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Scripps Institution of Oceanography, UCSD, La Jolla, California, USA

Abstract Passive tracers are advected in a Southern Ocean State Estimate (SOSE) to map the pathways
of Agulhas waters, with a focus on determining where the Agulhas waters intrude into the Antarctic Circumpolar Current (ACC). Results show that Agulhas waters spread into all three ocean basins within 3 years of
release. After leaving the African continent, the mean Agulhas water pathway tilts northwest toward the
South Atlantic and southeast toward the ACC. The majority (from 60% to 100% depending on speciﬁc water
mass) of the Agulhas waters stay in the South Indian Ocean north of the Sub-Antarctic Front. From 10 to
28% enters the South Atlantic Ocean through the boundary current along the southern tip of South Africa
and via Agulhas rings in the retroﬂection region. Up to 12% of intermediate depth Agulhas waters enter the
ACC. Most of the tracer transport into the ACC occurs just downstream of the Kerguelen Plateau, which
clearly demonstrates the importance of topography in elevating cross-frontal exchange. Agulhas waters
also contribute to Sub-Antarctic Mode Water formation in the Southeast Indian Ocean by lateral advection.
The surface Agulhas waters are preconditioned by strong surface buoyancy loss before turning into mode
water, while the intermediate Agulhas waters are advected to the mode water formation region along isopycnals before being drawn into the mixed layer.

1. Introduction
The Agulhas Current, the swift boundary current along the southeast coast of the African continent, is one
of the major western boundary currents in the world oceans. It carries warm and saline Indian, Arabian Sea,
and Red Sea waters southward along the southeast African coast [Harris, 1972; Lutjeharms, 1976; Biastoch
and Krauss, 1999; Beal et al., 2006]. It splits into two branches after passing the Agulhas bank. One branch,
the so-called Agulhas leakage, transports Indian Ocean waters into the south Atlantic via energetic and
intermittent Agulhas rings [Richardson, 2007]. This transport of warm and saline Indian water by the Agulhas
leakage is referred to as the ‘‘warm water route’’ in the global conveyer belt schematic [Gordon, 1986]. It
compensates the southward export of the North Atlantic Deep Water (NADW) formed in the sub-Arctic
North Atlantic and plays an important role in the global ocean circulation and climate [Beal et al., 2011; Caley
et al., 2012]. Recent studies have recognized that an increase in Agulhas leakage could strengthen the Atlantic overturning circulation in response to the poleward shift of the westerly jet in the Southern Hemisphere
€ning, 2013]. The majority of Agulhas waters do not
[Biastoch et al., 2009a; Beal et al., 2011; Biastoch and Bo
leak into the south Atlantic, but instead retroﬂect back into the Indian Ocean to form the Agulhas Return
Current (ARC) [Lutjeharms and Ansorge, 2001], which ﬂows eastward along the subtropical convergence
zone and interacts with the local atmosphere [Large and Yeager, 2009]. The strong air-sea interaction is intimately linked to the Southern Annular Mode (SAM) [Sallee et al., 2010] and to the formation of the SubAntarctic Mode Water (SAMW) [McCartney, 1982; Sallee et al., 2006].
Because of the Agulhas waters’ signiﬁcant inﬂuence on the ocean circulation, mapping its pathways is crucially important. The interactions between the ACC and the subtropical convergence are essential for the
exchange of water masses between the sub-Antarctic and subtropical zones of the Southern Hemisphere,
but the path of the ARC and its interactions with the ACC are not well studied.
Here we use passive tracers integrated in a Southern Ocean State Estimate (SOSE) [Mazloff et al., 2010] to
map the pathways of Agulhas water originating at 298S. The results show that in addition to the Agulhas
Leakage and the Agulhas Return Current, the Agulhas waters ﬂow southeastward and enter the ACC at several mixing hot spots that are instigated by topographic obstacles. The most notable intrusion into the ACC
occurs at the southwest Indian Ridge, the Crozet Plateau, and the Kerguelen Plateau (KP). The Agulhas
waters also seem to play an important role in the formation of SAMW.
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2. Methodology
2.1. The SOSE
The high-resolution (1/68 by 1/68) SOSE has been used extensively in studying the Southern Ocean [Mazloff
et al., 2010]. SOSE is constrained to a large number of observations, including satellite altimetry and Argo
proﬁling ﬂoats. The solution is optimized by adjusting initial conditions, northern boundary conditions, and
the atmospheric state. A restoring open boundary layer is present between 24.78S and 26.78S, where the
velocity, temperature, and salinity are nudged to prescribed values. It has little effect on the Agulhas tracer
transport as almost all the waters are transported southward at the beginning. SOSE investigations have
included evaluations of current structures [Firing et al., 2011] and water mass transformation [Cerovečki
et al., 2011, 2013], which are relevant to this study. The assimilation analyzed here is carried out for 3 years
from 1 January 2008 to 31 December 2010. It is denoted Iteration 60 and available at sose.ucsd.edu.
2.2. The Agulhas Current System in SOSE
2.2.1. Horizontal Structure
The sea surface height (SSH) ﬁeld in SOSE is comparable to that obtained from satellite data. Figure 1 shows
the time-average and standard deviation of the SOSE SSH (right) and satellite derived mean dynamic topography [Pavlis et al., 2012] (DOT08) and standard deviation from AVISO (left) over the Agulhas current system
regions for the SOSE period (2008–2010). Similar to the conclusion in Griesel et al. [2012], the mean dynamic
topography in DOT08 is consistent with SOSE. The SSH is high in the South Indian Ocean, and also in a narrow band in the Southeast Atlantic Ocean delineating the mean pathway of the Agulhas leakage. Standing
meanders are notable in the mean dynamic topography, indicating the effect of topographic steering on
the Agulhas Return Current.
The standard deviation ﬁelds are similar in SOSE and AVISO. High SSH variability in both products occurs
over the Retroﬂection region, the Agulhas Return Current, and the Southwest Indian Ridge (308E, 508S),
downstream of the KP, and along the northward pathways that carries rings toward the Southeast Atlantic.
The amplitude of the variability is slightly weaker in SOSE than in AVISO, but the structure is similar. Overall,
SOSE produces an SSH ﬁeld similar to that observed by satellite.
2.2.2. Vertical Structure
The Agulhas current in SOSE is similar in amplitude to previous studies and has a reasonable structure. The
cross section of the mean meridional velocity at 328S (Figure 2, left) shows a V-shape as observed [Beal and
Bryden, 1999]. The core of the southward velocity exceeds 1 m s21 centered about 60 km off the coast. The

1=6 resolution in SOSE marginally resolves the narrow boundary current but does not fully represent the
continental slope. As a result, the Agulhas undercurrent in SOSE is wider and less constrained to the continental slope than observations indicate.
2.2.3. Volume Transport
The transport of the Agulhas Current in SOSE, integrated along a zonal line at 328S extending 204 km
eastward from the coast, is consistent with observed values. The mean southward volume transport is
65.9 Sv (1Sv 5 106 m3 s21) with a standard deviation 14.6 Sv, and a 5 day mean maximum and minimum
105.5 and 34.7 Sv, respectively (Figure 3a). Bryden et al. [2005] estimated the 267 day averaged southward
volume transport across 328S to be 69.7 6 21.5 Sv. SOSE has a northward undercurrent transport of
2.5 6 2.1 Sv (Figure 3b), similar to the 2.7 6 2.6 Sv Agulhas undercurrent in a 1/108 resolution nesteddomain simulation by Biastoch et al. [2009b]. These model undercurrent transports are consistent but
weaker than the 4.2 6 2.9 Sv in Bryden et al. [2005] or the 4.2 6 5.2 Sv in Beal [2009]. The Agulhas undercurrent transport in SOSE becomes 5.0 6 4.8 Sv if integrated over 282 km from the coast. Both the northward and southward transports are highly modulated by intermittent eddies, and show little seasonal
variability.
2.3. Experiments With Passive Tracers
Since our assessment of the Agulhas Current System in SOSE shows it to be consistent with observations,
we carry out passive tracer experiments to map the pathways of the Agulhas waters. Passive tracers are
released on 1 January 2008 as a pulse along 298S between the South African continent and 428E (yellow
line in Figure 4). The section is chosen to be 118 wide in order to extend beyond the Agulhas Current and
thus represents the greater Agulhas system. The sensitivity of our results to the tracer release initial
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Figure 1. The mean dynamic topography (meter) from (top left) DOT08 [Pavlis et al., 2012], and from the (top right) 3 year (2008–2010)
SOSE solution. The standard deviation of SSH from the (bottom left) AVISO objectively mapped product and from the (bottom right) SOSE
solution for 2008–2010.

condition is minimized both by releasing tracer at varying distances from the core of the Agulhas jet and
by choosing initial conditions with a radius larger than the local eddy size or the width of the boundary
current.

Figure 2. (left) The 3 year mean meridional velocity at 328S. The line marks the zero velocity contour. (right) Section showing neutral density at 298S from 328E to 438E. Tracer 1 ﬁlls the
whole section. The centers of the other 15 localized tracers are marked by the white dots. Note that the latitude of the sections and the x axis is different in two ﬁgures.
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In total, 16 tracers are used. Tracer 1 ﬁlls the entire section from surface to bottom (Figure 2, right). Another
15 localized tracer patches are simultaneously released within the same section to assess individual pathways of the water masses at different depths and offshore locations. Each of these 15 tracers is initialized by
8
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where in this case dx5dy51 is chosen, and A 5 1 is chosen, though A can be an arbitrary value, and Dzk
represents the model layer thickness at the kth vertical level. The tracers are advected online for 3 years
from 2008 to 2010 as permitted by the SOSE duration. For this study, 3 years are sufﬁcient, because after 3
years the Agulhas waters have been sufﬁciently modiﬁed such that they no longer retain their initial properties. The deep tracers are not transported southward within the 3 years studied, so are not discussed.
In order to quantify tracer transport, the SOSE domain is divided into nine sectors separated by the gray
lines in Figure 4, i.e., the south, north, and interior of the ACC in the Atlantic, Indian, and Paciﬁc Oceans.
Here we choose the 20 and 140 Sv time-mean vertically integrated transport streamlines as proxies for the
Polar Front (PF) and the Sub-Antarctic Front (SAF), and to delineate the southern and northern ACC boundaries. It may be optimal to deﬁne the fronts using instantaneous ﬁelds, but large uncertainties exist due to
energetic eddies. We analyze the tracer budget based on the last year time-average which ﬁlters out the
eddy ﬂuctuations and expect the time-mean fronts to be more appropriate than instantaneous fronts for
this analysis. By deﬁning the SAF as the ACC boundary we only diagnose tracers that truly cross this front as
being in the ACC, and exclude tracers that reside on the northern ﬂank of the front. The speciﬁc choice of
the ACC boundaries, however, does not affect the qualitative characteristics of the diagnosed tracer pathways. Transport streamlines are calculated by vertically integrating and then meridionally integrating the
zonal velocity from south to north, with the zero streamline deﬁned to be the Antarctic coast. The South
Atlantic and South Indian are separated by the Good Hope line connecting the Cape of Good Hope and the
408S parallel at 108E. This line is often used in the calculation of the Agulhas leakage [e.g., Richardson, 2007;
Biastoch et al., 2009a; van Sebille et al., 2010a]. The meridional line at 1478E connecting the Antarctic continent to Tasmania and Australia separates the South Indian and South Paciﬁc oceans. By the end of the 3
year simulation less than 2% of tracer 1 has been lost through the northern boundary of the study domain
in the Atlantic sector. Because the lost tracer cannot reenter the SOSE domain, we renormalize the tracer
concentration at each time step
in the analysis.

Figure 3. The time series of (a) southward and (b) northward transport integrated over
204 km off the coast at 328S. 1 Sv 5 106 m3 s21.
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Sections 4 and 5 discuss tracer
distribution in terms of water
masses including Sub-Antarctic
Mode Water (SAMW), Southeast
Indian SAMW (SEISAMW), Antarctic Intermediate Water
(AAIW), and Indian Ocean SubTropical Mode Water (IOSTMW).
Here we follow the convention
of Talley et al. [2011]. The associated temperature, salinity, and
potential density for each water
mass are listed in Table 1.
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3. Horizontal Tracer
Distribution

Figure 4. (top) The vertically integrated and time-averaged tracer content in a log10 scale
(color) for the year 2010. The tracer is initially released in a band at 298S within an 118
longitude range extending from the South African continent to 428E (the yellow bar) and
from the surface to the bottom. The gray lines divide the SOSE domain into nine sections.
The more zonally oriented curved gray lines are vertically integrated transport streamlines: 20 Sv to the south and 140 Sv to the north. Thick white lines are the 3000 m isobath. (bottom) The potential vorticity (f q21 @q=@z) at 500 m averaged over 3 years. The
white line marks the main pathway of the intermediate tracer (around 500 m) as shown
in Figure 7.

During the 3 year integration, the
Agulhas waters are distributed
broadly and reach all three ocean
basins. Figure 4 shows the 2010
time-averaged tracer 1 concentration, integrated vertically, normalized by its maximum value
and plotted on a logarithm scale.
The core tracer pathway
stretches from the northwest to
the southeast following the Subtropical Front and the SAF
through the Indian Ocean sector
of the Southern Ocean. Figure 4
shows that the ACC fronts and
topography play multiple roles in
shaping the tracer pathways, acting as a barrier or as a mixer
depending on the speciﬁc location. In sections 3.1–3.3, we
describe the tracer distribution in
the three ocean basins.

3.1. The South Atlantic Ocean
At the end of the 3 year integration, 9.9% of Tracer 1 has entered
the South Atlantic Ocean. This is
not the conventional fraction of
the Agulhas Leakage as Tracer 1 samples a large area beyond the Agulhas Current. After entering the South
Atlantic from the Agulhas Retroﬂection, the tracer is blocked from being advected further southwest ﬁrst by
the SAF (indicated by a signiﬁcant drop in tracer content) and second by the mid-Atlantic Ridge at 08E. The
tracer is largely conﬁned to the north of 518S at 08E. To the north of 408S, however, steep topography,
including the Walvis Ridge and the mid-Atlantic Ridge, play no detectable role in shaping the tracer pathways, as also noted in previous studies [Boebel et al., 2003; Richardson, 2007]. Some of the tracer reaches the
east coast of South America and is transported poleward by the Brazil Current, subsequently crossing the
SAF at the Brazil-Malvinas conﬂuence.
3.2. The South Indian Ocean
At the end of 2010, 84.1% of tracer 1 remains in the south Indian Ocean north of the SAF and 5% has
entered the ACC. Tracer concentration is high in the Mozambique Channel (around 408E, 308S), indicating
the stagnant deep water in the channel. The Crozet Basin between the Southwest Indian Ridge and the
Southeast Indian Ridge traps a large amount
of tracer. The tracer is ﬁrst mixed into the
Table 1. Mode Waters Discussed in the Paper Following the Convention
in Talley et al. [2011]a
ACC around the Southwest Indian Ridge and
Salinity
Potential Density
the Crozet Plateau at (408E, 458S). A small
Acronym
Temperature (8C)
(psu)
(kg m23)
portion of the mixed tracer passes the PF,
SAMW
4–15
34.2–35.8
26.5–27.1
enters the Enderby Basin and the Weddell
SEISAMW
8
34.55
26.8
Gyre around (408E, 608S), and travels westAAIW
4.7
34.39
27.2
IOSTMW
17–18
35.6
26.0
ward along the Antarctic coast. A more siga
niﬁcant cross-ACC transport occurs
The listed water masses are sub-Antarctic mode water (SAMW),
downstream of the KP at 708E. The majority
southeast Indian SAMW (SEISAMW), Antarctic intermediate water
(AAIW), and Indian Ocean subtropical mode water (IOSTMW).
of this water is transported downstream
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within the ACC. This striking cross-ACC transport is consistent with the ﬁnding of a uniform potential vorticity pool downstream of the KP [Thompson et al., 2010], caused by enhanced eddy induced mixing. The
tracer content decreases sharply to the south of the PF.
3.3. The South Pacific Ocean
By the end of the 3 year integration, 1% of Tracer 1 has entered the South Paciﬁc. The tracer is conﬁned to
the north of the PF. This is especially clear to the south of Tasmania (near 1508E, 608S), where both the PF
and the tracer pathway are deﬂected by the Southeast Indian Ridge. High tracer content straddles the SAF,
which does not appear to be a barrier to Agulhas waters because of the tracer mixing into the ACC
upstream of the KP.
3.4. The Effect of Kerguelen Plateau
€ller diagram of
As a further demonstration of the signiﬁcance of the topographic effect, we plot a Hovmo
the vertical proﬁle of the tracer concentration at ﬁve locations up and downstream of the KP (Figure 5).
Upstream of the KP (Figure 5a) tracer crosses the ACC only 5 times during the 3 year period with a very
short duration in each event. This means that, although infrequent, the tracer can be advected into this
region by sporadic eddies.
Immediately upstream of the KP (Figure 5b), one signiﬁcant tracer intrusion event occurs around month 24,
i.e., 2 years after the tracer release. One notable feature is the deep tracer near 1000 m. This deep tracer is
not a result of the local subduction of the upper-level tracer, because tracer appears much earlier in the
deeper layer (at month 19) than in the upper layer (at month 23). The tracer concentration shows long persistence with small temporal variability, indicating that the tracer is transported from the north/northwest
to this location by the mean boundary current along the western boundary of the plateau. The tracer that
appears around 1300 m during the second half of the third year may also have been advected from the
north/northwest upstream. Low concentration of tracer is found on the KP shelf due to the surface Ekman
transport being northward (Figure 5c).
In contrast to the region upstream of the KP (Figures 5a and 5b), tracer appears much more frequently and
with a much larger concentration downstream (Figures 5d and 5e). Tracer released near the surface requires
15 months to reach the region downstream of the KP, while the transit time for tracer released deeper is
longer. The tracer transport appears to be more intermittent at site d than at site e, suggesting that the
tracer at site d is brought by eddies but that the tracer has been homogenized before reaching site e.
Among the ﬁve sample sites, the largest tracer concentration occurs at site e, downstream of the KP.

4. Vertical Tracer Distribution
Pathways differ by density class and cannot be studied solely from a uniform surface-to-bottom tracer
release. Hence we also analyzed the 15 additional tracers that were released in localized positions. Their
depths and longitudes are indicated by the pie charts in Figure 6. Over the 3 year simulation more than
60% of the waters in the Agulhas system remain in the South Indian Ocean north of the ACC (IN), and for
deep water originating in the Mozambique Channel almost 100% remains in IN (Figure 6, IN). Intermediate
waters originating between 400 and 1500 m are more readily transported out of the Indian Ocean than
were the surface waters. This is especially true for water originating close to the African continent. Up to
28% of intermediate water enters the South Atlantic Ocean (AN), and about 12% ends in the Indian sector
of the ACC (IA). As surface water is advected faster than deep waters, most of the tracer that ends in the
Paciﬁc was released in the upper ocean. The partition is relatively independent of the offshore distance,
which corroborates the results of van Sebille et al. [2010b].
Based on water mass properties and horizontal distributions, we split the tracers shown in Figure 6 into
three groups. The surface tracer refers to the ensemble of the upper six tracers (0–400 m), the intermediate
tracer refers to the middle six tracers (400–1500 m), and the deep tracer refers to the deep three tracers.
The deep tracers are not transported southward so are not discussed further.
The vertically integrated surface and intermediate tracer contents are shown in Figures 7a and 7b. The
white lines are the mean tracer pathways deﬁned as the tracer ﬁrst moment in y,
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Figure 5. (top left) The depth of the ocean bottom for the region over the KP. The white dots mark ﬁve locations for which the Hovm€
oller
diagram of the vertical proﬁle of the tracer concentration is shown in plots a–e. The tracer concentration in each plot is normalized by the
maximum value noted at the bottom. The levels below seaﬂoor are shaded gray.

ð
yc 5

yhciz;t dy
hciy;z;t

;

(1)

ÐÐ
where we use the angle brackets to represent integration, i.e., hciz;t 5 cdzdt. The surface and intermediate tracer distributions share a qualitatively similar large-scale feature with a northwest-southeast tilt. The
main surface pathway is shifted northward relative to the main interior pathway due to surface northward
Ekman ﬂow (compare the relative shift of the two white lines to the location of the SAF in Figures 7a and
7b).
The properties of the vertical tracer distribution are measured by the ﬁrst moment, Ac, and the second
moment, rA , with respect to a chosen variable A,

Ac ðx; y; tÞ5

hAciz
hciz

(2)

and
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r2A ðx; y; tÞ5

hcðA2Ac Þ2 iz
:
hciz

The ﬁrst and second moments
represent the local center and
thickness of a speciﬁc tracer in A
space. For example, if A represents the vertical coordinate z,
the ﬁrst moment represents the
tracer mean depth and the second moment represents the
tracer spread in the vertical.

Figure 6. Final tracer distributions into ﬁve main ocean sectors (color-coded) for 15 initial
Gaussian tracer patch releases, represented by pie charts, at different depths (y axis) and
offshore locations (x axis). The ocean sectors are denoted as AN, IN, PN to represent sections north of the ACC in the Atlantic, Indian, and Paciﬁc Oceans, respectively. The IA and
PA denote the ACC in the Indian Ocean and Paciﬁc Ocean, respectively. The depthcoordinate is stretched to accommodate all the pie charts.

Figure 7 shows the ﬁrst moment
of the surface (c, e, and g) and
intermediate (d, f, and h) tracer in
depth (c and d), neutral density
(e and f), and salinity (g and h)
space averaged over the last
year. The results are organized
and presented for three different
regions, i.e., the South Atlantic,
the South Indian Ocean to the
north of the ACC (IN), and the
Indian Ocean sector of the ACC
(IA).

4.1. The Main Pathway in the
Indian Ocean
By the end of the 3 year model
integration, the surface tracers have drifted northward, carried by the surface Ekman ﬂow. As a result, there
is less surface tracer than intermediate-level tracer within the Retroﬂection region (Figures 7a and 7b). The
surface tracer deepens to about 300 m along the pathway in the Indian Ocean sector. The deepening over
the southeast Indian region coincides with the deep mixed-layer region, suggesting that the tracer is mixed
downward by the winter deep convection.
The main pathway going through the deep mixed-layer region indicates that waters are modiﬁed, or preconditioned, by air-sea ﬂuxes as they travel along the Agulhas Return Current to the SAMW pool. The tracer
gradually becomes denser (Figure 7e) and fresher (Figure 7g) along this southeastward pathway, eventually
contributing to the SAMW formation via lateral advection. Upon reaching the location where the SEISAMW
is found vertical mixing spreads the tracer over a thicker depth range (Figure 8a), making it more uniform in
density (Figure 8c).
Tracers initiated in intermediate layers (Figure 7d) enter the Agulhas region at deeper levels than the surface tracers (Figure 7e), but the intermediate-level tracers gradually rise as they move toward the south
Paciﬁc. Intermediate tracers are advected mostly along isopycnals indicated by the constant density along
the main pathway (Figure 7f). The main pathway of the intermediate tracers merges with the SAF to the
east of 808E, meaning that the SAF does not inhibit cross-frontal exchange. As a result of cross-frontal
exchange intermediate tracers become less saline as they move southeastward along the main pathway
(Figure 7f). By the time they reach the southeast Indian Ocean, surface and intermediate tracers share the
same depth and density ranges, suggesting that both contribute to the SAMW formation.
The surface-originating tracers are found to the north of the SAF over the southeast Indian Ocean (Figure
7c), while intermediate tracers straddle the SAF (Figure 7d). This is because most of the surface tracers are
constrained to the north of the SAF and become well mixed in the pool of SAMW, while the core of the
intermediate tracers coincides with the SAF (Figure 9). As a result, the surface tracers occupy a thick depth
range along the main pathway, but they are compact in density space (Figures 8b and 9). For the
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Figure 7. The (a) surface and (b) intermediate tracer concentrations averaged for the ﬁnal year plotted on a logarithmic scale. The white lines mark the main tracer pathways for the
intermediate tracer and surface tracer deﬁned by yc in equation (1). The center of the surface and intermediate (c and d) tracer depth, (e and f) neutral density, and (g and h) salinity.
Two gray lines are the same as in Figure 4 denoting SAF and PF.

intermediate tracers, the lack of an obvious cross-SAF gradient downstream of the KP suggests that SAF
and the associated eddies act as a blender to stir intermediate waters across the front (Figures 8b and 9). As
shown in Figure 9, both the surface and intermediate tracers contribute to the SAMW within the southeast
Indian Ocean.
4.2. The South Atlantic Ocean
The tracers are advected into the South Atlantic and remain north of the SAF for both the surface and intermediate levels (Figures 7a and 7b). The main pathways deﬁned by the ﬁrst moment in y extend
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Figure 8. The (a and c) surface and (b and d) intermediate tracer thickness in depth (meter) (Figures 8a and 8b) and density (kg m23) space (Figures 8c and 8d). The white and gray lines
are the same as in Figure 7.

northwestward suggesting the pathway of the Agulhas Leakage as previously discussed [Richardson, 2007].
After entering the South Atlantic, both surface and intermediate tracers shoal (Figures 7c and 7d) due to
the shallower isopycnals in the South Atlantic Ocean. The tagged waters also become denser (Figures 7e
and 7f) due to the surface cooling over the retroﬂection region (Figure 10) and eddy induced mixing with
ambient Atlantic waters, and less saline (Figures 7g and 7h). The large tracer spread in density space in the
South Atlantic Ocean (Figures 8c and 8d) is a continuation of the large spread in the South Indian recirculation region, indicating that the tracers have been extensively mixed before entering the South Atlantic
Ocean.
4.3. Cross-Frontal Transport
Tracer intrusion into the ACC primarily occurs downstream of the KP. Some intrusions, however, are also
apparent at the Crozet Plateau region (Figures 7a and 7b). Over this Crozet Plateau region, the surface tracer
content drops sharply to the south of the SAF, indicating that local fronts block the southward advection of
surface tracers. The stream function-based SAF approximately matches the tracer contour, suggesting that
the SAF acts as a barrier over this region. Note, however, that the true barrier may be one of several strong
fronts that exist in the region, including the Crozet Front [Pollard and Read, 2001]. In addition, the Polar
Front can sometimes extend further north in this region [Orsi et al., 1995; Belkin and Gordon, 1996].
Nevertheless some tracer does enter the ACC in this region, with intermediate depth tracers being more
readily mixed into the ACC than surface tracers (Figure 7b). This tracer intrusion occurs at several hot spots,
i.e., the southwest Indian ridge where interbasin exchange was observed previously [Pollard and Read,
2001] and the deep channel between the Crozet Islands and the Kerguelen (Figures 8a and 8b). Once these
tracers enter the ACC they mix, becoming denser and moving deeper in the water column (Figures 7c–7f).
The stark meridional contrast in the tracer density and depth indicates that tracers have entered the deeper
layers of the ACC. Some of these tracers are then advected downstream of the KP through, the Fawn Trough
and they then ﬂow along the southern ACC boundary (Figures 7c–7f, 8a, and 8b). The cross-KP ﬂow through
the Fawn Trough is a well-observed feature [Roquet et al., 2009].
One caveat, however, is that the tracer content is low within this region resulting in large uncertainties in
the quantiﬁcation of this pathway. Nevertheless, the results point out an interesting cross-front exchange
process and conﬁrm the importance of the southwest Indian Ridge in interbasin exchanges.
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Figure 9. Cross sections of the 5 day averaged concentration of a surface tracer (color) and an intermediate tracer (blue contour) along (a
and c) 1008E and (b and d) 1158E during 8 August 2010, the austral winter (Figures 9a and 9b), and 21 December 2010, the austral summer
(Figures 9c and 9d). The black contours show the instantaneous neutral density (kg m23). The dashed lines mark the ﬁrst moment in z for
the surface (red) and intermediate (blue) tracers. The approximate latitudes of the (SAF, PF) deﬁned by the temperature front at 200 m
(thresholds: 2.58C for the PF and 68C for the SAF) are (488S, 538S), (508S, 578S), (498S, 548S), and (518S, 578S), for Figures 9a–9d, respectively.
Note that large uncertainties exist due to the distortion of isotherms by instantaneous energetic eddies.

Downstream of the KP the tracers are ﬁrst transported into the ACC by a train of eddies that emerge from the
SAF to the north of the Plateau at 708E (refer to the video in the supporting information). The majority of the
tracers remain to the north of the PF. At the end of the 3 year run the surface-originating tracer that remains
in the ACC is still shallower than about 300 m (Figure 7c). This tracer is now found largely in a pool of water
with neutral density around 27.0 6 0.2 (Figure 7e) especially during austral winter time which is marked by
the red-black color in Figures 9a and 9b), and it clearly shows an upper-layer salinity front (Figure 7g).
Tracers originating at intermediate depths are transported southeastward mainly by the ACC primarily
along the core of the SAF, as suggested by the coincidence of the tracer concentration maximum and the
SAF (Figure 9 blue contours). To the north of the SAF, tracers are mixed into the mode water pool, indicated
by the vertical homogenization of tracers across density levels. To the south of the SAF, tracers are advected
along isopycnals indicated by the similar shape of tracer contours and isopycnals. The coincidence of the
local maximum in tracer concentration with warm-core eddies (the local deepening in isopycnal contours)
is a sign that eddies are involved in the southward and upward transport of tracer, as discussed in the residual mean formulation [Marshall and Speer, 2012, and the references therein].

WANG ET AL.

C 2014. American Geophysical Union. All Rights Reserved.
V

4244

Journal of Geophysical Research: Oceans

10.1002/2014JC010049

The phenomenon of tracer
being advected to the south
and mixed to the north of the
SAF is consistent with the
regional potential vorticity (Figure 4, bottom). Downstream of
the KP, the main pathway of
the intermediate tracers
merges with the SAF and
bisects the low potential vorticity pool of the SEISAMW and
the higher potential vorticity
ACC water. The tracers north of
the main pathway are modiﬁed
and blended into the low
potential vorticity pool. That
they originated as high potential vorticity waters means they
counteract the mode water formation processes. Meanwhile,
the lack of mixing of tracers
22
south of the SAF allows persistFigure 10. The net surface heat ﬂux (W m ) experienced by Tracer 1 during (a) the ﬁrst 7
months and (b) the last 12 months. Negative values represent ocean heat loss.
ence of the high potential vorticity signature. Furthermore,
this pathway points to the importance of waters originating in the Agulhas Current in explaining the relatively high potential vorticity signature found over much of the ACC.
To summarize, the main pathways of the Agulhas waters are oriented along a northwest to southeast axis.
Surface initialized tracers are shifted northward relative to intermediate depth initialized tracers because of
surface Ekman transport. West of 808E, the pathways are centered north of the SAF. The SAF acts as a barrier
upstream of the KP blocking direct tracer mixing into the ACC from the subtropical region, with an exception of the southwest Indian ridge and the deep channel between the Crozet Islands and the KP where tracers leak into the ACC at depth. Downstream of the KP (east of 808E), the SAF acts as a blender, mixing
tracers into the ACC. A signiﬁcant amount of Agulhas waters reach the SEISAMW formation region. Before
reaching this area, surface waters experience strong surface cooling within the Agulhas Retroﬂection and
the Agulhas Return Current regions (Figure 10). In contrast intermediate waters remain approximately on
the same isopycnal. Both processes strongly suggest the importance of lateral advection and preconditioning of the Agulhas waters to facilitate the SEISAMW formation.

5. Water Mass Modification
Agulhas waters are transformed as they spread, as is also observed in other modeling studies [e.g., van
Sebille et al., 2010a]. Here we use the tracers to mark the Agulhas waters and study their evolution. The ﬁrst
question is how quickly the Agulhas waters transform. Water mass transformation is reﬂected in the heat
and salt content of the waters marked by the tracers. We use the tracer-weighted potential temperature, a
proxy for tracer heat content, to investigate the time scale of water mass transformation,
hc ðtÞ5

hhcix;y;z
;
hcix;y;z

where h is potential temperature referenced to 0 pressure. The true heat content of a tracer is
Hc ðtÞ5qcp hcix;y;z hc ðtÞ;

where c is tracer concentration, q density, cp the speciﬁc heat capacity for sea water, and Hc the tracer heat
content. The tendency of the tracer temperature consists of two parts
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@hc x;y;z
@h
@c
1 h
:
hci 5 c
@t
@t
@t

The ﬁrst term on the right-hand
side represents the inﬂuence of
the temperature change of the
water parcel marked by tracers.
The second term represents the
change due to the tracer spreading into different temperature
ranges. For instance, if a tracer is
stagnant, then @c=@t50, and the
change of the tracer-weighted
temperature is solely due to the
heat in and out of the tracer
marked waters by surface forcing
or diffusion. Similarly, if a temperature ﬁeld is stationary, the tracer
Figure 11. The evolution of tracer content normalized by (a) the initial value, (b) tracer
temperature change is solely
temperature (in 8C), (c) time tendency of the tracer temperature  C/month.
because the tracer spreads into
regions with different temperatures. In our case both make measurable contributions.
We calculate the evolution of the tracer temperature based on Tracer 1 (Figure 11). The total tracer volume
is conserved within 98.8% (plot a). The 1.2% is lost through the northern boundary. The tracer-weighted
temperature continuously decreases (plot b), due to the initial high potential temperature of the Agulhas
waters. Most of the water mass modiﬁcation happens during the ﬁrst 7 months, after which the tracers
quasi-equilibrate with the ambient atmosphere and ocean. Subsequent changes are due primarily to air-sea
ﬂux as indicated by the clear seasonal cycle in @hc =@t (plot c).
We use the other 15 tracers to analyze the evolution of different water masses in T-S space (Figure 12).
Near-surface Agulhas waters transform quickly as they ﬂow southward. The tropical surface waters originating at potential density level 23.5 kg m23 (referenced to the surface and following the standard procedure
of subtracting 1000 kg m23) are transformed to a density of 25.5 kg m23 in less than 6 months (thick red in
Figure 12a). These waters continue to become denser, reaching a potential temperature of 14–158C, salinity
of 35.3–35.4, and potential density of 26.2–26.3 kg m23 (red dots in Figure 12f). At this density, the water is
consistent with a mixture of IOSTMW and SAMW [Beal et al., 2006; Cerovečki et al., 2013]. The quick initial
transformation of the surface water is primarily caused by surface heat loss as the temperature decreases
sharply (Figure 12f red), but the salinity is relatively unchanged. Mixed-layer dynamics play a role in evolving the waters in the upper 500 m, and the seasonal cycle is apparent in Figures 12a–12c.
The tracer released at 438 m has an initial potential density of 26.6 kg m23, potential temperature 13.28C,
and salinity of 35.3. This water freshens and cools as it ﬂows adiabatically southeastward, indicating an interior along-isopycnal mixing with the ACC waters.
Intermediate waters originating at 772 m initially have a potential density of 27.3 kg m23 (Figure 12d, thick
purple), but quickly mix with upper-layer waters becoming warmer and saltier. They enter the ARC with a
potential density of approximately 27.0 kg m23 and then ﬂow adiabatically southeastward and experience
little change in properties. They do, however, become slightly colder and fresher indicating some alongisopycnal mixing with ACC waters.
The intermediate Agulhas waters that reach the ACC (Figures 12e and 12f) experience large mixing ampliﬁed by eddies generated from topographically induced instabilities. The waters have density 26.5 kg m23
upon entering the ACC, and eventually cool and freshen, so that they can be characterized as AAIW. Meanwhile, deep waters initialized in the Agulhas Current below 2000 m are relatively stagnant (black dot in Figure 12f).
All waters that enter the South Atlantic experience dramatic transformations (thin lines in Figures 12a–12d
and dots in Figure 12g). The Agulhas surface waters travel for about 2 months before reaching the Agulhas
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Figure 12. Evolution of four water masses (color-coded consistently in all plots) shown as (left) time series and (right) in a potential
temperature-salinity diagram. (a–d) Tracers initially released at 27, 150, 438, and 772 m, respectively. Colored lines represent tracerweighted density, and black lines potential temperature. The thick lines in Figures 12a–12d represent tracer found in the Indian Ocean
north of the ACC, and the thin lines represent tracer found in the South Atlantic north of the ACC. (e) Tracer-weighted density (blue) and
temperature (black) in Indian sector of the ACC. The right plot shows the same data but in a T-S diagram. (f and g) The thick dots and thin
dots in Figures 12a–12d, respectively. The blue dots in Figure 12f correspond to the blue line in Figure 12e. In addition, the tracer released
around 2825 m is shown in the right plot with black dots. These dots cluster at (34.8, 1.78C) indicating the stagnation of that water mass.

Bank and entering the South Atlantic (Figures 12a and 12b). These waters mix with subsurface
waters and evolve for about a year until reaching a point where they begin to oscillate around a
density of approximately 26 kg m23 (Figures 12a, 12b, and 12g). The intermediate waters become
warmer and saltier after entering the South Atlantic Ocean (Figures 12c and 12g) due to strong turbulent mixing with upper waters at the retroﬂection region and upwelling in the Benguela Current
(ﬁgure not shown).

Figure 13. A schematic of the Agulhas water pathways. Bathymetry is in black-gray colors. Red color represents the tracers released in the
upper layer of the Agulhas Current (the upper 400 m). The blue colors represent the intermediate tracers released between 400 and
1500 m. Numbers show the ensemble-averaged percentage of the tracer in each subdomain branch averaged in 2010 with standard deviation as uncertainties. The remaining percentage, 56.1% for the surface tracers and 60% for the intermediate tracers, still resides in the
main pathway. Spirals represent the location of enhanced stirring, inferred by large variations in properties. The main pathway of the tracer
is meridionally shifted between surface and intermediate layer, which is due to the northward surface Ekman ﬂow. Refer to Appendix A for
details on the creation of this schematic.
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Based on a detailed subdomain diagnoses of the tracer content in year 2010 and on the evolution of tracer
transport during the 3 year simulation (detailed in Appendix A) we infer a schematic (Figure 13) showing
the pathway of Agulhas waters over two main levels, surface (0–400m, red) and intermediate (approximately 400–1500m, blue). The main pathways of the Agulhas water at these two levels show a clear meridional offset, with the surface waters shifted equatorward due to the northward Ekman transport. Hot spots
of cross-frontal transport of Agulhas waters, which exist in both levels but are more prevalent in the intermediate level, occur at the retroﬂection region, the Southwest Indian Ridge, and the Agulhas, Crozet and
KPs. Most of the cross-ACC tracer mixing occurs at these hot spots, with the location downstream of Kerguelen being the most signiﬁcant. A small amount of tracer crosses the Polar Front and is advected toward the
Antarctic Shelf.

6. Summary
The Agulhas Current system transports heat and salt from the Indian Ocean into the South Atlantic and
Southern Oceans. In this study, less attention has been paid to the effect of the Agulhas leakage which is
extensively discussed elsewhere [Beal et al., 2011, and the references therein]; instead, we focus on the
southeast pathways of Agulhas waters and ﬁnd that the contributions of the Agulhas waters to the SEISAMW and the ACC water are not negligible.
Using SOSE we carry out a series of passive tracer experiments initialized within an 118 wide zonal
section at 298S to map the pathways of water originating in the Agulhas current system. For the last
year of the 3 year run, we ﬁnd that the majority (from 60% to 100% depending on speciﬁc water
mass) of the Agulhas waters stay in the South Indian Ocean north of the SAF, 10–28% enter the
South Atlantic Ocean through the boundary current along Africa and via Agulhas rings in the retroﬂection region. Up to 12% of Agulhas Current intermediate water enters the ACC in the South Indian
Ocean.
Signiﬁcant amounts of Agulhas waters are advected into the SEISAMW formation region. The surface waters
experience strong surface cooling before reaching the southeast Indian Ocean, but the intermediate waters
are transported along isopycnals while transforming into the SEISAMW. This emphasizes the importance of
lateral advection in the SEISAMW formation.
Eddies and topography play an important role in water mass exchange between ocean sectors. ‘‘Hot spots’’
of exchange are associated with major seamounts. Enhanced cross-ACC transport occurs around the Agulhas and Crozet Plateaus and particularly just downstream of the KP. The exchange downstream of the KP is
so great that ‘‘hot spots’’ of mixing that are further downstream, such as the Macquarie Ridge and the
Campbell Plateau, become insigniﬁcant for redistributing the tracers originating in the Agulhas current. The
fraction of Agulhas waters transported into and across the ACC is small compared with the Agulhas current
transport itself; however, the accumulated modest transport of Agulhas waters toward Antarctica could
have signiﬁcant climatic implications as the heat and salt gradients between the subtropics and the polar
oceans are substantial.

Appendix A: Quantification of Pathway Branches
Quantiﬁcation of pathway branches is accomplished by dividing the domain into 16 sectors based
on the position of the two main pathways (white lines in Figure 7), the mean SSH streamlines, and
two meridional lines separating the Atlantic, Indian, and Paciﬁc Ocean basins. Refer to Figure A1 for
the structure and speciﬁc values used for deﬁning the 16 sectors. The ensemble mean of the percentage of tracer content entering each sector is presented in Figure 13. The ensemble standard
deviation is also given as an estimate of the uncertainty. The uncertainty estimate is approximate
due to the limited ensemble size of six releases, but serves as an adequate guideline. The numbers
given in Figure 13 represent the pathway branches deemed most important for meridional property
redistribution. Numbers for the Paciﬁc are omitted due to the fact that after the 3 year simulation
they are insigniﬁcant. Numbers for the mean pathway are omitted as they are sensitive to the
choice of the sector bounds.
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Figure A1. Color-coded 16 sectors used in quantifying the tracer pathways shown in Figure 13. (top) The surface layer releases and (bottom) the intermediate layer releases with the primary difference being in the location of the main pathway. The contours show the 3 year
averaged SSH. The SSH contour levels are [20.8, 20.2, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0] starting from south. The levels 20.8 and 20.2 m approximate the 20 and 140 Sv vertically integrated transport streamlines and denote the boundaries of the main ACC core. Regions 12 and 13
are the main tracer pathways shown in Figure 7, divided by the 708E meridian crossing the KP. The time-averaged tracer budget in 2010 is
quantiﬁed for these 16 sectors and presented schematically in Figure 13.
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