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ABSTRACT

Ocean models have now reached a sufficient precision to
reproduce key elements of the Agulhas Current system,
such as the Agulhas Retroflection and the Agulhas Rings
shedding. Nevertheless, there are still recurrent biases
which are not yet totally understood. Two model solu-
tions show different results for the processes controlling
the Agulhas Leakage. Idealized numerical experiments
for the subtropical gyre of the Indian Ocean are then con-
ducted to explore the Agulhas Current / Agulhas Leak-
age relationship. These experiments reproduce the gen-
eral patterns of the Agulhas Current System and a strong
mesoscale variability. For these simulations, the Agulhas
Current increases with the wind forcing, and the Agulhas
Leakage increases quasi-monotonically with the Agulhas
Current.

Key words: Agulhas Current; Agulhas Rings; Agulhas
Leakage; numerical models.

1. INTRODUCTION

The Agulhas Current is the western boundary current of
the South Indian Ocean subtropical gyre (Lutjeharms,
2006). It takes its sources in the Mozambique Chan-
nel and south of Madagascar and flows along the South-
eastern coasts of Africa. It transports about 70 Sv towards
the south in a narrow band of about 50 km with velocities
often above 2 m s~! (Lutjeharms, 2006).

A characteristic of the Agulhas Current is the presence
of a retroflection at the South of the African continent,
where the flow turns back on itself to return in the Indian
Ocean (Lutjeharms and van Ballegooyen, 1988). Levels
of eddy turbulence in the Agulhas Retroflection region
are among the largest of the world Oceans (Ducet et al.,
2000; Gordon, 2003). A recent analysis of subsurface
floats and drifters trajectories suggests that at least 15
Sv of the incoming Agulhas Current water spreads into
the South Atlantic (mostly in the forms of large anticy-
clonic eddies: the Agulhas Rings) (Richardson, 2007).

This leakage of Agulhas Current waters into the Atlantic
Ocean induces a buoyancy flux which could be critical for
the global overturning circulation of the Ocean (Gordon,
1986; de Ruijter et al., 1999; Weijer et al., 1999; Biastoch
et al., 2008).

This global effect has been recently confirmed by paleo-
oceanographic studies which have shown that most se-
vere glacial periods are marked by reductions in Agulhas
Leakage (Bard and Rickaby, 2009; Zahn, 2009), while
sharp increases in Agulhas Leakage are observed at the
end of ice ages, causing a rapid return towards inter-
glacials (Peeters et al., 2004). This shows that on top of
direct effects on local climate in Southern Africa (Rea-
son, 2001; Rouault et al., 2002), the Agulhas Current
could be a key element for the global Earth climate sys-
tem.

The Agulhas Current compensates an equatorward flow
forced by a homogeneous positive wind stress curl over
the South Indian Ocean. However, the dynamics of the
region is complicated by several other elements:

1. The South Indian Ocean is not closed and the Agul-
has Current is part of a Southern Hemisphere Super-
gyre, which connects the Pacific, Indian and Atlantic
Oceans via the Indonesian Througflow, the Southern
Ocean and the Agulhas Leakage (de Ruijter et al.,
1999).

2. Due to the presence of Madagascar, the flow in
the Mozambique Channel is dominated by eddies
which propagate in the Agulhas region and affect the
retroflection process (Schouten et al., 2002; Penven
et al., 2006¢).

3. Natal pulses, large meanders in the Agulhas Cur-
rent travel sporadically along the Agulhas Current
(de Ruijter et al., 1999; Rouault and Penven, 2011).

4. At the southern tip of Africa, the Agulhas Current
looses the continent before reaching the latitude of O
wind stress curl. The current detachment and sub-
sequent Agulhas Retroflection are associated with
large inertia (Ou and de Ruijter, 1986) and current
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/ topography interactions (Lutjeharms and van Bal-
legooyen, 1984; Matano, 1996).

5. The levels of eddy energy associated with the Ag-
ulhas Retroflection, and the Agulhas rings are the
highest in the world (Ducet et al., 2000; Gordon,
2003).

Because of these factors, modelling the Agulhas Current
system is still a difficult exercise.

2. NUMERICAL MODELS OF THE AGULHAS
CURRENT SYSTEM

The Agulhas Current has been successfully simulated,
from its sources to the spawning of Agulhas Rings, using
specifically designed regional models as well as global
ocean models. In the early days of primitive equations
ocean models, Boudra and Chassignet (1988) were able
to produce an idealized simulation of the wind driven
gyre of the South Indian Ocean at 20 km resolution. They
were able to produce a retroflecting Agulhas Current and
the generation of Agulhas Rings.

Agulhas Retroflection and Agulhas Rings were also
reproduced in the Fine Resolution Antarctic Model
(FRAM) (Lutjeharms and Webb, 1995). This first real-
istic simulation of the Agulhas Current system presents a
behavior seen later on in several other models: a mean
Retroflection position eastward (upstream) of the ob-
served pattern, and Agulhas Rings following a straight
route into the South Atlantic Ocean (Barnier et al., 2006).
A similar bias has been noticed in several other model
simulations : in global models at 1/10° resolution (POP
and OFES) (Maltrud and McClean, 2005; Sasaki et al.,
2005), in global models at 1/4° resolution (DRAKKAR
and OCCAM) (Barnier et al., 2006, see figure their 12), in
a Atlantic model at 1/6° resolution (CLIPPER) (Barnier
et al., 2006), and in a regional model at 1/10° resolution
(HYCOM) (Backeberg et al., 2009). In global models
at 1/16° and 1/32° resolutions such as NLOM a similar
pattern with spurious high variability upstream of the Ag-
ulhas Retroflection is still present (Wallcraft et al., 2002,
see figure their 2). Such upstream variability was also
found in a regional model at 1/4° resolution (SAfE) (Pen-
ven et al., 2006a). To the exception of the regional models
of Biastoch and Krauf} (1999); Biastoch et al. (2008) and
de Miranda A. et al. (1999), almost all realistic models
have encountered an equivalent bias in their representa-
tion of the Agulhas Retroflection dynamics. This bias has
been reduced (or even removed) by improving the numer-
ical precision (Backeberg et al., 2009) or the conservation
properties (Barnier et al., 2006) of the momentum advec-
tion scheme, or by smoothing the topography and adding
a parameterization for horizontal viscosity (Penven et al.,
2006a). Nevertheless, there is not at this time a definite
answer on why this type of bias occur, and if it is pos-
sible to systematically prevent it. Such recurrent biases
in model simulations of the Agulhas Current system em-
phasize the need for a better understanding of the system.

3. MODELLING THE AGULHAS LEAKAGE

Two model simulations have suggested that the Agulhas
Leakage has increased in the last decades with possible
important climatic implications (Biastoch et al., 2009;
Rouault et al., 2009). Although both studies agree in re-
lating this increase to changes in winds over the Indian
Ocean, there is a debate over the process involved. van
Sebille et al. (2009) (and also Biastoch et al. (2009) hy-
potheses) imply an anticorrelation between the Agulhas
Leakage and the Agulhas Current transport. In Rouault
et al. (2009) simulation, an increased Agulhas Current
induces an increased Agulhas Leakage. It occurs in con-
junction with a warming at the surface of the Ocean, in
agreement with observations. This illustrates the need of
a better knowledge of the relationship between the Agul-
has Current and the Agulhas Leakage.

A set of idealized numerical experiments based on ROMS
(Shchepetkin and McWilliams, 2005) has been specifi-
cally designed to explore this relationship. The model
generates a subtropical gyre interacting with a topograph-
ical feature representing the African continent (Figure 1).
The gyre is forced by an analytical wind and a restor-
ing towards surface temperature and surface salinity, all
3 varying only with latitude (Figure 1). After a spinup of
20 years using a basin scale model alone, a 2-way nested
grid based on AGRIF (Penven et al., 2006b; Debreu et al.,
2011) at 1/9° resolution is introduced (see Figure 1), and
the simulation is run for 10 more years.

Although based on simplified geometry and surface forc-
ing, this simulation is able to reproduce the general Agul-
has Current properties, such as eddy kinetic energy, mean
transport and temperature. Figure 2 presents the modeled
temperature after 30 years at sea surface (Figure 2a) and
at 500 m depth (Figure2b). For such an idealized model,
the comparison with World Ocean Atlas climatology is
notable, indicating that the key processes are reproduced.
A characteristic is a high mesoscale variability, showing
a spectral peak at 43 days (i.e. 8-9/year) for the Agul-
has Leakage. This corresponds approximately to the fre-
quency of Agulhas Rings generation (de Ruijter et al.,
1999).

To test the sensitivity of the Agulhas Current and the Ag-
ulhas Leakage to wind strength, 20 experiments are run
with a wind multiplied by a coefficient ranging from 0.1
to 2. The leakage is measured as the westward flux at the
southern tip of Africa of a passive tracer restored toward
1 in the Indian Ocean (East of 40°E), and toward O in the
Atlantic Ocean (West of 5°E). Statistics are made using
the last 8 years of each simulation. At equilibrium, the
mean Agulhas transport increases linearly with the wind,
following approximately the Sverdrup relation. Figure 3
presents the mean Agulhas Leakage as a function of the
mean Agulhas transport using 8 years (blue) and 1 year
(red) of simulation to compute the averages. These sim-
ulations produce an Agulhas Leakage larger than gener-
ally observed. The model values obtained by van Sebille
et al. (2009) are added for comparison. Using 8 years
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averages, the Agulhas Leakage increases almost mono-
tonically with the incoming Agulhas transport. For an
Agulhas transport below 50 Sv, the slope of the curve is
about 0.3, while it more than doubles to reach 0.8 above
50 Sv. There is indication of a slow down of the increase
for the highest values. Using only 1 year averages, the
perturbations induced by the mesoscale activity creates
variations of large amplitude. These experiments present
an example of a system where at statistical equilibrium,
and in a closed domain, a stronger Agulhas Current could
lead to more Agulhas leakage, in agreement with Rouault
et al. (2009). The results obtained by van Sebille et al.
(2009) are in the same order of magnitude, but the vari-
ations of Agulhas transports employed are too limited to
derive general conclusions (Figure 3).

4. CONCLUSION

Ocean models have now reached a sufficient precision to
reproduce key elements of the Agulhas Current system,
such as the Agulhas Retroflection and the Agulhas Rings
shedding. Nevertheless, there are still recurrent biases
which are not yet totally understood. Two model solu-
tions show different results for the processes controlling
the Agulhas Leakage. Specific idealized numerical ex-
periments for the subtropical gyre of the Indian Ocean
are conducted to explore the processes controling the Ag-
ulhas Leakage. These simulations reproduce the gen-
eral patterns of the Agulhas Current System and a strong
mesoscale variability. For these simulations, the Agulhas
Current increases with the wind forcing, and the Agul-
has Leakage increases quasi-monotonically with the Ag-
ulhas Current. A detailed analysis of these experiments
will be made to address the processes associated with the
variations of the Agulhas Current and Agulhas Leakage.
This idealized model configuration will be also used to
test new hypotheses for past and future climate.
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Figure 1. Model grid, bottom topography, surface forcing (wind stress, wind stress curl, sea surface temperature and sea
surface salinity) and mean sea surface elevation (1 contour / 10 cm)
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Figure 2. Model temperature for 1 January of year 30 at sea surface (a) and at 500 m depth (b). The contours represents
the annual mean from World Ocean Atlas 2005 climatology.
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