD and XBT data (mean RMSD of 0.063 dyn m). Similarly, we appliedthe MDH to the relationship between dynami
 height and 
umulative baro
lini
680 transport to obtain a 14 year time series of net baro
lini
 transport estimates forthe ACC south of Afri
a. This makes it possible to monitor the ACC baro
lini
transport between Afri
a and Antar
ti
a from spa
e at a weekly resolution.The time series showed that there are intense high frequen
y pertubations inthe ACC baro
lini
 transport and that a statisti
ally insigni�
ant in
reasing685 trend of 6.9 Sv per de
ade was evident sin
e 1992.As shown by Rintoul et al. (2002) and Sokolov et al. (2004), these proxyte
hniques were appre
iably promising and justify added e�ort to re�ne themfurther. The progression of the GoodHope programme in 
oming years will im-prove these te
hniques through supplementary hydrographi
 se
tions and allow690 for pre
ise transport estimates in the dynami
 realm south of Afri
a. Futurestudies will likely see the exploitation of 
orrelations to derive other propertiesof interest, su
h as heat and salt volume �uxes, whi
h will provide invaluableinformation about important 
omponents of the THC. Also, these proxy te
h-niques will hi-light the value remote sensing te
hniques have on monitoring the695 transport of the ACC and asso
iated variability in a data sparse and abstra
tedregion like the Southern O
ean. A study su
h as this, intends to abet re�ning in-strumentation and te
hniques required for e�e
tive monitoring of the SouthernO
ean environment.A
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Figure 1: A 
on
eptual diagram of the southern Agulhas Current system. Ag-ulhas Rings (I) and �laments (G) are shed at the Agulhas Retro�e
tion (D)and are 
arried equatorward by the Benguela Current (H). The Agulhas Cur-rent retro�e
ts forming an eastward �ow (B) to the north of the Subtropi
alConvergen
e (STC). The GoodHope transe
t (solid line) 
rosses the southerndomains of the Benguela upwelling regime (J). The STC, SAF and APF denotethe mean lo
ations of the Subtropi
al Convergen
e, Subantar
ti
 and Antar
ti
Polar fronts, respe
tively. Bathymetry 
ontours are in km and depths less than300 m are shaded. 38



Figure 2: Lo
ations of the six CTD se
tions used in this study (Table 1). TheAJAX se
tion (
ir
les), A21 se
tion (triangles), A12 se
tion (squares), SR2 (di-amonds), GoodHope 1 and 2 (stars). Bathymetry in meters below sea-level hasbeen overlaid onto the se
tion tra
ks.
39



Figure 3: Lo
ations of the XBT stations used in this study. GoodHope repeatse
tion (stars), AARI se
tion (squares), AWI se
tions (dots) and the AA-CTse
tion (
ir
les). Bathymetry in meters below sea-level has been overlaid ontothe se
tion tra
ks.
40



Figure 4: Temperature se
tions for �ve o

upations of GoodHope and a transe
tbetween Afri
a and Antar
ti
a between 2004-2006. (a) GoodHope I: February2004, (b) GoodHope II: November 2004, (
) GoodHope III: January 2005, (d)GoodHope IV: O
tober 2005, (e) GoodHope V: De
ember 2005, (f) Antar
ti
a- Cape Town (AA-CT): February 2006. The following isotherms are shown: -1,0, 2, 4, 5, 10, 12◦C. The bla
k arrows show the latitudinal position of the ACCfronts (from south to north: STC, SAF, APF, SACCF, Southern Boundary).Triangles indi
ate station positions. Note that the �gures have equal axes ofdepth and latitude.
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Figure 16: S
hemati
 showing the relevant gains and loses of baro
lini
 trans-port, for the ACC, a
ross the South Atlanti
 basin. The white arrows indi
atethe baro
lini
 transports referen
ed to 2500 dbar while the grey arrows repre-sent the baro
lini
 transports relative to the bottom. The a
ronym AW standsfor Agulhas Water, NADW= North Atlanti
 Deep Water and CDW= CentralDeep Water. Negative values indi
ate volume loss from the ACC while positivevalues indi
ate volume gain to the ACC. All values are in Sv.
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