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Abstract

We provide a time series of Agulhas leakage anomalies over the last twenty years
from satellite altimetry. Until now, measuring the interannual variability of Indo-Atlantic
exchange has been the major barrier in the investigation of the dynamics and large
scale impact of Agulhas leakage. We compute the difference of transport between5

Agulhas Current and Agulhas Return Current which allows to deduce Agulhas leakage.
The main difficulty is to separate the Agulhas Return Current from the southern limb
of the subtropical “supergyre” south of Africa. For this purpose, an algorithm that uses
absolute dynamic topography data is developed. The algorithm is applied to a state-
of-the-art ocean model. The comparison with a Lagrangian method to measure the10

leakage allows to validate the new method. An important result is that it is possible
to measure Agulhas leakage in this model using the velocity field along a section that
crosses both the Agulhas Current and the Agulhas Return Current. In the model a good
correlation is found between measuring leakage using the full depth velocities and
using only the surface geostrophic velocities. This allows us to extend the method to15

along-track absolute dynamic topography from satellites. It is shown that the accuracy
of the mean dynamic topography does not allow to determine the mean leakage but
that leakage anomalies can be accurately computed.

1 Introduction

Agulhas leakage is the volume transport of Indian Ocean water that enters the south20

Atlantic south of Africa (Gordon, 1986). Because of its potential impact on the Atlantic
Meridional Overturning Circulation (AMOC) (Weijer et al., 2002) and hence global cli-
mate (Beal et al., 2011), measuring and monitoring this quantity is highly relevant.
Unfortunately, continuous measurements of the leakage have never been realized until
now. The reason is that there is no method to do so. Contrary to the AMOC that can be25

measured across a fixed section, the whole Atlantic basin, as done by the RAPID array
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(Srokosz et al., 2012), it is difficult to define a proper array to measure the Agulhas leak-
age. The ideal approach would be to measure continuously the total transport along,
for example, the Good-Hope Section (Ansorge et al., 2005). It would then be necessary
to differentiate the origin of the water and to isolate waters from the Indian Ocean. Be-
cause of large mixing in the Cape Basin (Boebel et al., 2003), using temperature and5

salinity to delineate the volume of leakage exported proves to be challenging, even in
ocean models (van Sebille et al., 2010). It is also not possible to release specific pas-
sive tracers in the Indian Ocean and measure its concentration along the Good-Hope
section, as can be done in ocean models (Le Bars et al., 2012).

To solve this issue, Richardson (2007) measured leakage using a Lagrangian tech-10

nique. Using the proportion of drifters and floats observed to have traveled from the
Agulhas Current (AC) to the South Atlantic (nine out of thirty-six) he approximated the
leakage to be about 14.5 Sv with a “fairly large uncertainty”. While this method provides
an idea of the mean leakage, there are not enough floats and drifters released in the
ocean to build a time series of the leakage. For comparison, it is necessary to release15

an order of magnitude of 106 floats every year in ocean models to measure the leakage
accurately (Doglioli et al., 2006; Biastoch et al., 2008; van Sebille et al., 2009a).

Another technique developed by Souza et al. (2011) is to combine eddy detection
with satellite altimetry and Argo floats to evaluate the volume transport of each Agul-
has ring. This method is limited by the fact that these eddies quickly decay (Schouten20

et al., 2000), so it is difficult to evaluate precisely the amount of water that they re-
move from the AC. Also, considering anticyclonic eddies by definition ignores other
forms of leakage. Cyclones could also carry some Indian Ocean water (Penven et al.,
2001; Lutjeharms et al., 2003) and filaments peel off the AC (Lutjeharms and Cooper,
1996). Also water is advected through the Good Hope Jet (Bang and Andrews, 1974;25

Lutjeharms et al., 2007).
Given the observational challenge measuring leakage, several indicators were de-

veloped to measure it indirectly. van Sebille et al. (2009b) found an anti-correlation
between the AC transport and the Agulhas leakage in an ocean model, and proposed
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to use this relationship in the real ocean. Unfortunately, the dynamical relation be-
tween Agulhas Current and leakage was shown to be more complex than expected.
In a similar model it is possible to increase the leakage through an increase of the
westerlies that does not affect the AC (Durgadoo et al., 2013). It was also shown that,
depending on the origin of the AC water (Indian Ocean or Pacific through the Indone-5

sian Throughflow), the dynamics of the retroflection is different (Le Bars et al., 2013).
Idealized models also show no reason to expect a linear relationship between AC and
leakage (De Ruijter et al., 1999; Dijkstra and de Ruijter, 2001; Le Bars et al., 2012).
Regardless of these results of the decorrelation between AC and leakage, it is not ob-
vious that the AC transport could be measured accurately from an array of moorings.10

Because of the large local recirculation of water, it is difficult to differentiate the part
of the water that is truly flowing south from that returning northward a few kilometers
further off-shore. Another indicator for the leakage is the position of the retroflection.
It was used by van Sebille et al. (2009a) to measure a time series of leakage from
altimetry data with small variability and large uncertainty. This method has to assume15

a linear relationship between retroflection position and leakage and that this relation,
as diagnosed in an ocean model, persists in the real ocean. It also neglects the pos-
sibility that the retroflection could be topographically “locked” (Matano, 1996; Franzese
et al., 2009; Dencausse et al., 2010).

To avoid the difficult region of the Agulhas retroflection and the subsequent eddy20

formation region, the new method we propose here is based on measuring the leakage
from the transport difference between the AC and the Agulhas Return Current (ARC).
The transport is computed along several Topex/Poseidon satellite tracks. An algorithm
is developed in Sect. 3 to locate the separation between the ARC and the southern limb
of the subtropical “supergyre” (Ruijter, 1982; Ridgway and Dunn, 2007) using either the25

Absolute Dynamic Topography (ADT) from satellite or the Sea Surface Height (SSH)
from model data. The method is first validated in an ocean model in Sect. 4 before its
application to altimetry data in Sect. 5. A comparison between the model leakage and
the altimetry derived leakage is presented in Sect. 6 and we conclude in Sect. 7.
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2 Data and model

2.1 Satellite altimetry

We use satellite altimeter data produced by Ssalto/Duacs and distributed by AVISO,
with support from CNES1. Two different data sets are used for this work. An along-track
Absolute Dynamic Topography (ADT) that combines the Topex/Poseidon, Jason-1 and5

Jason-2 missions. Data were used between October 1992 and December 2012, with
a time resolution of approximately 10 days and a horizontal resolution of 6 km in the
region studied. Due to some missing data, we choose to decrease the time resolution
from 10 days to one month. In this way each monthly ADT profile combines three or
four cycles.10

A mapped data-set of ADT is also used over the same period. This is provided on
a 1/3◦ ×1/3◦ grid. The delayed time reference series was chosen as it provides a ho-
mogeneous dataset based on two satellites (Jason-2/Envisat or Jason-1/Envisat or
Topex/Poseidon/ERS) with a constant sampling in time. These two products of ADT
make use of the MDT_CNES-CLS09 mean dynamic topography that was produced15

by CLS Space Oceanography Division and distributed by AVISO, with support from
CNES2. This data set was averaged monthly to match the along-track data.

2.2 Model

In order to test our method, we employ the full 3-dimensional velocity as well as the
SSH fields from the INALT01 model (Durgadoo et al., 2013). The INALT01 configura-20

tion is based on the NEMO (v3.1.1, Madec, 2008) code, and is a high-resolution tenth-
degree model of the greater Agulhas region, nested within a half-degree global ocean
model. In the vertical, INALT01 has 46 z-levels: 10 levels in the top 100 m and a max-
imum of 250 m resolution at depth. Bottom cells are partially filled. For the analysis,

1see http://www.aviso.oceanobs.com/duacs/
2see http://www.aviso.oceanobs.com/
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60 yr (1948–2007) of data from a hind-cast experiment are used. Forcing for the exper-
iment are derived from the CORE2b dataset (Large and Yeager, 2009).

The ARIANE Lagrangian package3 was used to measure Agulhas leakage within
INALT01. Water parcels with an associated maximum transport of 0.1 Sv5days (4.32×
1010 m3) were released along the satellite track 20 (see Fig. 1b) over the full depth.5

Parcels were released every 5 days over one year, and advected forward using the
model’s velocity fields for a total period of 5 yr. Parcels reaching the Good-Hope Section
(Ansorge et al., 2005) in the Cape Basin were captured and aggregated. These were
defined as Agulhas leakage: the volume transport represented by the parcels leaving
into the South Atlantic through the Good-Hope section. Using this method, 56 annual10

values (1948–2003) of Agulhas leakage were obtained. The difference between this
Lagrangian method and that of (Durgadoo et al., 2013) is that the water parcels are
released across a section following satellite track 20 instead of across the Agulhas
Current at 32◦ S. This approach leads to higher leakage values and is more appropriate
for comparison with the new method presented in this paper.15

The INALT01 model is a new version of the AG01-R model that was used for many
studies of the AC and Agulhas leakage (Biastoch et al., 2008, 2009; van Sebille et al.,
2009a, 2010). Comparison with satellite altimetry shows that it captures both the mean
and the variability of the flow in the AC, Agulhas retroflection, and ARC (Fig. 1). One
limitation of the model is the relatively weak recirculation cells between the AC and the20

ARC in the model compared to the altimetry. Using model SSH or satellite ADT we can
compute geostrophic velocities normal to satellite tracks (see Fig. 2) as:

v g =
g
f
∂η
∂l

ez ×et, (1)

where v g is the geostrophic velocity perpendicular to the satellite track, g is the gravi-
tational acceleration, f is the Coriolis parameter, η is the absolute dynamic topography,25

ez is a vertical unit vector, oriented upward, et is a unit vector tangent to the satellite

3see http://www.univ-brest.fr/lpo/ariane
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track, oriented offshore, and l is a coordinate along et. The velocity v g is determined
from Eq. (1) using central finite differences. The results show that the mean position
and strength of the AC and ARC in the model compare well with the altimetry along
the three chosen tracks (Fig. 3). This makes the model suitable to test our method to
measure Agulhas leakage.5

3 Methodology

The method computes the difference between AC and the ARC transports from altime-
try along satellite tracks. In this way, we can measure leakage away from the ener-
getic Agulhas retroflection. The three tracks we use are ideally located because they
cross both the AC and the ARC almost perpendicularly (Fig. 1). They also have the10

advantage that firstly at these positions the AC core is not too close to the coast so
the dynamic topography signal has a good quality, and secondly the ARC is limited
in extension by the Agulhas Plateau. We define Agulhas leakage as the along-track
cumulative transport from the coast to the distance L and to the depth H :

ΦAL(t) =

L(t)∫
0

0∫
−H(l )

v(t,z, l )dzdl , (2)15

where z is the vertical coordinate and v is the velocity perpendicular to the track. De-
pending on the case we take v either as the geostrophic velocity computed from the
sea surface height field or the model velocity field. H is the depth of integration, it is
either the bottom topography or a maximum depth. As we want to integrate the full
ARC, the point determining L is located at the separation between the ARC and the20

southern limb of the subtropical “supergyre”. The difference between these two cur-
rents is that the ARC originates from the AC. Therefore, we seek all the streamlines
originating from the AC looping around to the ARC. If we assume geostrophic balance
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then the streamlines are contours of constant ADT. The following algorithm is used to
detect these streamlines.

From a monthly mean field of ADT (Fig. 4a and b) the values of ADT higher than
a certain threshold are selected (Fig. 4c and d). The block of points connected to the
Indian Ocean is then selected (Fig. 4e and f). Connected here means that all the grid5

cells in this group touch each other by at least one of their side. For instance, if an
Agulhas ring detaches from the AC then its ADT value is high but it is not connected to
the Indian Ocean anymore. Typically at the beginning of the algorithm, for high values
of the threshold (high levels of ADT) the group of points represents only the heart of
the South West Indian Ocean gyre. Then as the threshold is decreased the group of10

points becomes larger and larger. At some point there is a jump when the group of
connected points extends all the way to the western Atlantic Ocean. This happens
because there is a region of relatively lower ADT values between the western Indian
Ocean and the western Atlantic Ocean subtropical gyres. Convergence of the western
extension of the Indian Ocean group of points with the longitude that we consider as15

western boundary is shown in Fig. 5. The value 30◦ W is chosen for all the results in
this paper as we see that the size of the Indian Ocean group of points has converged
before this longitude for both the altimetry and the model. A simplified algorithm is
presented.

20

Algorithm:
Loop on time :

Loop on ADT threshold (f rom high to low values) :

Select values of ADT higher than threshold

Select group of points connected to the Indian Ocean25

If the group extends to 30◦W :

Break the loop, the previous threshold is the ADT value

that separates the ARC and the ACC

else : continue to loop30
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The ADT threshold selected as described above represents the lowest ADT level
that does not leak. This algorithm is applied on each monthly mean ADT field, and the
threshold levels are used to compute the function L at all times, L being the along-
track distance from the coast to the location where the ADT crosses the threshold.
Given the velocity along the track and the depth of integration, it is possible to compute5

the leakage along the satellite tracks. In the following sections this method is used for
both model data and satellite altimetry.

4 Measuring the leakage within INALT01

Using the model we compare three methods to measure Agulhas leakage: (i) the tra-
ditional method of Lagrangian parcels, considered here as “ground truth”, (ii) the inte-10

gration of the full-depth model velocities along satellite tracks between the coast and
the boundary of the ARC as determined by the algorithm presented in Sect. 3, and (iii)
a reconstruction using only the model SSH.

4.1 Using the full velocity field

The vertical velocity profile within the model shows a surface intensified AC and ARC15

along the three satellite tracks (Fig. 6). To compute the leakage we choose to inte-
grate the full-depth velocity. The parameter H in Eq. (2) is the water column depth
(for best comparison with the Lagrangian drifters method). Using Eq. (2) with the full-
depth model velocities we compute time series of leakage along the satellite tracks,
and plot the annual averages (Fig. 7a). The results are similar along the three tracks,20

with a mean leakage of 19.8 Sv, 21.8 Sv and 22.1 Sv along tracks 20, 198 and 122,
respectively. The standard deviation computed from monthly averages is high: 4.2 Sv,
4.7 Sv and 6.7 Sv respectively, which leads to low cross-correlation of the detrended
time series: 0.41 between tracks 20 and 198 and 0.38 between tracks 198 and 122.
Note that the time series all have a small positive trend.25
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Track 20 is chosen for comparison with the Lagrangian method because of the lower
standard deviation of the leakage (see Fig. 7b). For the period 1948 to 2003, the mean
leakage from the integration of the model velocity along track 20 is 19.4 Sv compared
with 19.3 Sv from the Lagrangian method. These close numbers show that the algo-
rithm that determines the separation between the ARC and the southern limb of the5

subtropical “supergyre” performs adequately. The timeseries of leakage computed with
the two methods is also similar with a cross-correlation of 0.68 (Fig. 7b). A positive
trend of 0.95 Sv and 1.02 Sv per decade is found for the integration of model velocity
and Lagrangian methods respectively.

These results demonstrate that it is possible to compute the leakage from the inte-10

gration of the model velocities along the satellite tracks. We now compute the leakage
from the SSH only.

4.2 Using SSH

In this section we aim to reproduce the leakage time series using only surface informa-
tion. We compute geostrophic velocities from SSH according to Eq. (1), and integrate15

along each track, assuming that the velocities are constant until a certain depth, and
zero below. The depth of the integration is chosen to have a mean leakage as close as
possible to the computations using the model velocities. A maximum depth of 840 m
gives a mean leakage of 19.4 Sv, 19.4 Sv and 22.4 Sv along tracks 20, 198 and 122
respectively, for the period 1958–2003 (Fig. 7c). The cross-correlations between the20

three leakage time series at different tracks using this method are higher than using
the model velocity with 0.94 between tracks 20 and 198 and 0.91 between tracks 198
and 122. This is the result of a strong constraint on the volume transport due to the
velocity integration between the coast and a value of SSH for each month. In fact, the
transport of a barotropic geostrophic flow across a vertical section only depends on the25

depth of the section and on the difference of SSH at the beginning and at the end of
this section (Wunsch and Stammer, 1998). The volume transport differs between the
three tracks because the SSH is free to evolve at the coast, and because the depth,
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H , is not constant along the section, it follows the bottom topography until a depth of
840 m.

More importantly, the leakage computed along track 20 from the SSH method com-
pares well with the velocity integration method (Fig. 7b), with a cross-correlation of
0.78. Obviously, if one is only interested in the surface flow then the cross-correlation5

increases. For instance, if the leakage is computed from Eq. (2) using model veloci-
ties from the surface to 1500 m depth then the cross-correlation with the SSH method
is 0.86. We also notice that for the other tracks the cross-correlation between the full
depth transport and the method based on only SSH is smaller, it is 0.56 for track 122
and 0.16 along track 198. Along these tracks the transport is more baroclinic (see10

Fig. 6) and a more sophisticated method of reconstruction of the deep flow either by
computation of the normal modes (Gill, 1982; Wunsch, 1997) or by other eigenfunc-
tions (Scott and Furnival, 2012) might prove useful. This is however outside the scope
of this paper.

These results show that it is possible to have a good approximation of the leakage15

from “perfect measurements” of SSH, as given by model outputs.

5 Measuring the leakage from satellite altimetry

It is possible to compute the leakage with the same method as presented in the previ-
ous section using satellite ADT. The surface geostrophic velocities are computed with
Eq. (1) and the volume transport is integrated with Eq. (2) assuming that velocities are20

independent of the depth. Taking a maximum depth of 840 m, that was shown to be
appropriate for the model, three time series are constructed (Fig. 8a). Contrary to the
time series computed from the model, Fig. 8a shows that the mean transport is differ-
ent along the three tracks. This is likely due to the low accuracy of the Mean Dynamic
Topography. Errors of the order of 10 cm are expected (Rio et al., 2011) and such an25

error along a satellite track would lead to a difference of 9 Sv in the volume transport
of leakage (Wunsch and Stammer, 1998). To avoid this important source of error we
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consider the anomalies with respect to the time mean (Fig. 8b) and find a consistent
signal from the three tracks. The cross-correlation between the leakage time series at
tracks 20 and 198 is 0.86 and 0.88 between tracks 198 and 122. The difference be-
tween the three signals includes the measurements error and can be considered as
the error of the method. Differences of up to 4 Sv can be found in 2005 and 2010, but5

the three signals agree on the overall interannual variability.
Direct comparison of the leakage anomaly within the model and altimetry computed

with the same SSH method along track 20 shows a similar range of values, but no
clear correlation (Fig. 9a). This is not a surprise because of the nonlinearity of the
system. As the model simulation stops in 2007, only 15 yr are available for comparison10

with the altimetry. Over this short period the trends have the same sign in the model
and altimetry, 0.6 Svdecade−1 and 2.9 Svdecade−1 respectively. The trend of leakage
computed over the 20 yr of altimetry is close to zero or negative (Fig. 9b). If we compare
with the model data, such a situation did not happen since the early 1960s. However,
we have to be careful in the extrapolation of the results before the altimetry era, as we15

see that discrepancies are found between the model and the satellite data during the
period where they overlap.

6 Conclusions

We presented a new method based on along-track and mapped satellite altimetry to
measure the anomalies of the Agulhas leakage. This method is based on an algorithm20

that detects the separation between the ARC and the southern limb of the subtropical
“supergyre”, which allows to measure the leakage by computing the transport differ-
ence between the AC and the ARC. An important intermediate result is that it was
demonstrated to be possible to measure the leakage in an ocean model without the
need to deploy numerical drifters as it is commonly done. This result has important im-25

plications for modelers using high-resolution models, like the one used in this study, but
did not save data with a high temporal resolution (a maximum of 5 days is necessary).

182

http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/11/171/2014/osd-11-171-2014-print.pdf
http://www.ocean-sci-discuss.net/11/171/2014/osd-11-171-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


OSD
11, 171–196, 2014

An observed
time-series of

Agulhas leakage

D. Le Bars et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

It could also be applied to ocean models of coarser horizontal resolution, like those
used in climate models, which could facilitate studies of the climatic importance of the
Agulhas leakage.

The main result is that for the first time an observed time-series of Agulhas leak-
age has been generated employing satellite ADT. Improvement of the method could5

be done by considering methods to reconstruct the deep velocities based on vertical
dynamical modes (Gill, 1982). We also suggest that an array of moorings measur-
ing vertical profiles of velocities along one of the satellite tracks presented in this paper
could provide a very accurate time series of Agulhas leakage. For this, the array should
cover both the AC and the ARC. The result would be a new time series comparable to10

the AMOC time series obtained from the RAPID array. Such a deployment of moorings,
even if it is limited in time could lead to an improvement of the Mean Dynamic Topog-
raphy that could improve the measure of the mean leakage. In this respect, future
improvement of geoid height and Mean Dynamic Topography that the GOCE satellite
and follow up missions will bring is likely to make it possible to measure the mean15

leakage from the method described in this paper.
The time series of leakage anomaly obtained by the method suggests that the leak-

age has an important interannual variability, but there has been no substantial trend
over the last twenty years. On these timescales this is not in line with the idea that in
a warming climate the inter-ocean exchange of water should increase due to a south-20

ward shift and strengthening of the westerlies (De Ruijter et al., 1999; Biastoch et al.,
2009; Beal et al., 2011; Biastoch and Böning, 2013). Reasons could be that either
delayed impacts on Agulhas leakage, such as as the adjustment of the Antarctic Cir-
cumpolar Current, come into play (Durgadoo et al., 2013), or that the strengthening
trend of the westerlies is compensated by (natural) decadal climate variability. Indeed,25

observations of winds in the south Indian Ocean show no clear evidence for the ex-
pected changes over the last two decades (see Backeberg et al. (2012), Supplement).
Model experiments with more recent forcing years and/or observational evidence for
leakage changes over a longer timeframe are strongly demanded.
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Fig. 1. Mean values of Absolute Dynamic Topography (contours) and its standard deviation
(color, in cm2) with the Topex/Poseidon satellite tracks used for this work. (a) Mapped satellite
altimetry product and (b) INALT01 model.
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Fig. 2. Schematic of vectors used for computation and variable L separating the Indian Ocean
area from the extension of the South Atlantic Current (SAC).
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Track 122 Track 198 Track 20 

c a b 

Fig. 3. Along-track geostrophic velocities averaged over the period of time common to the
model and satellite data (from October 1992 to December 2007) for model data (blue) and
satellite data (red).
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a b 

c d 

e f 

Fig. 4. Selection of the limit between the ARC and the ACC using satellite ADT. (a and b)
Initial ADT, (c and d) selection of the values of ADT higher than a certain threshold and (e
and f) selection of the group of values corresponding to the Indian Ocean. Figures (a, c and
e) present an extreme eastern position of the Indian Ocean termination and (b, d and f) an
extreme western position.
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Fig. 5. Convergence of the western limit of the group of Indian Ocean points with the position
of the western boundary of the domain on which the algorithm is applied for model data (blue)
and satellite data (red).
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Fig. 6. Depth profiles of the 60 yr averaged velocity component normal to the satellite tracks in
the INALT01. Positive values are in the north–east direction.
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Fig. 7. (a) Leakage computation from the integration of model velocity along three satellite
tracks. (b) Comparison between three methods to compute the leakage over track 20 in the
model: Lagrangian parcels (black), integration of full model velocity (orange) and derived from
the SSH (green). (c) Leakage computation from the SSH method in the model. All the curves
show annual averages.
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Fig. 8. (a) Absolute value of leakage computation along three satellite tracks and (b) anomalies
woth respect to the time mean.
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Fig. 9. (a) Comparison of leakage anomaly computed from model output using the Lagrangian
parcels (black) and the SSH method (green) and from satellite altimetry using the SSH method
(blue) along track 20. (b) 20 yr trend (Sv/20 yr) from the same methods as (a). The blue star is
obtained from the 20 yr of altimetry data and blue circles in are sensitivity analysis of the trend
computed over 18 yr between 1993–2010, 1994–2011 and 1995–2012.
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