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Agulhas leakage is a collective term that refers to water exported by the Agulhas Current system into 
the South Atlantic Ocean. It is postulated that the injection of this warm and salty water into the 
South Atlantic has the ability to alter the overall Atlantic circulation on decadal to millennial 
timescales. The Agulhas Current system sits at the nexus between the Indian, South Atlantic and 
Southern Oceans. The system also lies in a zone of transition between the easterly trade winds and 
the Southern Hemisphere westerlies. This dissertation investigates how the Southern Hemisphere 
winds control the magnitude of Agulhas leakage and assesses the impact of a leakage increase on the 
South Atlantic.  
 
The analysis was performed within two global (ORCA05 & INALT01) and two regional (AGIO & ARC) 
model configurations. These configurations were constructed to represent adequately both the 
large-scale circulation and the intricacies of the mesoscale dynamics of the Agulhas Current system. 
A series of sensitivity experiments were designed and performed within the four configurations with 
the aim to disentangle systematically the influence of the winds on Agulhas leakage. In the first series 
of simulations, the intensity of Indian Ocean trade winds was modified. The second set of 
experiments imposed changes to position and intensity of the westerlies. The magnitude of the 
changes applied was representative of past, present and future climate scenarios. Through the multi-
model approach and the identical definition of Agulhas leakage within all configurations, robust 
results were achieved. 
 
The easterly trade winds substantially affect the horizontal circulation of the Indian Ocean, including 
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 separation is 
altered. Despite large changes in mesoscale variability of the retroflection, its position is maintained 
by topography. Consequently, Agulhas leakage is unaffected.  This implies that Agulhas leakage is 
decoupled from upstream dynamics. Instead, leakage is controlled by the Southern Hemisphere 
westerlies, in particular their intensity. Changes in wind stress curl over the southern portion of the 
Indian Ocean subtropical gyre yield a westward transport south of Africa. This is manifested as 
changes in leakage, which responds proportionally to the intensity of the westerlies up to a certain 
point. Beyond this, through the adjustment of the large-scale circulation, energetic interactions occur 
between the Agulhas Return Current and the Antarctic Circumpolar Current that result in a state 
where leakage no longer increases. This adjustment takes place within one or two decades. Results 
further show that an equatorward (poleward) displacement of the westerlies increases (decreases) 
leakage. This occurs because of the redistribution of momentum input by the winds. In the South 
Atlantic, the advection of Agulhas leakage follows the mean horizontal circulation. Along the South 
American coast, a bifurcation occurs and two pathways emanate: via the North Brazil Current across 
the Equator, and a re-circulatory route via the Brazil Current. A simulated wind-driven increase in 
Agulhas leakage in the South Atlantic results in a favoured re-circulatory route, since the subtropical 
gyre of the South Atlantic is enhanced.  
 

  



:ÕÓÁÍÍÅÎÆÁÓÓÕÎÇ 

Agulhas Leakage ist ein Sammelbegriff, der sich auf die Wassermassen bezieht, die durch das 
Agulhasstromsystem in den Südatlantik  transportiert werden. Bisherige Arbeiten postulieren, dass 
der Eintrag dieses warmen und salzigen Wassers in den Südatlantik die Fähigkeit besitzt, die gesamte 
Zirkulation des Atlantiks auf dekadischen und tausendjährigen Zeitskalen zu verändern. Das 
Agulhasstromsystem sitzt am Nexus zwischen dem Indischen, dem Südatlantischen und dem 
Südpolarmeer. Das System liegt außerdem in der Übergangszone zwischen den östlichen 
Passatwinden und den Westwinden der südlichen Hemisphäre. Diese Dissertation untersucht, wie 
die Winde der Südlichen Hemisphäre die Intensität der Agulhas Leakage kontrollieren und beurteilt  
die Auswirkungen einer Zunahme der Agulhas Leakage  auf den Südatlantik. 
 
Die Analyse wurde anhand von zwei globalen (ORCA05 & INALT01) und zwei regionalen (AGIO & ARC) 
Modellkonfigurationen durchgeführt. Diese Konfigurationen wurden entwickelt, um sowohl die 
großskalige Zirkulation als auch die Feinheiten der mesoskaligen Dynamik des Agulhasstromsystem 
adäquat zu repräsentieren. Innerhalb der vier Konfigurationen wurde eine Reihe von 
Sensitivitätsexperimenten entworfen und durchgeführt, um den Einfluss der Winde auf die Agulhas 
Leakage systematisch zu untersuchen. In der ersten Serie von Simulationen wurde die Intensität der 
Passatwinde des Indischen Ozeans modifiziert. In der zweiten Serie wurden Änderungen der Position 
und Intensität der Westwinde vorgenommen. Die Größe der angewandten Veränderungen spiegelte 
dabei die vergangenen, gegenwärtigen, und zukünftigen Klimaverhältnisse wieder. Durch den Multi-
Modellansatz und identische Definition der Agulhas Leakage in allen Konfigurationen, wurden 
robuste und vergleichbare Ergebnisse gewährleitet. 
 
Die östlichen Passatwinde beeinflussen die horizontale Zirkulation des Indischen Ozeans substantiell, 
einschließlich der Stärke des Agulhasstroms. Änderungen der Strömung werden stromabwärts, in 
Breiten, in denen keine Windänderungen angewendet wurden, propagiert. Dies beeinflußt die 
Trägheit an der Ablösungsstelle des Agulhasstromes vom Kontinentalsockel. Hingegen der großen 
Veränderungen in der mesoskaligen Variabilität der Retroflektion, bleibt die Position des Stromes 
aufgrund der Topographie unverändert. Entsprechend bleibt die Agulhas Leakage unbeeinflusst. Dies 
bedeutet, dass die Agulhas Leakage von der stromaufwärtigen Dynamik entkoppelt ist. Stattdessen 
kontrollieren die Westwinde der südlichen Hemisphäre, insbesondere deren Intensität, die Agulhas 
Leakage. Positive Änderungen der Rotation des Windschubs über dem südlichen Teil des 
subtropischen Wirbels des Indischen Ozeans verursachen einen Transport nach Westen, südlich von 
Afrika. Dies erklärt die Änderungen in der Agulhas Leakage, die bis zu einem bestimmten Punkt 
proportional zu der Intensität der Westwinde ist. Darüber hinaus kommt es durch die Adaption der 
großskaligen Zirkulation zu energetischen Wechselwirkungen zwischen dem Agulhasrückstrom und 
dem antarktischen Zirkumpolarstrom und führt zu einem Zustand, in dem die Agulhas Leakage nicht 
weiter zunimmt. Diese Adaption erfolgt innerhalb von ein bis zwei Dekaden. Die Ergebnisse zeigen 
außerdem, dass eine Verlagerung der Westwinde äquatorwärts (polwärts) zu einer Zunahme 
(Abnahme) der Agulhas Leakage führt. Dies geschieht aufgrund der Neuverteilung des 
Impulseintrages durch die Winde. Die Advektion der Agulhas Leakage folgt der mittleren 
horizontalen Zirkulation im Südatlantik. Entlang der südamerikanischen Küste kommt es zu einer 
Aufspaltung in zwei Pfade: durch den Nordbrasilstrom über den Äquator hinweg und eine 
Rückströmung durch den Brasilstrom. Durch einen simulierter wind-getriebener Anstieg der Agulhas 
Leakage in den südlichen Atlantik, kommt es zu einer verstärkten Rückströmungsroute, da der 
Südatlantische subtropische Wirbel verstärkt wird. 
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Agulhas leakage is a collective term that refers to the warm salty waters entering the South Atlantic 
from the Indian Ocean, south of the African continent, through the Agulhas Current system. 
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Upper ocean transport at all latitudes of the Atlantic Ocean is generally northward. 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 Atlantic cold- and 

warm-water routes (Speich et al. 2001). Ultimately, waters from both routes penetrate the subpolar 

North Atlantic and the Nordic Seas, where deep convection occurs (Marshall and Schott 1999). While 

the cold route can be regarded as the direct inflow of water from Drake Passage (Friocourt et al. 

2005), the warm route is more complex (Figure 1.1). This warm pathway, south of the African 

continent, consists of water masses from very different origins: from the Pacific in the form of the 

Indonesian through-flow (Sprintall et al. 2009) and the Tasman leakage (Speich et al. 2002); from the 

Southern Ocean as the indirect flow from Drake Passage (Friocourt et al. 2005; Speich et al. 2001); 

and recirculation within the Indian-Atlantic portion of the supergyre (Ridgway and Dunn 2007; Speich 

et al. 2007). South of Africa, the Agulhas Current system (Lutjeharms 2006; Beal et al. 2011) is at the 

centre of this complex warm-water conduit (Figure 1.2). It negotiates the bulk of the exchange 

between the Indian and Atlantic Oceans (Gordon 1986; Gordon et al. 1992).  

 

Much of the warm-water exchange occurs in the Cape Basin (Figure 1.3). Thermocline and 

intermediate waters of various origins interact vigorously (Donners et al. 2004; Rimaud et al. 2012; 

Roman and Lutjeharms 2007, 2010; Stramma and England 1999). Roman and Lutjeharms (2010), 

Rimaud et al. (2012) and Rusciano et al. (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 indirect flow from Drake Passage (Friocourt et al. 2005; Speich et al. 2001). This thesis focussed 

and examined the portion of the Indian-Atlantic warm-water exchange that is mediated by the 

Agulhas Current. This is referred to as Agulhas leakage. 

1.1. What i s Agulhas leakage? 

 Agulhas leakage refers to waters exported into the Atlantic Ocean by the Agulhas Current system. 

These waters primarily consist of upper and intermediate waters of Indian Ocean origin (de Ruijter et 

al. 1999). Here, the terms Indo-Atlantic flux/transport/ transfer/exchange are employed as synonyms 

for Agulhas leakage. Furthermore, Agulhas leakage is a collective term used to encapsulate the 

different oceanic features that enable the westward water transfer between the two oceans 
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(illustrated by the extension of warm water across the South Atlantic in Figure 1.2). These features 

carry water of Agulhas Current origin.  

 

 
 
FIGURE 1.1: Schematic of the ocean circulation south of Africa. Colours indicate surface (0 ς 1000 m, 
red), intermediate (1000 ς 1500 m, light blue) and deep (1500 ς 4000 m, dark blue) pathways. In the 
South Atlantic, two northward flowing routes exist: the cold-water route which is the direct inflow 
from Drake Passage, and the warm-water route south west of South Africa. 
 

The Agulhas Current (Figure 1.4) flows along the southeastern coast of South Africa. At the southern 

tip of the continent, about 70 to 75 % of the current retroflects back into the Indian Ocean, forming 

the Agulhas Return Current. The remaining portion enters the Cape Basin in the form of large anti-

cyclonic Agulhas Rings (Gordon 1986; Goni et al. 1997; Lutjeharms and Gordon 1987; Duncombe Rae 

et al. 1996; Duncombe Rae 1991; Tréguier et al. 2003), cyclones (Boebel et al. 2003a; Hall and 

Lutjeharms 2011; Matano and Beier 2003), and other filaments and plumes (Lutjeharms 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 

quantification of water being transported by the above-mentioned features or on geostrophic 

transports across hydrographic sections occupied in the Cape Basin (de Ruijter et al. 1999). Agulhas 
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Rings are typically 150 ς 250 km in diameter (Boebel et al. 2003a; Dencausse et al. 2010a) and extend 

down to the sea-floor (van Aken et al. 2003). These large rings drift into the South Atlantic with a 

velocity of about 3 ς 4 km/day and have a lifespan of less than a year (Dencausse et al. 2010a; 

Donners and Drijfhout 2004; Schonten et al. 2000). Transport estimates obtained per Agulhas Ring 

range between 0.4 and 3 Sv1 (Byrne et al. 1995; Garzoli et al. 1999; Gordon and Haxby 1990; 

McCartney and Woodgate-Jones 1991; Olson and Evans 1986). Assuming that approximately 4 ς 6 

rings are formed per year (Byrne et al. 1995; Feron et al. 1992; Goni et al. 1997; Schonten et al. 

2000), this would give an average of ~8.5 Sv per annum of leakage solely through rings (Dencausse et 

al. 2010a; Garzoli et al. 1999; Richardson 2007). More recently, using altimetry data to locate and 

track rings in combination with subsurface floats to resolve their vertical structure, Souza et al. 

(2011) estimated 9 ± 8 Sv of Indo-Atlantic transfer through rings. The large standard deviation 

reflects the inter-annual variation in ring shedding events. Eulerian-based 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 integration (van Sebille et al. 2010a), in addition to the 

fact that these estimates only represent temporal snapshots. Estimates of the Indo-Atlantic flux using 

such methods yielded between 2.8 and 10 Sv (de Ruijter et al. 1999). The most recent observed 

measurement of Agulhas leakage, employing a decade of modern surface drifters and subsurface 

floats, gives approximately 15 Sv in the upper 1000 m (Richardson 2007). This value is the most 

widely accepted measurement of Agulhas leakage to-date. In order to address the lack of sustained 

observation of leakage, the deployment of a series of moorings between Cape Town and Tristan da 

Cunha is planned in 20132 (Ansorge, pers. comm.). This promises new estimates of Agulhas leakage 

as well as insights into its variability (Garzoli and Matano 2011). 

 

Given the temporal 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 (i.e. source of disagreement in leakage 

estimates) lie in the correct representation of the Agulhas dynamics within models (e.g. mesoscale 

variability). This is in addition to the lack of a proper method of assessing Agulhas leakage. At low 

horizontal resolution (greater than the first baroclinic Rossby radius), the Agulhas Current is typically 

represented as a laminar current without variability. Such models tend to overestimate the Indo-

Atlantic flux (Biastoch et al. 2008c; Weijer et al. 2012). At high resolution (where the first baroclinic 

Rossby radius is resolved), with exception of the results presented by Speich et al. (2006), models 

converge towards the Richardson (2007) estimate, yielding between 10 and 20 Sv of leakage 

                                                           
1
 1 Sv = 10

6
 m

3
 s

-1
 

2
 http://www.coriolis.eu.org/Science/Research-Activities2/Atlantic-Ocean/GOODHOPE-SAMOC 



4 
 

(Biastoch et al. 2008c; Doglioli et al. 2006; van Sebille et al. 2009b,c). These model studies assessed 

leakage in a Lagrangian framework. It should be noted that within models, horizontal resolution is 

not the only determining factor; parameterisation of unrepresented processes, choices in advection 

schemes and lateral boundary conditions among others also play important roles (Backeberg et al. 

2012; Barnier et al. 2006; Quartly et al. 2013).  

 

 
 
FIGURE 1.2: The greater Agulhas Current system. Snapshot from the INALT01 model configuration 
(described in chapter 2) illustrating the warm-water route south of the African continent. Colours 
indicate temperature (°C) at 450 m depth.  A global version of this illustration is shown on the cover 
page. 
 

Of current importance, hind-cast ocean simulations suggest that since the late 1960s, the magnitude 

of water exported from the Indian Ocean to the Atlantic Ocean is on the rise (Biastoch et al. 2009b; 

Rouault et al. 2009). Naturally, given this reported contemporary increase in leakage, the pertinent 

question that follows concerns the 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 circulation is binary: through radiation of planetary 

waves and through advection. Leakage waters entering the Cape Basin, being warmer and saltier 
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than the surroundings, depress the isotherms and isohalines in the thermocline (Giulivi and Gordon 

2006). The resulting undulations in isopycnals radiate dynamic disturbances that slowly propagate 

across the South Atlantic as Rossby waves (Biastoch et al. 2008b; van Sebille and van Leeuwen 2007). 

These waves, carrier of the dynamical imprint of Agulhas leakage, reach the South American coast 

within 4 ς 6 years and are subsequently rapidly communicated across the Equator by coastal Kelvin 

waves (Biastoch et al. 2008b; Weijer et al. 2002). As such, leakage impacts the zonally-integrated 

flow of the Atlantic, that is, the so-called Atlantic Meridional Overturning Circulation (AMOC, 

Cunningham and Marsh 2010), within a decade. 

 

 
FIGURE 1.3: Main features of the bathymetry (m) around Southern Africa. Bathymetry dataset is 
derived from ETOPO2 and interpolated on a 0.1° x 0.1° grid (section 2.1). 
 

Agulhas Rings, the principal carrier of Agulhas leakage, decay rapidly in the Cape Basin (Schmid et al. 

2003; Schonten et al. 2000; van Sebille et al. 2010b). In particular, they lose their anomalous surface 

thermal content fairly quickly to the atmosphere (van Aken et al. 2003). The remaining salt content 

anomaly persists for longer and contributes to an overall densification of the South Atlantic (Biastoch 

et al. 2008b; Biastoch and Böning 2013). In this respect, Agulhas leakage impacts the Atlantic 

thermohaline circulation through the advection of salt. Advective timescales being slower, this effect 

is communicated north within 2 ς 4 decades (Rühs et al. 2013; van Sebille et al. 2011; Weijer et al. 

2002). 

 

Therefore, through the radiative and advective mechanisms described above, the recently reported 

upward trend in leakage, diagnosed from hind-cast simulations (Biastoch et al. 2009b; Rouault et al. 
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2009), may translate into profound alteration of the delicate structure of the Atlantic. This is 

particularly relevant in the course of global warming and climate change (Biastoch and Böning 2013). 

One might further hypothesise that the slow export of additional salt from the Agulhas could 

eventually compensate or even thwart the impact of an increasing freshwater inflow that result from 

the melting of Arctic sea-ice (Walsh 2013) and of Greenland ice-sheets (Bamber et al. 2012). This 

hypothesis draws some support in the fact that Agulhas leakage has also been shown to be a key 

process in past climate changes.  

 

 
 
FIGURE 1.4: The Agulhas Current system (schematically 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 large-scale circulation (light grey). Wind stress derived from the 
Common Ocean-ice Reference Experiment (CORE) dataset (described in chapter 2).  
 

The Atlantic circulation of the past has responded to changes in both the cold- and warm-water 

routes (Knorr and Lohmann 2003). While the behaviour of the paleo-AMOC has been highly variable 

(Srokosz et al. 2012), distinct instances of increased leakage during glacial terminations (Peeters et al. 

2004) have been linked to reinvigorations of the AMOC (Chiessi et al. 2008). Changes in leakage 

between glacial and inter-glacial periods may have been prompted by the Southern Ocean (Bard and 

Rickaby 2009) and/or changes in the wind pattern of the Southern Hemisphere (Kohfeld et al. 2013; 

Sime et al. 2013; Toggweiler et al. 2006). Furthermore, it has been suggested that the present-day 

increase in leakage is in one way or another related to anthropogenic modifications of the Southern 

Hemisphere winds (Biastoch and Böning 2013; Son et al. 2010; Toggweiler 2009). Given the 

importance and relevance of Agulhas leakage for climate, it is of great interest to understand its 

controlling factors. 
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FIGURE 1.5: Upper 100 m speed (shading, cm s-1; 50 cm s-1 contour in light grey) of the greater Agulhas 
Current system from the INALT01 model configuration (described in chapter 2) illustrating the 
complexity of the flow around southern Africa; (a) annual mean and (b) instantaneous view. 

1.3. What determines  Agulhas leakage? 

Agulhas leakage can be regarded as a by-product of the Agulhas Current. The Agulhas Current is the 

western boundary current of the South Indian Ocean (Lutjeharms 2006). Unique to the Agulhas 

Current is the fact that it redistributes heat and salt not only poleward, as it is usually the case for 














































































































































































































