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The inter-ocean exchange of warm and salt-enriched waters around South Africa (Agulhas leakage), may
have played an important role in the mechanism of deglaciations. Paleoceanographic reconstructions
from the Agulhas leakage corridor show that leakage maxima occurred during glacial terminations.
Therefore enhanced leakage has been suggested as a forcing mechanism to shift the Atlantic Meridional
Overturning Circulation into the interglacial mode of circulation. At present, studies have not considered
that upstream changes in the properties of the Agulhas Current itself may, in part, explain the observed
variability in the Agulhas leakage and play an important role in defining the upper ocean hydrography
of the South Atlantic. Here, we present a multi-proxy record from a marine sediment core (CD154
17-17K) located in the main trajectory of the Agulhas Current that spans the past 100 kyr. The record
shows considerable variability in reconstructed upper ocean temperatures and salinity. We also find
that the relative abundance of tropical and sub-tropical planktic foraminifera, previously used as a
proxy for Agulhas leakage fauna, shows considerable upstream variability, likely reflecting changes in the
hydrography of the southwest Indian Ocean sub-gyre (SWIOSG) and upper ocean temperatures. Idealised
numerical model simulations demonstrate that both a shifting and an intensification of the Southern
Hemisphere westerlies modify the vigour of the SWIOSG. These changes also drive increased kinetic and
eddy variability in the Agulhas Return Current that potentially enhances cross frontal mixing of southern
sourced waters into the SWIOSG system. Our results suggest that variability in the upstream Agulhas
Current hydrography is strongly linked to the dynamics of the Agulhas Return Current and strength of
the SWIOSG and that downstream variability in the leakage area (Atlantic sector) at least partly reflects
regional variations of the Agulhas Current as a whole.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The world’s largest western boundary current, the Agulhas Cur-
rent, is part of the subtropical Indian Ocean gyre (STIOG) and
transports about 70–78 Sv (1 Sv = 106 m3 s−1) of tropical and
subtropical waters along the eastern margin of southern Africa
(Lutjeharms, 2006). At the southern tip of Africa, between 15◦E
and 20◦E, the current retroflects with the majority of its waters
flowing back into the Indian Ocean as the Agulhas Return Cur-
rent (Feron et al., 1992) and feeding the SWIOSG, which forms
part of the greater STIOG (Gordon et al., 1987; Stramma and Lut-
jeharms, 1997) (Fig. 1). Only a relative small proportion of the
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Agulhas Current’s warm and salty waters, approximately 2–15 Sv,
are transported into the South Atlantic through the Indian–Atlantic
Ocean Gateway via the Agulhas leakage (de Ruijter et al., 1999;
Richardson, 2007).

Paleoceanographic studies show that increased input of rela-
tively warm, saline Agulhas Current waters in the South Atlantic
are associated with late Pleistocene deglaciations (e.g. Peeters
et al., 2004; Martínez-Méndez et al., 2010; Caley et al., 2012;
Scussolini and Peeters, 2013). This implies that the transfer of wa-
ter masses may effectively regulate the buoyancy of the (South)
Atlantic Ocean thermocline, and consequently impact the strength
of the Atlantic Meridional Overturning Circulation (AMOC) (Weijer
et al., 2002; Knorr and Lohmann, 2003). Modelling studies suggest
that Agulhas leakage can alter overturning in the North Atlantic on
different timescales. The perturbation of planetary waves by Ag-
ulhas rings can affect the Atlantic Ocean thermocline on decadal
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Fig. 1. Location of the Agulhas Current system and palaeoclimate archives used as a reference. Base map illustrates Southern Hemisphere annual mean surface temperatures
compiled using the Ocean Data View program (Schlitzer, 2012) and World Ocean Atlas Data 09 (Locarnini et al., 2010). Location of this study is indicated by the star,
reference locations are indicated as circles: Agulhas Current (CD154 17-17K, green star, this study), Cape Basin record (CBR, light blue circle, GeoB3603, MD96-2081, Peeters
et al., 2004), Agulhas Bank (MD96-2080, dark blue circle, Marino et al., 2013), Agulhas Plateau (MD02-2588, blue circle, Ziegler et al., 2013a), ‘precursor’ region Agulhas
Current (MD96-2048, light blue circle, Caley et al., 2011), Antarctic Ice core (EPICA Dome C, black circle). Black arrows indicate the main surface ocean circulation patterns
with emphasis on the key components of the inter-ocean transport across the Agulhas Current system, Agulhas Current (AC), AL (Agulhas leakage in the Agulhas leakage
corridor), AR (Agulhas retroflection), ARC (Agulhas Return Current), ME (Mozambique Eddies), STF (Subtropical Front), SAF (Subantarctic front), APF (Antarctic Polar Front),
STIOG (Subtropical Indian Ocean gyre), SWIOSG (Southwest Indian Ocean sub-gyre).
timescales, and promote adjustments in the AMOC (Biastoch et al.,
2008b; Rühs et al., 2013). While over a period of several hundred
years, changes in the buoyancy of the Atlantic thermocline wa-
ters, hence salt excess, can influence North Atlantic Deep Water
(NADW) formation rates (Weijer et al., 2002; Haarsma et al., 2011).
The latter suggests, for example, that a ‘saltier’ Atlantic ocean due
to a more efficient leakage of warm saline Agulhas Current waters,
leads to a more stable and potentially stronger AMOC (Weijer et
al., 2001, 2002), with implications for global climate.

Most paleo-proxy reconstructions to date have focused on:
(1) the Agulhas leakage area in the South Atlantic (Peeters et al.,
2004; Martínez-Méndez et al., 2010; Caley et al., 2012; Kasper
et al., 2013; Marino et al., 2013); (2) the Agulhas rings pathway
in the South Atlantic subtropical gyre (Rackebrandt et al., 2011;
Scussolini and Peeters, 2013); (3) outside of the Agulhas Current
trajectory (Bard and Rickaby, 2009); or (4) the “precursor” region
of the Agulhas Current (Caley et al., 2011) and/or concentrate gen-
erally on orbital timescales. Furthermore, studies from the Agul-
has leakage corridor that show variability in temperature, salinity
and Agulhas leakage fauna (ALF) over time have mainly been in-
terpreted in terms of qualitative changes in the leakage (Peeters
et al., 2004; Martínez-Méndez et al., 2010; Caley et al., 2012;
Marino et al., 2013). However, importantly it should be recognised
that changes in the water mass properties in the Agulhas leak-
age corridor can be potentially altered either by changes in the
amount of water (volume transport) which is transferred through
the Indian–Atlantic Ocean Gateway or by hydrographic changes in
the upstream Agulhas Current that are subsequently transferred
downstream to the Agulhas leakage corridor without altering the
actual amount of leakage itself. To date, paleoceanographic ori-
ented studies from the Agulhas leakage corridor have not consid-
ered changes in the upstream Agulhas Current to account for the
variability seen in the leakage records. To fill this gap, we produced
the first high-resolution multi-proxy record from within the main
flow of the Agulhas Current (sediment core CD154 17-17K) in the
southwest Indian Ocean (Fig. 1).
We examine reconstructions of sea surface temperature (SST),
the local oxygen isotope composition of seawater (ice volume cor-
rected δ18Oivc-sw), which provides an indication of salinity, and
foraminiferal assemblage variations from within the main flow of
the Agulhas Current. These proxies, when considered in combi-
nation, allow hydrographic changes within the current itself to
be compared with previously published records from the Agulhas
leakage corridor. Our records highlight the importance of consider-
ing upstream Agulhas Current variability when explaining Agulhas
leakage variability over time.

Model simulations have also tested the sensitivity of the Ag-
ulhas Current system to different climatological forcings, such as
shifted or intensified Southern Hemisphere westerlies, as well as
the impact of the Agulhas Current strength itself on Agulhas leak-
age (Biastoch et al., 2009a; Rojas et al., 2009; van Sebille et al.,
2009; Durgadoo et al., 2013). Additionally, satellite altimetry ob-
servations have been used by Backeberg et al. (2012) to suggest
that intensified Indian Ocean winds caused enhanced mesoscale
variability of the Agulhas Current system, potentially resulting in
an increase in Agulhas leakage. These studies emphasise the im-
portance of changes in the Indian Ocean winds fields on Agulhas
Current variability and its associated leakage.

Currently, evidence for changes in the strength and position of
Southern Hemisphere westerlies during the last glacial cycle, based
on both terrestrial and marine paleo-evidence remains equivocal.
Reconstructions from the southwest Pacific argue for a maximum
in the Southern Hemisphere westerlies during the Last Glacial
Maximum (LGM; Shulmeister et al., 2004) and studies from south-
ern South America hint towards a northward movement of the
westerly storm tracks during the LGM (Lamy et al., 1998, 1999).
In a recent synthesis by Kohfeld et al. (2013), however, it was
concluded that the position and strength of Southern Hemisphere
westerlies during the LGM remains inconclusive based on data re-
constructions alone. Model simulations also remain unclear regard-
ing the position and strength of the Southern Hemisphere wester-
lies during the LGM. General circulation model (GCM) simulations
by Wyrwoll et al. (2000) found evidence for a poleward displace-
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ment of the westerlies under glacial conditions, while Rojas et
al. (2009) conclude that the Southern Hemisphere westerlies were
weaker and less zonally symmetric during the LGM. Recently, Sime
et al. (2013) suggest that an equatorward shift of the Southern
Hemisphere westerlies of more than three degrees during the LGM
was unlikely based on their atmospheric modelling study.

Nevertheless, increased emphasis has been placed on the im-
pact of the Southern Hemisphere westerlies on Agulhas leakage
and its consequences for AMOC stability (e.g. Beal et al., 2011 and
references therein). Reduced Agulhas leakage during the LGM com-
pared to today has been inferred from a decrease in the proportion
of ALF recorded in the CBR (Peeters et al., 2004) and linked to
equatorward shifts in the position of the subtropical front (STF)
and the Southern Hemisphere westerlies (Bard and Rickaby, 2009).
However, reductions in Agulhas leakage may also be associated
with strengthened Southern Hemisphere westerlies (Beal et al.,
2011; Nof et al., 2011). This underscores the fact that our present
understanding of the impacts on the Agulhas Current system of
changes in the strength and position of the Southern Hemisphere
westerlies is incomplete. We have therefore performed a suite of
experiments using an ‘ocean only’ model of the Agulhas Current
system subjected to an equatorward shift and strengthening of
the Southern Hemisphere westerlies, both scenarios representative
of plausible LGM conditions. This approach provides an idealised
framework under which potential paleo-scenarios may be inter-
preted and allows, at least, a first order approximation for com-
parison with our proxy reconstructions.

2. Materials and methods

2.1. Core location and oceanography

Marine sediment core CD154 17-17K (33◦19.2′S; 29◦28.2′E;
3333 m water depth) was recovered from the Natal Valley, south
west Indian Ocean during the RRS Charles Darwin Cruise 154 (Hall
and Zahn, 2004). The core site is located on a contourite sediment
drift that has been plastered to the lower continental slope under
the influence of NADW. The Natal Valley forms part of the main
entry route for NADW exiting the Atlantic at depth before entering
the Mozambique and the Somali Basins, then flowing on into the
Indian Ocean (van Aken et al., 2004).

Surface waters at the site are within the main trajectory of the
upstream ‘northern’ Agulhas Current where it follows a near rec-
tilinear path along the narrow shelf and steep continental slope
(Lutjeharms, 2006). The waters forming the Agulhas Current are
sourced from the Red and Arabian Seas, the Indonesian Through-
flow, the equatorial Indian Ocean via Mozambique Channel eddies
and the East Madagascar Current, and the recirculation of the Ag-
ulhas Current (Beal et al., 2006) (Fig. 1). The upper 1000 m of flow
within the Mozambique Channel and the southern limb of the East
Madagascar Current contribute only ∼5 and 20 Sv respectively to
the overall Agulhas Current transport (Donohue and Toole, 2003;
Ridderinkhof and de Ruijter, 2003), whereas about 35 Sv is de-
rived from the recirculation of waters within the SWIOSG (Gordon
et al., 1987; Stramma and Lutjeharms, 1997), (Fig. 1). These water
masses comprise recirculated Indian Ocean waters, which peel off
the Agulhas Return Current west of 70◦E (Lutjeharms, 2006), and
Antarctic Intermediate Waters (AAIW) injected northward into the
STIOG at about 60◦E (Fine, 1993). These return waters not only
contribute most to the volume transport of the Agulhas Current,
but they also provide an important control on the surface water
properties and dynamics of the current itself (Gründlingh, 1978;
Gordon et al., 1987; Stramma and Lutjeharms, 1997; Lutjeharms
and Ansorge, 2001; Boebel et al., 2003; Lutjeharms, 2006; Hermes
et al., 2007).
2.2. Age model CD 154 17-17K

We use the age model for sediment core CD154 17-17K pre-
sented by Ziegler et al. (2013b). In summary, the age model
is based on a combination of eight mono-specific planktonic
foraminiferal (Globigerinoides ruber) radiocarbon dates within the
upper part of the record (<40 kyr) and additional graphical cor-
relation of the G. ruber stable oxygen isotope (δ18O) record to
the Deuterium (temperature) record of Antarctic ice core EPICA
Dome C (EPICA, 2004) on the Speleo-age model of Barker et al.
(2011). In order to provide a detailed millennial-scale resolution
age model, Ziegler et al. (2013b) further fine-tuned the CD154
17-17K age model by visually matching common transitions within
the Fe/K ratio of the core and the δ18O speleothem records from
Chinese Caves, Hulu (Wang et al., 2001) and Sanbao (Wang et al.,
2008). The average age difference between the two independent
age models (low resolution planktonic δ18O-based tuning and high
resolution Fe/K-based tuning) is minor and demonstrates that the
Fe/K tuning approach provides a robust millennial-scale resolution
stratigraphic framework. According to this age model sediment
core CD154 17-17K spans approximately the last 100 kyr (MIS
1-5c), with an average linear sedimentation rate of 4 cm/kyr, rang-
ing between 2 to 5 cm/kyr.

2.3. Planktonic foraminifera δ18O and Mg/Ca measurements

We use combined stable oxygen isotope (δ18O) and Mg/Ca mea-
surements in the planktonic foraminifera species G. ruber (sensu
stricto) to reconstruct changes in the surface hydrography of the
Agulhas Current (Fig. 2). Around 30–60 individuals were picked
from the 250–315 μm size fraction every 2 cm along core CD154
17-17K (3.6 m total length) providing a temporal resolution of
∼0.5 kyr over the last 100 kyr.

G. ruber is a typical warm water species, which is highly abun-
dant in the tropical–subtropical waters of the Indian Ocean and
makes up to 40–60% of the planktonic foraminiferal assemblage of
the Agulhas Current today. G. ruber is a spinose, symbiont-bearing
species which inhabits surface (0–50 m) waters (Fairbanks et al.,
1980; Erez and Honjo, 1981; Hemleben et al., 1986; Ravelo and
Fairbanks, 1992; Peeters and Brummer, 2002; Peeters et al., 2002).
A study of calcification depths of planktonic foraminifera in the
tropical Indian Ocean showed that G. ruber calcifies within the
mixed-layer, between 20–50 m (Mohtadi et al., 2009).

Stable isotopes were measured using either a ThermoFinnigan
MAT 252 mass spectrometer linked online to a Carbo Kiel-II car-
bonate preparation device or a Thermo Scientific Delta V Advan-
tage mass spectrometer coupled with a Gas Bench III automated
preparation device depending on the sample size. Measurements
of δ18O were determined relative to the Vienna Peedee Belem-
nite scale (VPDB) through calibration with the NBS-19 carbonate
standard, with a long-term external precision for both instruments
better than ±0.08�.

Samples for Mg/Ca analysis were prepared and cleaned follow-
ing the protocol outlined by Barker et al. (2003). The samples
were analysed using a Thermo Element XR High Resolution Induc-
tive Coupled Plasma Mass Spectrometry with a long-term preci-
sion of element ratios, determined by replicate analyses of stan-
dard solutions containing Mg/Ca = 1.15 mmol mol−1 and Mg/Ca =
6.9 mmol mol−1, of ±1.25% and ±0.52% respectively. Additional in-
formation regarding quality control for the Mg/Ca measurements is
provided in the supplementary information (SF. 1a, b).

The Mg/Ca ratios of G. ruber were converted to calcification
temperature (SST) using the calibration by Anand et al. (2003):
[T = (1/0.09) ∗ ln(Mg/Ca/0.449)]. The standard error associated
with this calibration is ±1.1 ◦C on the SST estimates. We use the
Anand et al. (2003) Mg/Ca thermometry equation because (i) the
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Fig. 2. Comparison of past hydrographic changes in the upstream Agulhas Current (CD154 17-17K) with hydrographic changes in the Southern Ocean and temperatures over
Antarctica. Data is shown in comparison with other regional and global climate records. (a) Antarctic temperatures δD (black), (EPICA DOME C) and planktonic foraminiferal
(G. ruber) δ18O record from CD15417-17K, (red) (b) G. ruber Mg/Ca ratios and derived SSTs (white) and dissolution adjusted SSTs, (black) (c) SIMMAX method derived
summer/warm season SSTs, (black) (d) SIMMAX method derived annual mean SSTs, (red) (e) SIMMAX method derived winter/cold season SSTs, (blue) (f) tropical–subtropical
planktonic foraminifera marker species (Agulhas leakage fauna, ALF), (logarithmic scale, red) (g) relative abundance of transitional to polar foraminifera species group (TPG),
G. inflata, N. pachyderma (dex+sin), G. bulloides and G. truncatulinoides (dex+sin) as an indicator of southern sourced/transitional water mass influence on the core site and
strength of recirculation, (inverted logarithmic scale, black) (h) IRD record of core MD02-2588 from Agulhas Plateau, (green). Error bar represents the 1σ propagated error
for the Mg/Ca-derived temperature reconstructions.
calibration used foraminifera tests from a very similar size frac-
tion as our study and (ii) inter-laboratory comparisons have shown
that Mg/Ca results are dependent on the procedure used to clean
foraminifera shells (Rosenthal et al., 2004) and, similar to this
study, Anand et al. (2003) used the cleaning procedure from Barker
et al. (2003).

Mg/Ca content of foraminiferal calcite is particularly sensitive to
dissolution (Rosenthal et al., 2004; Barker et al., 2005). We there-
fore apply the dissolution adjustment of Rosenthal and Lohmann
(2002) in which the pre-exponential constant of the paleother-
mometry equation is adjusted as a function of the shell weight
of G. ruber: Mg/CaG.ruber = (0.025 wt + 0.11) e0.095T (see supple-
mentary information for details). Full error propagation (combined
error of analytical, cleaning procedure, calibration and natural vari-
ability uncertainty) yields 1σ uncertainty for our Mg/Ca derived
SST estimates of ±1.21 ◦C.
2.4. Seawater oxygen isotope reconstruction (δ18Osw)

The Mg/Ca derived G. ruber calcification temperatures were
used to determine the oxygen isotopic composition of seawa-
ter (δ18Osw) by extracting the temperature component from the
δ18O of the calcite using the paleotemperature equation of Kim
and O’Neil (1997), with a VPDB to Standard Mean Ocean Water
(SMOW) δ18O correction of 0.27� (Hut, 1987). Applying this ap-
proach in this study using late Holocene (0–5 kyr) values yields
a δ18Osw of 0.62� (±0.3�, propagated error) which is consis-
tent with the 0.60� (±0.1�, 1σ standard deviation) derived from
modern seawater observations in the subtropical Indian Ocean be-
tween 24◦S to 43◦S (Tiwari et al., 2013).

We corrected the δ18Osw for changes in global ice-volume to
produce ice-volume corrected local δ18Osw estimates (δ18Oivc-sw)
following Grant et al. (2012) assuming a glacial δ18O-enrichment
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in seawater of 0.008� per meter sea level lowering (Schrag et
al., 2002). The global δ18Osw records were synchronized with our
planktonic δ18O record by optimizing their graphical fit. This was
done to minimize stratigraphic misfits between the global δ18Osw
and our local record that would potentially generate artefacts in
the computed local δ18Oivc-sw record. Full error propagation yields
1σ uncertainties for our δ18Oivc-sw data of ±0.3�.

2.5. Planktonic foraminiferal census counts, Agulhas leakage fauna

The species composition of planktonic foraminiferal assem-
blages are sensitive to upper water column conditions includ-
ing SST (Morey et al., 2005) and are used to provide additional
constraints on the Agulhas Current variability. The size fraction
>150 μm was split to yield a minimum of 350 individuals, and
the abundance of the most dominant species relative to the total
planktonic foraminiferal assemblage were calculated every 4 cm.

We generated SST estimates from the assemblages using the
modern analog technique with similarity index (SIMMAX) trans-
fer function following the approach described in Pflaumann et al.
(1996) (Fig. 2c–e, SF. 1c–d). The SIMMAX technique uses a mod-
ern calibration dataset to correlate foraminiferal assemblages with
known SST estimates, then compares downcore assemblages with
the calibration dataset using a similarity equation from Pflaumann
et al. (1996). Here we have employed an additional step by per-
forming a logarithmic transformation of the downcore and calibra-
tion datasets, which yields an improvement in the resulting SST
estimation. Using this approach the standard deviation of residu-
als is 0.99 ◦C for the global database, and the estimation of the
annual mean temperature is 1.0 ◦C and 0.9 ◦C for the South At-
lantic Ocean and Indian Ocean, respectively (SF. 1c–d). The original
percentage and log-transformed databases were tested by calculat-
ing the SST for both the global database and for individual ocean
sectors (e.g. South Atlantic Ocean; Indian Ocean), using each sec-
tor as a discrete dataset. Here, SST estimates were calculated by
assessing the similarity of modern day core top assemblages with
the down core assemblages of CD154 17-17K, thereby choosing the
mean of the ten closest modern analogues. We used the MARGO
dataset (Kucera et al., 2005; Waelbroeck et al., 2009) as the refer-
ence database, and used present day annual mean and seasonal
SST values from the World Ocean Atlas 1998 (NOAA) measure-
ments. The dataset includes further core top samples to increase
coverage of modern day analogues in the Agulhas region. Annual
average, summer/warm season and winter/cold season sea surface
temperatures were estimated. The annual average SST estimates
resemble the Mg/Ca derived SST data of G. ruber in terms of both
temperature range and variability (Fig. 2b, d).

The Agulhas leakage fauna proxy (ALF) is considered to reflect
the intensity of past Indian–Atlantic water exchange via Agulhas
leakage in the South Atlantic (Peeters et al., 2004). The quantifi-
cation of the ALF assemblage in the upstream Agulhas Current
is important in evaluating the connection between the upstream
variability and the downstream response within the Agulhas leak-
age corridor. To calculate the ALF index in CD154 17-17K, the sum
of the relative abundance of the species Pulleniatina obliquiloculata,
Globigerinita glutinata, Hastigerina pelagica, Globorotalia menardii,
Globigerinoides sacculifer, Globigerinella siphonifera, Globigerinoides
ruber, Orbulina universa, Globoquadrina hexagona and Globorotalia sc-
itula was taken.

Species which are presently found at higher latitudes, i.e. asso-
ciated with colder water masses near the dynamic STF (Graham et
al., 2012), or further south in polar waters, have been defined here
as the transitional to polar group (TPG) which includes the species
Neogloboquadrina pachyderma (dex+sin), Globorotalia inflata, Glo-
bigerinoides bulloides and Globorotalia truncatulinodes (dex+sin)
(Peeters et al., 2004).
2.6. Ice-rafted debris

In order to identify northward shifts of the Southern Ocean
frontal system we use iceberg rafted debris (IRD) occurrence
recorded at the southern Agulhas Plateau located eight degrees
further to the south of our core location (Fig. 1). Lithic frag-
ments (>150 μm fraction) were counted in marine sediment core
MD02-2588, (41◦19.9′S; 25◦49.4′E; 2907 m water depth) every
2 cm between Marine Isotope Stages (MIS) 1–5. The results are ex-
pressed as grains per gram of dry sediment (grains/g sed) (Fig. 2h).
The data are shown on their independent age model for core
MD02-2588 (Ziegler et al., 2013a).

2.7. Numerical model simulations

We analysed a sub-domain of a regional eddy-permitting model
of the greater Agulhas Current system, AGIO. This configuration has
been demonstrated to realistically simulate the complicated circu-
lation around South Africa (Loveday et al., submitted for publica-
tion) (Fig. 4). AGIO is a 1/4◦ , eddy-permitting representation of the
Indian Ocean basin, produced using v. 2.1 of the Regional Ocean
Modelling System (ROMS) (Shchepetkin and McWilliams, 2005)
and constructed with ROMSTOOLS (Penven et al., 2008). The model
simulates the large-scale features of the Indian Ocean and re-
gional transport in the Agulhas source regions. Using the method-
ology described in Bryden et al. (2005), AGIO records an Agulhas
Current volume transport of 76.9 ± 19.9 Sv, consistent with the
78.6±19.9 Sv observed over the same section (Bryden et al., 2005;
Biastoch et al., 2009b). Here, as the CD154 17-17K Agulhas core
lies at 33◦S, Agulhas transport estimates are calculated from the
barotropic stream function along a transect that spans the core
site on a line perpendicular from the shore to the first recircu-
lation (AC33, Fig. 4a).

The low numerical viscosity of ROMS allows for a well-captured
eddy field at this resolution. Eddy kinetic energy (EKE) patterns in
the source regions and at the retroflection are well represented.
Low viscosity also reduces viscous choking at the retroflection, al-
lowing inertia to govern the local dynamic (Dijkstra and de Ruijter,
2001). AGIO estimates an Agulhas leakage of 27.6 ± 2.8 Sv through
quantifying the Eulerian flux of an Indian Ocean passive tracer
across the Cape Basin.

AGIO was bulk forced by the CORE v. 2b normal year surface
fluxes (Large and Yeager, 2009). Modification of the wind field in
the sensitivity experiments was achieved through the addition of
anomalies that modify the zonal component of the westerly wind
stress (see Loveday et al., submitted for publication and Durgadoo
et al., 2013, for full methodology), (Fig. 4b). Anomalies were based
on the reference zonal wind-stress between 20◦E and 115◦E, but
were applied across the model domain. Two sensitivity experi-
ments were performed, one in which the westerly wind-stress was
increased by 40% (Wp40), and the other where the westerly winds
were shifted equatorward by 4 degrees (Nth4).

Reference boundary conditions were supplied by a 1/2◦ ORCA05
reference run (Biastoch et al., 2008a), also forced with CORE v. 2b
normal year fluxes. Boundary conditions for the Wp40 and Nth4
sensitivity experiment were derived from ORCA05 runs forced with
the appropriate wind stress changes applied throughout the South-
ern Hemisphere (Durgadoo et al., 2013).

3. Results

The δ18OG.ruber profile of the Agulhas Current core CD154
17-17K displays clear orbital modulations, with glacial–interglacial
amplitudes of 1� to 1.8� during MIS 5a/4 transition and Termi-
nation I (TI), respectively (Fig. 2a). Superimposed on the orbital os-
cillations is higher frequency variability that alludes to millennial-
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Fig. 3. Comparison of millennial-scale climate change in Greenland with surface water changes in the SW Indian Ocean since 100 kyr. (a) δ18O record from Greenland ice
core NGRIP, (black), (NGRIP, 2004) displaying abrupt temperature variability in the North Atlantic (cold Northern Hemisphere intervals and Heinrich Stadials are marked as
grey bars), numbers indicate warm D/O interstadials (b) ice-volume corrected δ18OSW reconstruction (δ18Oivc-sw) based on G. ruber Mg/Ca-derived SSTs, (green); δ18Oivc-sw
reconstructions of Agulhas Bank record (MD96-2080, blue, Marino et al., 2013) is shown in comparison (c) dissolution adjusted SSTs based on G. ruber Mg/Ca ratios, (black);
SSTs of Agulhas Bank record (MD96-2080, blue, Marino et al., 2013) is shown in comparison (d) relative abundance of tropical–subtropical planktonic foraminifera marker
species, (logarithmic scale, red), (Agulhas leakage fauna, ALF) (e) Antarctic temperatures δD, (black), (EPICA Dome C, (EPICA, 2004)). Error bar represents the 1σ propagated
error for the δ18Oivc-sw reconstructions and estimated equivalent changes translated into salinity units following Tiwari et al. (2013).
scale shifts in the surface water hydrography of the Agulhas Cur-
rent, even if somewhat less pronounced.

The SST variations inferred from the Mg/CaG.ruber record (Fig. 2b)
and SIMMAX method derived annual, summer/warm season and
winter/cold season temperatures (Fig. 2c–e) also show a distinct
glacial–interglacial pattern. An obvious feature within the record
is the cooling into MIS 4 and 2 when winter SSTs decrease to
17 ◦C and Mg/Ca based SST reconstructions suggest SSTs of 20 ◦C.
Warm conditions (23–26 ◦C) during the interglacial MIS 5 and the
Holocene co-vary with highest percentages of tropical–subtropical
foraminiferal species (ALF) varying between 40–65% (Fig. 2b–f).

Throughout the entire record intervals of high abundances of
TPG species from transitional/frontal water masses (Fig. 2g) co-vary
with pronounced cooling events and high IRD accumulation rates
at the Agulhas Plateau (Fig. 2h). The IRD deposition rates in core
MD02-2588 are quite variable over the past 100 kyr and generally
resemble the temperature pattern of the Agulhas Current, with less
IRD deposited at the Agulhas Plateau during times of warmer SSTs
recorded at CD154 17-17K and vice versa (Fig. 2b–e, h). Notably,
within MIS 4 (∼70 kyr), the SST cooling of up to 4 ◦C coincides
with peak IRD deposition rates of 30 grains/g sed (Fig. 2b, h).

The SST and δ18Oivc-sw profiles from the Agulhas Current dis-
play clear millennial-scale variability with abrupt increases up to
2 ◦C and ∼0.8� (∼2 psu) respectively, aligning with Northern
Hemisphere cold events (NGRIP, 2004) (Fig. 3a–c). Synchronously,
ALF abundances rise by about 15% at the same time mostly re-
sembling features recorded in the Antarctic temperature record
(Fig. 3d, e). Notably, the Northern Hemisphere stadial cooling that
precedes ‘Dansgaard–Oeschger’ (D-O) events 21 and 19 (Dansgaard
et al., 1993), as well as Heinrich Stadial (HS) 6 (Heinrich, 1988)
are key examples of intervals of more warm, saline conditions on
millennial timescales (Fig. 3a, b, c).

Data associated with this article can be found in the supple-
mentary information.

3.1. Modelling results

In order to better understand the mechanism driving the large
orbital to millennial-scale surface waters changes in the Agulhas
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Fig. 4. Changes in regional transport and mesoscale variability with Indian Ocean wind-stress. (a) The barotropic transport function for the southwest Indian Ocean, as
extracted from the AGIO climatological reference experiment. The green dot shows the core site. The barotropic AC33 transport is measured across the Agulhas Current along
a transect perpendicular to the shore, bisecting the core site. The grey line nominally separates cyclonic (red) from anti-cyclonic (blue) flow. (b) The mean zonal wind-stress
across the Indian Ocean between 20◦E and 115◦E, for the regional Wp40 and Nth4 sensitivity experiments. (c, d) The anomaly in the barotropic transport (sensitivity –
reference) associated with the Wp40 and Nth4 experiments, respectively. The black ellipse highlights the increase in anti-cyclonic circulation in the STIOG and SWIOSG (e, g)
the respective anomalies in the 20-yr mean (MKE) and eddy kinetic energy (EKE) fields for the Wp40 case. (f, h) as in (e, g), but for the Nth4 experiment.
Current observed in our proxy reconstructions we utilise the re-
sults of our idealised model experiments.

The sensitivity of regional Agulhas transport to basin-scale in-
tensification or an equatorward shift of the westerly wind changes
is clearly highlighted in Fig. 4c–d, which shows the respective
anomalies in the barotropic transport function as compared to
the reference state (Fig. 4a). Anti-cyclonic flow in the sub-gyre,
shown in blue shading and highlighted with the black ellipse, is
more intense when winds are strengthened (Fig. 4c), although both
sensitivity experiments show increases in the local recirculation
(Fig. 4d) with increased wind-stress at 40◦S (Fig. 4b). This en-
hancement in wind stress (and wind stress curl) at 40◦S drives an
increase in northward transport, forcing an intensification of the
SWIOSG, and an enhancement of local circulation.

The SWIOSG intensification augments the recirculation compo-
nent of the Agulhas Current, but only significantly impacts the flow
south of 32◦S. At 33◦S, the CD154 17-17K Agulhas core location,
barotropic transport anomalies for the Wp40 and Nth4 cases are
13 Sv and 6 Sv, respectively (Fig. 4c, d). The contributions from
the northern source regions (e.g. Mozambique Channel and East
Madagascar Current) remain largely unchanged. Panels e to h of
Fig. 4 shows the anomalies in mean (MKE) and eddy (EKE) ki-
netic energy for the two sensitivity experiments. In both cases, the
Agulhas Current south of 33◦S, Agulhas retroflection and Agulhas
Return Current shows large increases in MKE (Fig. 4e, f), consistent
with higher transports. In the northern Agulhas Current, around
the core site, there is a decrease in EKE, suggesting that the current
becomes less variable here (Fig. 4g, h). However, the EKE increases
at the retroflection, and in the Agulhas Return Current. The re-
sponse to the changes in wind-shift are much more pronounced
in the case of the Wp40 experiment (Fig. 4h), due to the larger
change in wind stress applied in this experiment (Fig. 4b).

4. Discussion

4.1. Long-term and millennial-scale variability of the Agulhas Current –
linking changes in the Agulhas Current with Agulhas leakage variability

Our high-resolution multi-proxy record from the Agulhas Cur-
rent provides insights into the nature and timing of the hydrog-
raphy and climatic variability of the wider Agulhas Current sys-
tem, with distinct variability on both orbital as well as millennial
timescales over the past 100 kyr. In order to compare this vari-
ability with the reconstructions of the Agulhas leakage from the
Agulhas corridor, Cape Basin Record (CBR; Peeters et al., 2004), we
have used the benthic δ18O records to synchronise the CBR to the
CD154 17-17K age scale (Fig. 5a). Major SST decreases which are
accompanied by decreasing abundances in the ALF can be recog-
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Fig. 5. Comparison between the upstream Agulhas Current (CD154 17-17K) variability over the past 100 kyr and Agulhas leakage. (a) benthic foraminifera δ18O records in
comparison to age model alignment (CD154 17-17K, red, CBR, black) (b) annual mean SIMMAX method derived SSTs in the Agulhas Current (CD154 17-17K, red) and Uk’37

derived SSTs in the Agulhas leakage corridor (CBR, black, Peeters et al., 2004) (c) relative abundance of tropical–subtropical planktonic foraminiferal marker species (Agulhas
leakage fauna, ALF) in the upstream Agulhas Current (CD154 17-17K, logarithmic scale, red) and in the Agulhas leakage corridor (CBR, logarithmic scale, black).
nised in both regions throughout the entire record (Fig. 5b, c).
Notably, during the last deglaciation, both regions show an SST in-
crease of ∼3◦C with ALF abundance increasing from ∼40–65% and
7–27% at the CD154 17-17K and CBR sites respectively (Fig. 5b, c).
The similarities between these records strongly implies that chang-
ing environmental conditions impacted the wider Agulhas Current
simultaneously and suggests a close connection between upstream
Agulhas Current variability and its transmission further down-
stream within the Agulhas leakage corridor.

To date a lack of proxy records from the Agulhas leakage cor-
ridor and the Agulhas Current resolving millennial-scale resolu-
tion has prevented a direct comparison between these two areas.
However, a recently published high-resolution record from the Ag-
ulhas Bank, South Atlantic (Marino et al., 2013) (sediment core
MD96-2080, 36◦19.2′S, 19◦28.2′E, 2488 m water depth, Fig. 1)
spanning MIS 5–8 offers the opportunity to compare both loca-
tions on millennial-scale basis, as both records overlap during the
period between 76–98 kyr. Importantly, Marino et al. (2013) also
use the same planktonic foraminiferal species (G. ruber) to moni-
tor changes in temperature and δ18Oivc-sw as our study, therefore
avoiding the complications arising from comparing signals of dif-
fering foraminiferal species. The MD96-2080 record displays two
distinct δ18Oivc-sw maxima during this time interval at 87–84 kyr
and at 94–90 kyr, defined in their study as Agulhas Salt-leakage
Maxima (ASM), ASM 21 and 22 with δ18Osw increases of ∼1� and
0.6�, respectively. Both δ18Oivc-sw anomalies are accompanied by
temperature increases of up to ∼2 ◦C. Similar oscillations, within
the combined age uncertainties, are recorded in the upstream Ag-
ulhas Current during these intervals with positive δ18Oivc-sw ex-
cursions of 0.7� at 87–84 kyr and 0.5� at 94–90 kyr (Fig. 3b)
and temperature increases of up to 1.5 ◦C (Fig. 3c). However, even
considering analytical uncertainties, the δ18Oivc-sw and SSTs excur-
sions in the Agulhas Bank record appear slightly more pronounced
compared to our core site in the SW Indian Ocean. The reason
for these differences is unclear but could be related to changes in
the oceanographic setting of the core sites, which may affect the
sensitivity of the geochemical proxies. Nevertheless, the striking
correspondence of the observed variability in SST, ALF abundances
and δ18Oivc-sw in both areas suggests that the documented surface
water signals recorded in the Agulhas leakage area are representa-
tive of changes in the wider Agulhas Current system as a whole,
or plausibly form in the upstream Agulhas Current and are trans-
mitted to the downstream region by the current itself.

Millennial-scale SST, ALF and δ18Oivc-sw changes in the Ag-
ulhas Current align with Northern Hemisphere cold events (i.e.,
Heinrich events; Fig. 3). The increases in these features during
maximum cooling in the North Atlantic, peak in step with the
rapid shifts to interstadial conditions in Greenland (Fig. 3a), and
abruptly decreases shortly thereafter. Examples of this phasing in
the Agulhas Current, among others, are seen at 87–84 kyr, and at
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63–59 kyr, where the temperature, ALF and salinity build-up in the
Agulhas Current parallels the cold stadial conditions in the north
(Fig. 3a–d). These intervals suggest an interhemispheric telecon-
nection between millennial-scale climate variability in the North
Atlantic and observed changes in the Agulhas Current. These find-
ings are consistent with the ‘bipolar seesaw’ pattern of Northern
Hemisphere cooling and Southern Hemisphere warming during the
last glacial period (Broecker, 1998; Stocker and Johnsen, 2003;
Barker et al., 2009). Such a pattern has been explained by changes
in the cross-equatorial heat flux connected to variability of the
AMOC (Knutti et al., 2004).

Millennial-scale warming events, revealing an out-of-phase re-
lationship with stadial conditions in the North Atlantic, have also
been observed elsewhere within the Indian Ocean and suggest that
the oscillations of the Agulhas Current are likely coherent with the
wider regional bipolar response. Mg/Ca-derived SST records from
the Indonesian Throughflow region immediately south of Indone-
sia (Levi et al., 2007) indicate a temperature increase of about 2 ◦C
during HS2, HS1 and the Younger Dryas (YD). Faunal assemblage
based SST estimates from a core site in the Mozambique Channel
(Levi et al., 2007) display warming during HS1 and YD of about
1.5 ◦C. The Indonesian Throughflow and the Mozambique Channel
are considered important source water areas supplying the Agul-
has Current (Beal et al., 2011). A more recent study by De Deckker
et al. (2012) show millennial-scale warm phases south of Australia
during HS1-3 and YD with temperature increases between 1.5–3 ◦C
during these intervals. Millennial-scale warm phases south of Aus-
tralia are linked in their study to the position of the dynamic STF
which is determined by latitudinal shifts of the Southern Hemi-
sphere westerlies. A study from the Antarctica zone in the Pacific
Ocean (Anderson et al., 2009), based on opal deposition events,
further infers latitudinal shifts of the Southern Hemisphere west-
erlies during millennial-scale, Northern Hemisphere cold events.

Numerical modelling simulations suggest that in response to a
North Atlantic cold event the Hadley Cell in the southern trop-
ics weakens which ultimately strengthens and/or shifts the South-
ern Hemisphere westerlies towards Antarctica (Toggweiler and Lea,
2010; Lee et al., 2011). However, a recent study by Sime et al.
(2013) challenges the link between the strength of the Hadley Cell
and the associated impact on the westerlies. Nevertheless, these
findings suggest that the reorganisation of the atmospheric circu-
lation, position and strength of the Southern Hemisphere wester-
lies, during Northern Hemisphere cold events might have played
an important role in determining the bipolar warming response
of the Southern Ocean. We therefore further explore the response
and sensitivity of the Agulhas Current system to shifted Southern
Hemisphere westerlies.

4.2. Southwest Indian Ocean sub-gyre dynamics and its impact on
Agulhas Return Current variability

Coldest upper ocean conditions in the Agulhas Current pre-
vailed during MIS 4 and 2/3 boundary (Fig. 2). These intervals
are marked by a reduced abundance of the ALF and a higher pro-
portion of TPG associated with polar to transitional water masses.
Ice-rafted debris events at the Agulhas Plateau have been inter-
preted as indicating episodes of intensified northward advection
of polar waters associated with the northward shift of regional
oceanic fronts supporting iceberg survivability as far north as the
Agulhas Plateau, 41◦S (Fig. 1). Increased IRD is closely related to
the local cooling events observed in the upstream Agulhas Cur-
rent (Fig. 2b, h) implying a tight coupling between both regions.
We suggest that the synchronous cooling events of both areas are
related to changes in the dynamics of SWIOSG and associated Ag-
ulhas Return Current that allowed a stronger influence of colder
southern component surface waters to modify the hydrography
of the upstream Agulhas Current. Cold, transitional water masses
occurring along the dynamic STF are entrained into the Agulhas
Return Current due to the recurrent eddy generation and shifts in
its trajectory that closely follows the front (Lutjeharms and An-
sorge, 2001) (Fig. 1).

Evidence from our numerical model simulations strongly sug-
gests a strengthening and zonal expansion of the SWIOSG under
intensified or equatorward-shifted Southern Hemisphere westerlies
(Fig. 4c, d). Additionally, the increase in wind stress curl south of
35◦S in both cases results in an enhancement of the transport in
the Agulhas Return Current. This stronger transport is reflected in
both the MKE and EKE immediately north of the STF (Fig. 4e–h).
Increasing EKE reflects an enhanced prevalence or propagation
speed of mesoscale features, such as eddies and meanders. The
increase in turbulence associated with these features may facil-
itate increased cross frontal mixing by weakening the thermal
gradients associated with the STF, resulting in increased export
of Indian Ocean waters to the south, and entrainment of South-
ern Ocean derived water masses into the Agulhas Return Current.
Such a scenario could enable a redistribution of these waters into
the Agulhas Current itself via enhanced recirculation leading to
the SST cooling and increase in abundance of the TPG observed
in the CD154 17-17K record. Equally, theses cold(er) Southern
Ocean derived waters would also influence the surface waters near
the Agulhas Plateau, potentially enabling increased iceberg surviv-
ability in the region. Conversely, warm periods during which sea
surface salinities are increased and warm tropical Indian Ocean
foraminifera dominate the waters of the Agulhas Current, the in-
fluence of the Agulhas Return Current recirculation on the CD154
17-17K site is likely to have been reduced. A suggested southward
displacement (or weakening) of the Southern Hemisphere west-
erlies during Northern Hemisphere cold events and interglacials,
which is in agreement with previous studies (Lamy et al., 2004,
2007), would create a less vigorous SWIOSG diminishing the influ-
ence of cold, transitional water masses on the Agulhas Current. The
lowest IRD accumulation rates at the Agulhas Plateau, indicative of
a southward contraction of the Subantarctic zone and associated
frontal system, strengthen the assumption that both areas were
less affected by southern sourced waters at these times.

A comparison of our record with data by Caley et al. (2011),
from the ‘precursor’ region of the Agulhas Current (sediment core
MD96-2048, 26◦S, 660 m water depth, Fig. 1), provides further evi-
dence of the Agulhas Current sensitivity to changes in the intensity
and influence of the SWIOSG. The lower temporal resolution of
the Caley et al. (2011) record, which spans the past 800 kyr, only
allows comparison at orbital (glacial–interglacial) timescales, fol-
lowing the synchronisation of the δ18OG.ruber record of MD96-2048
to the CD154 17-17K age scale (SF. 3a). The δ18OG.ruber records
(SF. 3a) from both sites exhibit prominent glacial–interglacial mod-
ulation, for example during the warm conditions of MIS 5a, 3 and
the Holocene, where the δ18OG.ruber records show similar absolute
isotopic values. The decoupling of δ18O values of both records dur-
ing the cold periods of MIS4 and 2 indicate generally cooler con-
ditions in the Agulhas Current, highlighted by heavier δ18O values
in the CD154 17-17K core, and further supported by the compari-
son of the Mg/Ca (G. ruber) derived SSTs of both records (SF. 3a, b).
The varying temperature contrasts between these two areas are
most likely a result of changes in the intensity and impact of the
SWIOSG on the Agulhas Current. Such that during periods when
the SWIOSG was more vigorous, the Agulhas Current at 33◦S ex-
perienced a stronger influence of cold, transitional waters masses
while the ‘precursor’ regions located further to the north, upstream
of the main Agulhas system, remained outside the direct influence
of the Agulhas Return Current. Such a scenario would augment the
temperature difference between both core locations. Conversely, a
less intense SWIOSG would explain the observed similarities and
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reduced temperature contrast between both sites observed dur-
ing warm interglacial conditions. Our results demonstrate that the
surface water properties of the Agulhas Current are particularly
sensitive to SWIOSG-variability, and the signature of this variabil-
ity is subsequently transferred into the South Atlantic via Agulhas
leakage.

The interplay between waters feeding the Agulhas, either orig-
inating from the Southern Ocean frontal system or the tropical
Indian Ocean, demonstrates the potential sensitivity of the Agul-
has Current hydrography towards varying source influences. This
also highlights the different response patterns of the Agulhas Cur-
rent, one being connected with Southern Hemisphere warming in
response to the bipolar seesaw during North Atlantic cold episodes,
and the other being connected with a shifted ocean circulation
pattern in the SWIOSG in response to a modified atmospheric cir-
culation.

5. Conclusions

Upper ocean temperature, salinity and planktonic foraminiferal
assemblage records from the Agulhas Current exhibit a high vari-
ability on orbital to millennial timescales. Agulhas leakage records
(Peeters et al., 2004; Marino et al., 2013), show a high degree of
similarity in this variability and phasing of temperature, salinity
and planktonic foraminiferal-based Agulhas leakage. The observed
orbital and millennial-scale SST, ALF and salinity oscillations of
the Agulhas Current can largely be explained by the bipolar see-
saw response of the Indian Ocean itself and the varying influence
of the SWIOSG on the Agulhas Current system. A present lack of
records of equivalent temporal resolution and stratigraphic reach
from within the source areas of the Agulhas Current as well as
in the wider STIOG prevent a clear separation between the two
dominant forcing mechanisms (westerlies vs. low-latitude tropical
Indian Ocean/Pacific) which ultimately determine Agulhas Current
variability and its interfered leakage.

Our findings suggest that the temperature and salinity changes
in the Agulhas leakage corridor is at least partly a result of up-
stream variability in these properties within the source region of
the Agulhas leakage. The observed changes in the Agulhas leakage
corridor might not be necessarily related to changes in the amount
of water being transferred through the Indian–Atlantic Ocean Gate-
way via the Agulhas leakage but rather a consequence of changes
in the composition of the Agulhas Current itself. This highlights
the care that must be taken when interpreting Agulhas salt-leakage
from the Agulhas corridor alone.

Additionally, similarities of our SST record of the past 100 kyr
in the Agulhas Current, SW Indian Ocean and the Agulhas Plateau
suggest a strong connection between the two regions on both or-
bital and millennial timescales. As the most plausible mechanism
we suggest a transfer of Southern Ocean temperature anomalies
via the Agulhas Return Current.

Our modelling exercise demonstrates that increased Agulhas
Return Current dynamics and recirculation can be explained by
changes in the strength of the SWIOSG forced by either a north-
ward displacement or strengthening of the Southern Hemisphere
westerlies. Coldest upper ocean temperatures occurred during
MIS4 and MIS2/3 boundary in the Agulhas Current and are ac-
companied by an increased abundance of Southern Ocean TPG
foraminiferal species. During these periods the SWIOSG was likely
intensified, causing an enhanced Agulhas Return Current trans-
port and recirculation south of Madagascar. This enhanced Agulhas
Return Current allows cold, transitional water masses originating
from the frontal zones further to the south to become entrained,
and upon reaching the Agulhas Current potentially influence its
hydrographic properties. This implies that the large-scale wind
fields (Southern Hemisphere westerlies) over the subtropical In-
dian Ocean are one of the main controls on the Agulhas Current
variability with consequences for Atlantic surface waters buoyancy
as well as AMOC stability.
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