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Agulhas leakagis a collective term thatefers towater exported by the Agulhas Current system into
the SouthAtlantic Ocean. It is postulated that the injection of this warm and salty water into the
South Atlantic has the ability to altehe overall Atlantic circulation omlecadal tomillennial
timescales.The Agulhas Current system sits at thexusbetween the Indian,South Atlantic and
Southern Oceans. The system also lies in a zone of transition éetiie easterly trade windand

the Southern Hemisphere westerlieBhis dissertation investigatehow the Southern Hemisphere
windscontrol the magnitude of Aglhas leakage and assessiee impact of a leakage increase on the
South Atlantic.

The analysis waperformed withintwo global(ORCAO5 & INALTCEA)d two regionalAGIO & ARC)
model configurations.These configuratiors were constructed to represent adegtely both the
largescale circulation and the intricacies of the mesoscale dynamics of the Agulhas Current system.
A series of sensitivity experiments watesigned angberformed withinthe four configurations with

the aim todisentanglesystematicallyhe influence of the winds on Agulhas leakage. In the first series

of simulations, the intensity ofndian Oceantrade winds was modified. The second set of
experiments imposed changes to position and intensitythe westerlies. The magnitude of the
change applied was representative of past, present and future climate scendiosugh the multi

model approach and the identical definition of Agulhas leakage within all configurations, robust
results were achieved.

The easterly trade winds substantiallffeadt the horizontal circulatiorof the Indian Oceanincluding

the strength of the Agulhas Current. Changes to the current are communicated downstream to
latitudes where wind changes were not applied. Therefore, the inertia of the current at sepaistion
altered. Despite large changes in mesoscale variability of the retroflection, its pdsitiaintained

by topography.ConsequentlyAgulhas leakage is unaffected. This implies thatilhas leakage is
decoupled fromupstream dynamics Instead, leakage iscontrolled bythe Southern Hemidmere
westerlies,in particulartheir intensity.Changes in wind stress curl over the southern portion of the
Indian Ocean subtropical gyre yield a westward transport south of Africa. Thiarigestedas
changes in leak&g whichresponds proportionally to the intensity of the westerlies up to a certain
point. Beyond this, through the adjustment of the largeale circulation, energetic interactions occur
between the Agulhas Return Current and the Antarctic Circumpolae@uthat result in a state
where leakage no longer increasddis adjustment takes place within one or two decad&sults
further show that an equatorward (poleward) displacement of the westerlies increases (decreases)
leakage. This occurs because lo¢ tredistribution of momentum iput by the winds.n the South
Atlantic, the advection ofAgulhasleakage follows the mean horizontal circulatigkiong the South
American coast, a bifurcation occurs angbtpathwaysemanate via the North Brazil Currenteoss

the Equator, anda recirculatory route via the Brazil Curreri. simulated wnd-driven increase in
Agulhadeakage in the South Atlantresultsin a favoured recirculatory route, sincehte subtropical

gyre ofthe South Atlantic is enhanced.
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Agulhas Leakage ist ein Sammelbegudffr sich auf die Wassermassen bezieht, die durch das
Agulhasstromsystem in den Siudatlantik transportiert werdgisherige Arbeiten postuliererdass

der Eirtrag dieses warmen und salzigen Wassérslen Sudtlantik die Fahigkeit besitzt, die gesamte
Zirkulation desAtlantiks auf dekadiscken und tausendahrigen Zeitskalen zu verandern. Das
Agulhasstromsystem sitzt am Nexus zwischen dem Indischen, dem Sudatlantischen mnd de
Siipolarmeer. Das System liegauRerdem in der Ubergangszone zwischen den 6stlichen
Passatwinden und den Westwinden der stdlichen Hemisphare. DiesertBlissm untersuchi wie

die Winde der Sudlichen Hemisphare tigensitéat derAgulhas Leadge kontrollieren und beurteilt

die Auswikungen einer Zunahme dégulhas Leakage auf den Sudatlantik.

Die Analyse wurde anhand von zwei globalen (ORCAOQ5 & INALTO01) urebmweilen (AGIO & ARC)
Modellkonfigurationen durchgefuhrt. Diese Konfigurationen wurden entwickelt, um sowohl die
grof3shalige Zirkulatiorals auch die Feinheiten der mesoskaligen Dynamik des Agulhasstromsystem
adaquat zu reprasentieren. Innerhalb der vier Konfigurationen wurde eine Reihe von
Senstivitatsexperimenen entworfen und durchgefihriym den Einfluss der Winde adie Agulhas
Leakage systematis@u untersuchenln der ersterSerievon Simulationen wurde die Intensitat der
Passatwinde des Indischen Ozeans modifiziert. In der zwSieiewurden Anderungen der Position
und Intensitat der Westwindeorgenommen Die Gril3e der angewandten Veranderungespiegelte
dabeidie vergangenen, gegenwartigen, und zukinftigdimaverhaltnissewieder. Durch den Multi
Modellansatz und identischéefinition der Agulhas Leakage in allen Konfigurationen, wurden
robusteund vergleichbre Ergebnissgewéhrleitet.

Die 6stlichen Passatwinde beeinflussen die horizontale Zirkulation des Indischen Ozeans substantiell,
einschlieRlich der Starke des Agulhasstrodusderungen der Strdomung werden stromabwarits,
Breiten in denen keine Windanderungen angewendet wurdenpropagiert Dies beeinfluRtdie
Tragheitan der Albsungstelle des Agulhasstromegom KontinentalsockelHingegender groRen
Veranderungen in der mesoskaligen Variabilitat der Retroflektion, bleibt die Position deseStrom
aufgrund der Topographieinverdndert Entsprechendleibt die Agulhas Leakage unbeeinflusst. Dies
bedeutet, dass i@ Agulhas Leakage von der stromaufigem Dynamik entkoppelt ist. Stattdessen
kontrollieren die Westwinde der stdlichen Hemispharesbesonderederen Intensitat, dieAgulhas
Leakage. Positive Anderungen der Rotation des Windschubs uber dem sidlichen Teil des
subtropischen Wirbels des Indischen Ozeaeiirsachereinen Transport nach Westersudlich von
Afrika. Dies erklart die Anderungen ined Agulhas Leakage, dibis zu einem bestimmten Punkt
proportional zu der Intensitat der Westwindst. Dariber hinauskommt esdurch dieAdaptionder
grof3skaligerzirkulation zu energetischea Wechselwirkungen zwischen deAgulhasiickstrom und

dem antarktischenZirkumpolarstrom undiihrt zu einem Zustand, in dem digulhas Leakage nicht
weiter zunimmt Diese Adaptiorerfolgt innerhalb von eirbis zwei Dekaakn. Die Ergebnisse zeigen
aullerdem, dass eine Verlagerung der Westwinde &quatorwarts (polwdrtiseiner dnahme
(Abnahme) der Agulhas Leakage fuhrt. Dies geschieht aufgrund der Neuverteilurgy de
Impulseintrags durch die Winde. [@ Advektion der Agulhas Leakage folgt der mittleren
horizontalen Zirkulation im Sddatlantik. Emitader siidamerikanischen Kistenkmt es zu einer
Aufspaltung inzwei Pfade durch dn Nordbrasistrom uber den Aquatorhinweg und eine
Rickstromungdurch den Brasistrom. Durch eénen simulierter windgetriebener Anstieg deAgulhas
Leakage in den sidlichen Atlantikkommt eszu einerverdarkten Rickstromungsroute, da der
Sidatlantische subtropische Wirbel verstarkt wird.
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Upper ocean transport at all latitudexf the Atlantic Ocen isgenerallynorthward. This flow in the
upper 1500 m constitutes waters originating from the Southern Ocean as well as from the- Indian
Pacific Oceans (Figure 1.1). These two sources are referred to respectively as the Atlansinccold
warm-water routes (Speich et al. 2001Vltimately, waters from both routes penetrate the subpolar
North Atlantic and the Nordic Seashere deep convection occsi(Marshall and Schott 1999Vhile
the cold route can be regarded as the direct inflow of water from Dralssdge(Friocourt et al.
2005) the warm route is more complex (Figure 1. Thiswarm pathway, south of the African
continent, consists of watemassedrom very different originsfrom the Pacific in the form of the
Indonesian througtilow (Sprintall et & 2009)and the Tasman leakag&peich et al. 2002)rom the
Southern Ocean as the indirect flow from Drake Pasgkgecourt et al. 205; Speich et al. 2001)
and recirculation within the IndiaAtlantic portion of the supergyréRidgway and Dunn 2003peich

et al. 2007) South of Africa, the Agulhas Current sysigmtjecharms 2006; Beal et al. 2014)at the
centre of this complex warmwvater conduit (Figure 1.2)It negotiatesthe bulk of the exchange

between the Indian and Atlantic Oceaftsordon 186; Gordon et al. 1992)

Much of the warmwater exchange occsrin the Cape Basin (Figure 1.3). Thermocline and
intermediate waters of various origins interact vigorougyonners et al. 2004; Rimaud et al. 2012;
Roman and Lutjeharms 2007, 2010; Stramamal England 1999Roman and Lutjeharm&010)
Rimaud et al(2012)and Rusciano et a{2012)diagnosed two variants of Antarctic Intermediate
Water in the Cape Basin: one of Indian Ocean origin and one of Atlantic origin. The latter constitutes
the indrect flow from Drake PassagEriocourt et al. 2005; Speich et al. 2001his thesis focussed

and examined the portion of the IndiaAtlantic warmwater exchange that is mediated by the

Agulhas Current. This is referred to as Agulhas leakage

1.1. Whatis Agulhas leakage?

Agulhas leakage refers t@aters exportedinto the Atlantic Ocearby the AgulhagCurrentsystem.
These waters primarily consistof upperand intermediate waters of Indian Ocean origite Ruijter et

al. 1999) Here, the terms Indé\tlartic flux/transport transfer/exchange are employed as synonyms
for Agulhas leakagd-urthermore, Agulhas leakage is a collective term used to encapsulate the

different oceanic features that enable the westward wateansfer between the two oceans



(illustrated by the extension of warm water across the South AtlantiEigure 1.2)These features

carry water of Agulhas Current origin.

FGUREL.1: Schematic ofhe ocean circulation south of Afric&olairs indicate surface (§ 1000 m,
red), intermediate(1000¢ 1500 m, light blue) and deep (15Q2000 m, dark blue) pathways. In the
South Atlantic, two northward flowing routes exist: the celdter route which is the direct inflow
from Drake Passage, and the wawater route south west of South Africa.

The Agulhas CurreffFigure 1.4flows along the southeastern coast of South Africa. At thetsern

tip of the continent, about 70 to 75 % of the current retroflects back into the Indian Ocean, forming
the Agulhas Return Current. The remaining portioneesithe Cape Basin in the form lafge anti
cyclonic Agulhas Ring&ordon 1986; Goni et al. 1997; Lutjeharms and Gordon 1987; Duncombe Rae
et al. 1996; Duncombe Rae 1991; Tréguier et al. 200B)lones(Boebel et al. 2003a; Hall and
Lutjeharms 2011; Maino and Beier 2003and other filaments and plumdg&utjeharms and Cooper
1996; Stramma and Peterson 1990; Tréguier et al. 2003)

Attempts to estimate Agulhas leakage from observed datasets have focussed mainly on either the
guantification of water beig transported by the aboveentioned features or on geostropgh

transportsacross hydrographic sections occupied in the Cape BdsiRuijter et al. 1999Agulhas



Rings are typically 0&; 250 km in diametefBoebel et al. 2003a; Dencausse et al. 20h0a) extend
down to the sedloor (van Aken et al. 2003Yhese large ringdrift into the South Atlantic with a
velocity of about 3¢ 4 km/day and have difespanof less than a yeafDencausse et al. 2010a;
Donners and Drijfhout 2004; Schonten et al. 2000ansport estimate®btained per Agulhas Ring
range between 0.4 and 3 S{Byrne et al. 1995; Garzoli et al. 1999; Gordon and Haxby 1990;
McCartney and Woodgatéones 1991; Olson and Evans 198&suming thaapproximately 4¢ 6

rings are formedper yer (Byrne et al. 1995; Feron et al. 1992; Goni et al. 1997; Schonten et al.
2000) this would givean average 0f8.5 Sv per annum of leakage solely through rif@Encausse et

al. 2010a; Garzoli et al. 1999; Richardson 20®88re recently,usingaltimetry data to locate and
track ringsin combination withsubsurface floats to resolve their vertical structuf®ouza et al
(2011) estimated 9+ 8 Sv of IndeAtlantic transfer through ringsThe large standard deviation
reflects the interannual variation inring shedding eventsEulerianbased estimations of leakage
could potentially capture the host of features found in the Cape Basin. However, the challenge lies in
the need to define adequate boundaries for integratignan Sebille et al. 201Q4dh addition to the

fact that these estimates only represent temporal snapshots. Estimates of theAttaiatic flux using
such methods yielded between 2.8 and 10 (8¢ Ruijter et al. 1999)The most recent observed
measurement of Agulhas leakage, employanglecadeof modern surface drifters and subsurface
floats, gives approximately 15 Sv in the upper 100@Richardson 2007)This value is the most
widely accepted measurement of Agulhas leakméate. In order to address théackof sustained
observation of leage,the deployment ofa series of moorings between Cape Toavrd Tristan da
Cunhais planned in 2013(Ansorge, perscomm.). This promises new estimates Afulhasieakage

as well as insighisto its variabiliyy (Garzoli and Matano 2011)

Given the tenporal scarcity and poor spatial coverage of observed datasets, several attempts of
estimating Agulhas leakage have also been made within numerical models. Here, despite the
availability of consistent and contiguous datasets, difficulties $ource of diagreementin leakage
estimateg lie in the correctrepresentationof the Agulhas dynamics within moddks.g. mesoscale
variability). This is in addition t¢he lack of a propemethod of assessinggulhas leakage. At low
horizontal resolution (greater #m the first baroclinic Rossby radius), the Agulhas Current is typically
represented as a laminar current without variability. Such modetsl to overestimate the Inde
Atlantic flux(Biastoch et al. 2008c; Weijer et al. 2018} high resolution (where thfirst baroclinic
Rossby radius is resolved), with exceptiorthed results presented bgpeich et al(2006) models

converge towards the Richardsq2007) estimate, yielding between 10 and 20 Sv of leakage

'1sv=16m’s?
2 http://www.coriolis.eu.org/Science/Reseattivities2/Atlantic-Ocean/GOODHOPESAMOC

3



(Biastoch et al. 2008c; Doglioli et al. 2008n\5ebille et al. 2009b,chhese model studies assessed
leakage in a Lagrangian framewolkshould be noted that within models, horizontal resolution is
not the only determining factgrparameterisatiorof unrepresented processeshoices in advection
schemesand lateral boundary conditionsamong othersalso playimportant roles (Backeberg et al.
2012; Barnier et al. 2006; Quartly et al. 2013)

0 5 10 15 20
.

HGUREL.2: The greater Agulhas Current system. Snapshot from the INALTO1 model configuration
(described n chapter 2) illustrating the warmwater route south of the African continent. Colours
indicate temperature 1C) at 450 m depth. A global version of this illustration is shown on the cover

page.

Of current importance, hingast ocean simulations suggelat since thelate 19@s,the magnitude
of water exported from the Indian Ocean to the Atlantic Ocean is on thegBisestoch et al. 2009b;
Rouault et al. 2009)Naturally, given tis reported contemporaryincrease in leakage, the pertinent

question thatfollows concernghe overall implication of the increase on the Atlantic circulation.

1.2. What is the importance of Agulhas leakage?

The impact of Agulhas leakage on the Atlantic circulaiddninary. through radiation of planetary

wavesand through adwection. Leakage watergntering the Cape Basjnbeing warmer and saltier



than the surrounding, depress the isotherms and isohaliniesthe thermocling(Giulivi and Gordon
2006) The resultingundulationsin isopycnalgadiate dynamic disturbances that sidy propagate
across the South Atlantic as Rossby waBéastoch et al. 2008b; van Sebille and van Leeuwen 2007)
Thesewaves carrier of the dynamical imprint of Agulhas leade, reach te South American coast
within 4 ¢ 6 yearsand are subsequentlgapidly communicated across the Equator by coastal Kelvin
waves (Biastoch et al. 2008b; Weijer et al. 20025 suchleakage impactshe zonaly-integrated
flow of the Atlantic, that is, theso-called Atlantic Meridional Overturning CirculatigdMOC,
Cunnindgpam and Marsh 2010yithin a decade.
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HGUREL.3: Maln features of the bathymetry (m) around Southern Africa. Bathymetry dataset is

derived from ETOPO2 and interpolated on & &.0.1 grid (section 2.1)

AgulhasRings the principal carrieof Agulha@ leakagedecay rapidlyn the Cape Basi(schmid et al.
2003; Schonten et al. 2000; van Sebille et al. 2016k)articular they lose theiranomaloussurface
thermal contentfairly quicklyto the atmospherg(van Aken et al. 2003Yhe remaining salt cgent
anomaly persists for longer and contributes to an overall densification of the South A{Riatstoch

et al. 2008b; Biastoch and Boning 2018) this respect, Agulhas leakage impacts the Atlantic
thermohalinecirculation through the advection oft. Advective timescales being slower, taffect

is communicated north within 2 4 decadeqRUuhs et al. 2013; van Sebille et al. 2011; Weijer et al.

2002)

Therefore,through theradiativeand advective mechanisms described abdbe, recently reportel

upwardtrend in leakage, diagnosed from hiedst simulationgBiastoch et al. 2009b; Rouault et al.



2009) may translate into profound alteration of thdelicate structure of the Atlantic.This is
particularly relevant in the course of global warmingl climate changé€Biastoch and Boning 2013)
One might further hypothesise that the slow export of additional salt from the Agulhas could
eventually compensate or even thwart thmpact ofanincreasng freshwaterinflow that result from

the melting of Artic seaice (Walsh 2013jand of Greenland icesheets(Bamber et al. 2012)This
hypothesis draws some support in the fact thisgulhas leakage has also been shown to be a key

process irpastclimate changes.
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HGUREL.4: The Agulhas Current system (sofatically drawn, dark black lines) sandwiched between
the Southern Hemisphere westerlies (green arrows) and the Southeast trade winds (blue arrows), as
well as embedded within the larggcale circulation (light grey). Wind stress derived from the
Common @eanice Reference Experiment (CORE) dataset (described in chapter 2).

The Atlantic circulatiorof the past has responded tohanges irboth the cold and warmwater
routes (Knorr and Lohmann 2003)Vhile the behaviour of the paleAMOC has been highlarable
(Srokosz et al. 2012jistinct instances of increased leakafigingglacial terminationgPeeters et al.
2004) have been linked taeinvigoratiors of the AMOC(Chiessi et al. 2008Changes in leakage
betweenglacial and integlacial periodsnay have been prompted by the Southern Oce&ard and
Rickaby 2009 nd/or changes in the wind pattern of the Southern Hemisph&mehfeld et al. 2013;
Sime et al. 2013; Toggweiler et al. 2Q0BYrthermore, it has been suggested that the presesy
increa® in leakage is in one way or another relatedanthropogenic modifications dhe Southern
Hemisphere winds(Biastoch and Boning 2013; Son et al. 2010; Toggweiler 2@&i9¢n the
importance and relevance of Agulhas leakage for climate, it is of gresgedt to understandits

controlling factors.



FGUREL.5: Upper 100 m speed (shading, ¢ 50 cm & contour in light grey) of the greater Agulhas
Current system from the INALTO1 model configuration (describedhapter 2) illustratingthe
complexiy of the flow around southern Africa; (a) annual mean and (b) instantaneous view.

1.3. What determines Agulhas leakage?

Agulhas leakage can be regardedads/-product of the Agulhas Currenhe Agulhas Current is the
western boundary current of the Soutlndian Ocean(Lutjeharms 2006)Unique to the Agulhas

Current is the fact that it redistributes heat and salt not only polewasl it isusuallythe case for





















































































































































































































































































































