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[1] This study analyzes the oceanic pathway connecting the Agulhas Bank to the southern
Benguela upwelling system by means of a quantitative Lagrangian interpretation of the
velocity field calculated by a high-resolution numerical simulation of the ocean around the
southwestern tip of Africa. The regional ocean model is forced with National Centers for
Environmental Prediction surface winds over 1993–2006 and offers a relevant numerical
platform for the investigation of the variability of the water transferred between both
regions, both on seasonal and intraseasonal time scales. We show that the intensity of
the connection fluctuates in response to seasonal wind variability in the west coast
upwelling system, whereas intraseasonal anomalies are mostly related to the organization
of the eddy field along the southwestern edge of the Agulhas Bank. Though the study
only considers passive advection processes, it may provide useful clues about the
strategy adopted by anchovies in their selection of successful spawning location and period.
The pathway under investigation is of major interest for the ecology of the southern
Benguela upwelling system because it connects the spawning grounds on the Agulhas Bank
with the nursery grounds located on the productive upwelling off the west coast.
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1. Introduction

[2] The Agulhas Bank forms the southern limit of the
Benguela upwelling system (see Figure 1). It extends from
off Cape Peninsula around 18�E to Port Alfred at about
26�E. Its meridional extent encompasses the full continental
shelf within 34�S–37�S and with depths shallower than
200 m. The Agulhas Current flows along its southeastern
edge. This current originates much further north in the Indian
Ocean along the eastern coast of Africa and it retroflects
southwest of the Agulhas Bank, giving birth to an intense
eddy activity made of meanders, eddies and filaments.
These mesoscale features move northwestward and can
interact with the dynamics of the southern Benguela
upwelling system. Westerly winds are dominant over the
Agulhas Bank but transient easterly episodes, especially
in summer and fall, can generate local upwelling cells
[Hardman-Mountford et al., 2003; Shillington et al., 2006].
However, most upwelling phenomena (like the Port Alfred
upwelling cell) are related to interaction of the Agulhas

Current with the continental slope on the edge of the
Agulhas Bank [Lutjeharms et al., 1989]. By comparison,
the Benguela upwelling system is much more intense and
steadier. It is located on the west and southwest coast of
southern Africa. The dynamics of the upwelling is driven by
prevailing equatorward winds that induce an intense off-
shore Ekman transport. In the southern Benguela region, the
variability of the upwelling mostly concentrates around a
few upwelling cells: the Namaqua cell around 30�S, the
Cape Columbine cell around 32.5�S and the Cape Peninsula
cell around 34�S [Weeks et al., 2006]. Subsurface waters
upwell all yearlong but the winds are most intense from
October to February, leading to accentuated sea surface
temperature (SST) contrasts between the open ocean and the
inner shelf during summer.
[3] The Agulhas Bank is a major spawning ground for

anchovies whose eggs and larvae are transported afterward,
particularly via the Good Hope Jet that flows along the shelf
edge off the Cape Peninsula [Bang and Andrews, 1974],
toward the southwestern coast of Africa where they mature,
within the nutrient-rich waters of the southern Benguela
upwelling system [Shelton and Hutchings, 1982; Hutchings,
1992]. A few months later, young anchovy recruits migrate
back to the Agulhas Bank where they can represent a
significant portion of the adult spawning population. The
southern portion of the Benguela upwelling system that is
relevant to our study extends from 32�S to 35�S and is
mostly made of Saint Helena Bay, which is the major
nursery ground along the west coast, and the ocean from
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southwest of Cape Agulhas to Cape Columbine. This latter
area is traveled northwestward by anchovy’s eggs and
larvae during they journey to the west coast, and southeast-
ward by young adults on their way back to the Agulhas
Bank spawning ground. The southern Benguela upwelling
system includes a strong, surface-intensified, coastal jet
related to the Benguela Current and a countercurrent that
flows southward along the continental slope [Shillington et
al., 2006].
[4] This study aims at depicting and quantifying the

progression of ocean waters from the Agulhas Bank to
the southern Benguela upwelling system, making use of the
velocity field simulated by a high-resolution ocean model
forced with atmospheric fluxes that incorporate intraseaso-
nal as well as seasonal and interannual variability. We put
the stress on wind forcing since the seasonal and interannual
variability of the Benguela upwelling system depends
significantly on wind variability [Blanke et al., 2002,
2005], with the appearance of subsequent SST anomalies
along the coast and possible long-term spatial reorganiza-
tion of the marine ecosystem [van der Lingen et al., 2002].
We use the IRD (Institut de Recherche pour le Développe-
ment) version of the ROMS-UCLA, free surface, primitive
equation ocean model [see Shchepetkin and McWilliams,
2005; Penven et al., 2006a]. Particle trajectories calculated
with the ARIANE algorithm [Blanke and Raynaud, 1997;
Blanke et al., 1999] are used to depict the advective
transport of water from the Agulhas Bank to the southern
Benguela upwelling system over 1993–2006, a period over
which the model is forced with National Centers for
Environmental Prediction (NCEP) atmospheric surface
fluxes. Statistics about time scales and spatial organization
are built from the initial and final positions of the particles
on the Agulhas Bank and at the entrance of Saint Helena
Bay, respectively. Section 2 of the paper presents the ocean
model and the Lagrangian calculations. Section 3 introduces
the mean statistics obtained over the full period of investi-
gation. Seasonal variability and anomalies with respect to a

mean seasonal description are discussed in section 4, before
a discussion and our conclusions are given in section 5.

2. Method

2.1. Ocean Model

[5] The parent model corresponds to the Southern Africa
Experiment (SAfE) [Penven et al., 2006a, 2006b]. This
ROMS configuration was built using ROMSTOOLS (http://
roms.mpl.ird.fr/ [Penven et al., 2007]) and is designed for
the resolution of the major phenomena around southern
Africa. The Mercator grid has an increment of 0.25�,
ranging from 2.5�W to 54.75�E and from 46.75 to 4.8�S,
and the horizontal resolution ranges from 19 km in the south
to 27.6 km in the north. The vertical resolution is based on
32 s coordinate levels that are stretched toward the surface.
A radiation scheme at the lateral boundaries connects the
model with its surroundings, while inflow conditions are
nudged toward data obtained from the WOA 2001 database
[Conkright et al., 2002].
[6] Then, a nested modeling approach was followed to

model the Agulhas Bank and surroundings with a higher
resolution without disregarding variability at larger scales.
The two-way, grid-embedding capability of ROMS was
employed, in which a sequence of structured grid models
are able to interact with one another [Penven et al., 2006c].
The embedding procedure makes use of the AGRIF (Adap-
tive Grid Refinement in Fortran) package [Blayo and
Debreu, 1999]. The high-resolution child model is designed
to encompass the Agulhas Bank and its surroundings and
has a temporal and spatial resolution three times finer than
the parent grid (approximately 15 min and 8 km, respec-
tively). The child model has 233 � 185 grid points in the
horizontal plane, encompassing the area from 11 to 30�E
and from 27.7 to 40.3�S. The parent grid supplies the
boundary conditions of the child grid. Both the parent and
child models use the general bathymetric chart of the World
Oceans (GEBCO) for the bottom topography and start from
rest. They are forced at the surface with the 1948 to present
NCEP reanalysis available with 6 hours in time and 1.875�
in space resolution. The wind forcing is applied as a stress
and the other surface fluxes are calculated with bulk
formula derived from the Coupled Ocean/Atmosphere Me-
soscale Prediction System [Hodur, 1997] without addition
of any restoring term. This parent-child configuration was
run from 1993 to 2006 after a 3 year spin-up to reach
statistical equilibrium. Model outputs were averaged and
stored every 2 days of simulation. The variance of the child
model sea level is in fair agreement with that deduced from
satellite observations of the absolute dynamic topography,
i.e., sea surface elevation above the geoid height obtained
from the sum of weekly sea level anomalies and the Rio05
mean dynamic topography [see Ducet et al., 2000; Rio and
Hernandez, 2004]. Time-mean energetics of the retroflec-
tion area of the Agulhas Current and of the region over the
Agulhas Plateau (around 27�E, 40�S) show equivalent
intensity (Figure 2), keeping in mind the difference in time
and space resolution of both data sets. The variability of the
sea level over the continental shelf of the southern Benguela
upwelling system is also equivalent (Figure 3), knowing
that internal variability, which is uncorrelated between
model and genuine observations, adds to surface forcing

Figure 1. Model domain and localization of the main
geographical places and dynamical features used in the text.
Bathymetry contours 250, 500, 1000, 2000, 3000, 4000,
and 5000 m are drawn with a thin line.
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in generating upward and downward movements of the sea
level at the coastline.
[7] In a configuration run with surface climatological

forcing, the same model is able to reproduce the important
features of the Agulhas Bank with, among other elements,
the strong seasonality of the temperature structure, the effect
of the Agulhas Current on the currents of the Agulhas Bank,
and the cool tongue (Cool Ridge) on the East Agulhas Bank
[Chang, 2009]. The fastest currents on the West Agulhas
Bank are the coastal upwelling jet, the outer shelf current
and the Good Hope Jet. The latter two show seasonal
fluctuations with strongest currents in summer and weakest
in winter. Flow on the Agulhas Bank east of 20.8�E is
dominated by westward currents. Coastal flow is aligned
with the coast. In winter, reverse eastward flow is found
close to the coast. The mean currents increase in magnitude
from the coast offshore. The strongest flow, on the outer
shelf, is associated with the Agulhas Current. It has a
tendency to move off the shelf repeatedly, whatever the
season, while turbulent structures develop over the shelf.
Currents along the coast and on the inner shelf flow more

easily westward onto the Western Agulhas Bank [Chang,
2009].

2.2. Lagrangian Calculations

[8] The off-line Lagrangian calculations are done with the
ARIANE algorithm (http://www.univ-brest.fr/lpo/ariane/
[Blanke and Raynaud, 1997; Blanke et al., 1999]). The
approach allows volume transport estimates on the basis of
infinitesimal weights allotted to numerical particles and
transported along their trajectories. Within this framework,
numerical floats are used to reproduce the movement
induced by the dynamics explicitly calculated by the ocean
model without mimicking the behavior of true individual
water parcels that would be of course aware of both
advection and subgrid-scale diffusion phenomena. The
approach allows interpretation of temperature and salinity
variations along a trajectory as the integrated effect of direct
warming by the solar heat flux, runoff, precipitation and
evaporation processes, and mean lateral and vertical turbu-
lent diffusion in the ocean model, i.e., water mass transfor-
mation [Blanke et al., 1999].
[9] The connection from the Agulhas Bank to the south-

ern Benguela upwelling system is here computed with
millions of numerical particles released along a meridional
section across the Agulhas Bank at 20.8�E (south of Cape
Agulhas) and over the shelf and the slope shallower than
1200 m (i.e., north of 37�S). Initial positions for particles
are spread over the successive time steps of the model
archived velocity field, using a distribution technique de-
rived from Blanke and Raynaud [1997]. The maximum
transport carried by each particle is chosen equal to T0 =
100 m3/s per 2 day period, so that individual model grid
cells (on the 20.8�E section) may see their transport, Ti,
described by more than one (namely Ni) particle, with Ni

satisfying Ti/(Ni)
3 � T0. If Ni is 1, the particle is positioned

right at the center of the model grid cell and will start
moving from the middle of the time interval under consid-
eration. For greater values of Ni, the (Ni)

3 initial positions
are regularly distributed both in space (along the vertical
and meridional extent of the grid cell) and in time (still
within the same 2 day interval). Each particle is allotted a
weight equal to a fraction of the local westward flow so that
the sum of all weights amounts to the full magnitude of the
westward transport. Particles initialized within the same grid
cell are of course allotted the same weight, i.e., Ti/(Ni)

3.
Trajectories (with related infinitesimal transports) are inte-
grated forward in time till they reach specific final sections
(see Figure 4). These vertical sections completely close the
area of interest from 12.7 to 20.8�E and 30.45 to 37.5�S.
Some special care was taken to define the interception
section located within the Benguela upwelling system: this
section follows at best the 200 m isobath in order to stop
trajectories when they do reach the continental shelf. Each
trajectory is computed offline and integrated sequentially on
the 2 day mean fields of the simulation for 1 year at most, in
order to limit the burden of the computations and to give
each particle a same maximum lifetime to connect the initial
section at 20.8�E to another control section. The numerical
particles are released starting from year 1993 of the simu-
lation. We stop the deployment at the end of year 2005
allowing to the last released particles a 1 year delay to exit
the domain. At the end of the integration, only a very small

Figure 2. Variance of the surface sea level over 1993–
2006 with a 0.01 m contour interval (a) for the observed
dynamic topography and (b) for the model. The area in the
southern Benguela upwelling system used to diagnose the
time series shown in Figure 3 is shaded.
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percentage of particles are still in the domain (and explain
less than 0.4% of the total incoming transport): such
particles could not connect the initial section to another
geographical section in less than 1 year. The average water
mass transfer between the Agulhas Bank at 20.8�E and the
southern Benguela shelf thus derived is 0.38 Sv (1 sverdrup =
106 m3/s); it is simply obtained by summing the weight of
all the particles that participate in the transfer. All the
Lagrangian computations can be done in two different ways,
as explained by Blanke and Raynaud [1997]. Off-line
diagnostics allow backward computations of trajectories
(simply by multiplying all velocity outputs by �1, and
reversing their order). The joint use of backward and
forward Lagrangian calculations thus gives access to a
measurement of the error made in computing directional
transports, as any transport (from section A to section B)
can be calculated in two independent ways: inseminating A
and summing the transports of the particles that do reach B,
or inseminating B and summing the transports of the
particles that do originate from A. The size of the resulting
error is of the order of the infinitesimal transport given to
each individual particle. The number of particles we use in
this study would allow us to define Lagrangian transports
with accuracy better than 0.002 Sv, assuming that all
particles can be tracked in time till they are intercepted at
control sections. Though the estimation of the Lagrangian
transports is quite robust, the limitation put on the time of
integration (1 year) leads to additional uncertainty on the
fate of a small fraction of the full westward flow at 20.8�E.
Therefore, we put a reasonable estimate of the error on the
computed mean transports at 0.01 Sv. This accuracy was
verified with the outcome of a twin reverse experiment in
which initial particles were deployed over the edge of the
southern Benguela shelf over 1994–2006 and integrated

Figure 3. Time series of the surface sea level averaged over the area [17.0�E–18.5�E] � [32.5�S–
30.5�S] (a) for the observed dynamic topography and (b) for the model. Note that the observations and
the model differ about their zero reference level.

Figure 4. In black, Lagrangian stream function for the
mass transfer from the Agulhas Bank to the southern
Benguela upwelling system. The contour interval is 0.02 Sv.
The domain of calculation of the stream function is bounded
by six interception sections: 20.8�E from the coastline to
37�S (‘‘bank’’), 20.8�E from 37�S to 37.5�S (‘‘east’’),
37.5�S (south), 12.7�E (west), 30.45�S (north), and the edge
of the southern Benguela shelf (‘‘benguela’’). The model
bathymetry is shaded in color together with white dotted
lines with a 500 m contour interval. Yellow labels identify
specific geographical places introduced in the text.
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