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Output from a high-resolution ocean model, a wind reanalysis and a particle tracking tool are used to improve
our understanding of the shelf circulation in an embayment off South Africa’s east coast, known as the KwaZulu-
Natal Bight. This region spans across roughly 140 km of coastline and is located between 29°S and 30°S. It is
influenced by the strong, south-westward flowing Agulhas Current on its offshore edge, while its shelf is
dominated by weak and variable currents. On the KwaZulu-Natal Bight’s shelf, realistic high-resolution model
simulations indicate the presence of a mean north-eastward flow: the Natal Bight Coastal Counter-Current. The
mean surface circulation depicts a Natal Bight Coastal Counter Current stretching along the 50 m isobath from
the southern to the northern section of the KwaZulu-Natal Bight while progressively becoming narrower and
weaker northwards. The mean vertical structure of this counter current extends throughout the water column
and at its origin, it almost connects with the Agulhas Undercurrent. In this region, the Natal Bight Coastal
Counter-Current is about 20 km wide and has an average speed of 20 cm/s at its core, which may exceed 100 cm/
s during individual events. The passage of southward propagating anticyclonic eddies offshore of the Agulhas
Current are associated with a southward flow along the southern KwaZulu-Natal Bight region and the inter-
ruption of the otherwise north-eastward shelf currents. While the circulation in the KwaZulu-Natal Bight is
primarily driven by perturbations at the Agulhas Current front, there is also some indication of a direct wind-
driven influence in coastal waters, inshore of the 50 m isobath and north of 29.5°S. Virtual particle tracking
experiments show that the Natal Bight Coastal Counter Current may increase connectivity between Marine
Protected Areas within the KwaZulu-Natal Bight, where the current greatly increases the water retention. This
may trap nutrients from coastal origins on the shelf, together with any suspended particles such as larvae.
Therefore, the Natal Bight Coastal Counter-Current has the potential to increase the suitability of this habitat for
larval settlement.

1. Introduction

The continental shelf in the northern Agulhas Current region is
overall straight and narrow. However, an area known as the KwaZulu-
Natal (KZN) Bight acts as an exception. The KZN Bight roughly ex-
tends from Richards Bay to Durban and is characterized by a widened
shelf with a shallow bay-shaped coast (Fig. 1). The wide shelf forces the
deeply extending Agulhas Current offshore, which allows a slow shelf
circulation with complex circulation features (Roberts et al., 2016).
Together with river inputs, these features increase the nutrient
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concentration within the KZN Bight (Scharler et al., 2016) and make this
region suitable for recruitment and the retention of marine organisms
(Beckley and Hewitson, 1994; Hutchings et al., 2002). The KZN Bight
supports several phyto- and zooplankton communities (Barlow et al.,
2008; Carter and Schleyer, 1992) and it has an abundance of pelagic fish
larvae (Beckley and Hewitson, 1994). To assist with protecting this
biologically important region, a range of Marine Protected Areas (MPAs)
have been established within and around the KZN Bight (Fig. 1a).
Conservation benefits are maximised when the underlying circulation
connects MPAs (Sale et al., 2005; Andrello et al., 2017). This study aims
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to improve our understanding of the KZN Bight’s circulation and its
impact on MPA connectivity.

Previous studies provide some insight into the KZN Bight’s circula-
tion features. The widened shelf of the KZN Bight that forces the Agulhas
Current offshore results in recurring instabilities in the current’s tra-
jectory (Elipot and Beal, 2015). These instabilities become downstream
propagating meanders, which often have associated eddies. Such frontal
instabilities have been described in the Gulf Stream (Gula et al., 2015),
in the Brazil Current (Da Silveira et al., 2008), in the Kuroshio Current
(Nagano et al., 2019) and in the East Australian Current (EAC) (Archer
et al., 2017). In the Agulhas Current, these meanders usually intensify
downstream and are referred to as Natal Pulses, but they may also flatten
off the Eastern Cape and disappear altogether (Krug and Penven, 2011;
Roberts et al., 2010). When meanders and associated eddies form and
pass the KZN Bight, they may result in an inshore south-westward and an
offshore north-eastward flow on the KZN Bight’s shelf (Roberts et al.,
2016).

In the absence of large Agulhas Current meanders, a mesoscale
cyclonic feature has been observed off Durban. Similar frontal features
were also described in the Gulf Stream (Lee et al., 1991). In the KZN
Bight, this feature is referred to as the Durban Eddy and is thought to
originate from the strong current shear gradient at the inshore edge of
the Agulhas Current over the widening continental shelf (Guastella and
Roberts, 2016). In its semi-permanent position, the Durban Eddy ex-
tends from Durban (29.86°S) to Sezela (30.41°S) and its center is located
between the 300 m and 500 m isobaths. In contrast to passing Natal
Pulses, the Durban Eddy results in an inshore north-eastward flow that
stretches onto the KZN Bight’s shelf and has roughly half the velocity of
its offshore south-westward flow, which is enforced by the Agulhas
Current (Guastella and Roberts, 2016). Even though several studies have
focused on the Durban Eddy with the help of in situ data (Oliff, 1969;
Pearce and AF, 1977; Schumann, 1987; Roberts et al., 2016; Guastella
and Roberts, 2016), not much is known about the extent, persistence and
vertical structure of its inshore north-eastward flow and how it connects
to the remaining KZN Bight. According to Guastella and Roberts (2016),
Durban Eddies have no distinct seasonal cycle and vary strongly in
strength and rate of downstream propagation.

Durban Eddies persist for a few days and when they reach a certain
size, or when the current shear weakens due to a weakening or
meandering Agulhas Current, they break off from their semi-permanent
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position to propagate downstream (Guastella and Roberts, 2016). After
a few days, the next Durban Eddy forms. This process may start on the
KZN Bight’s shelf, where cyclonic features known as swirls may repre-
sent premature Durban Eddies (Roberts et al., 2016). These cyclonic
shelf features also result in a north-eastward inner shelf flow and may,
just like the Durban Eddy, form as a result of the velocity shear between
the Agulhas Current and the shelf (Roberts et al., 2016). However, the
study by Roberts et al. (2016) relies on temporally and spatially limited
data and not much is known about the persistence or drivers of this
circulation feature. Studies on the seabed sand particle deposition in the
southern KZN Bight suggest that the swirl is also semi-permanent (Green
and MacKay, 2016) and it is observed independently of the Durban Eddy
(Roberts and Nieuwenhuys, 2016).

The cyclonic features in the southern KZN Bight are associated with
upwelling and nutrient replenishment (Roberts et al., 2011), but may
also transport nutrient-poor Agulhas Current water onto the shelf along
their outer edge (Meyer et al., 2002; Roberts et al., 2016). Cold cored
cyclonic eddies are common features at the inshore edge of western
boundary currents and contribute to cross-shelf exchange or produc-
tivity by driving upwelling. Roughan and Middleton (2002) describe
similar cold-cored, cyclonic eddies in the EAC, which favour shelf-edge
upwelling due to the local topography when the EAC separates from the
coast. The faster the EAC, the stronger the upwelling, which is consistent
with observations of the Durban Eddy (Guastella and Roberts, 2016).
Similarly, the Brazil Current also has cold-cored cyclonic eddies, which
induce shelf-edge upwelling and supply the Southern Brazil Bight’s shelf
with nutrients (Lima et al., 1996).

In the northern KZN Bight, the shelf is overall wider and shallower
than in the southern KZN Bight (Fig. 2) and has a stronger wind influ-
ence (Schumann, 1981). Regular along-shore current reversals are
described by Griindlingh (1974) and Roberts et al. (2016), who associ-
ated them with local wind patterns, while Schumann (1981) describes
the prevailing long-shore drift on the KZN coast as south-north and
driven by the prevailing south-easterly swell direction. Therefore, some
uncertainty exists about the circulation and its drivers in this region. The
wind does, however, result in wind-induced upwelling commonly
observed along the northern shelf, particularly when north-easterlies
exceed 4 m/s and cause coastal Ekman-induced divergence (Roberts
and Nieuwenhuys, 2016). On the shelf edge, eddy pumping and Ekman
veering are common drivers of upwelling, which can be induced by

Inset A

-29 1

-29.5 -

b) — 20[cms] o 26

25

23

T

31 31.5 32 32,5

Fig. 1. (a) A map of South Africa that indicates the location of the KZN Bight with a black box (Inset A) and the four Marine Protected Areas considered in this study
by the colour coded polygons. The blue polygon (labeled ‘iSi’) is iSimangaliso, the orange polygon (‘uThu’) is uThukela Banks, the green polygon (‘Ali’) is Aliwal
Shoal and the red polygon (‘Pro’) is Protea Banks. (b) A zoomed-in map of the KZN Bight. The offshore grey lines are the 50 m, 200 m and 1000 m isobaths. Arrows
indicate the surface velocity and the background colour indicates the sea surface temperature (SST) on 21 May 2007, based on CROCO model output. Only velocities
weaker than 70 cm/s and inshore of the 1000 m isobath are presented. The black oval in the southern KZN Bight highlights the Durban Eddy location.
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Fig. 2. In colour are the trajectories of three NOAA designed drifters that were caught in a north-eastward shelf current in the KZN Bight. Release locations are
indicated by black stars and when final locations are within the domain of the map, such as in panel a, they are marked by a black dot. Black arrows show the
propagation direction at certain points along the trajectories. The colour of the trajectory is the time since release, measured in hours. Grey dots are the trajectories of
100 virtual particles released in the CROCO model, per panel, at the same location and for the same time period as the drifters.

passing meanders, such as Natal Pulses, or by cyclonic frontal eddies
(Roberts and Nieuwenhuys, 2016). According to Roberts and Nieu-
wenhuys (2016), Ekman veering often works together with
wind-induced upwelling and enhances the upwelling events. This is also
observed in the Gulf Stream and on the South Atlantic Bight (Pitts and
Smith, 1997; Hyun and He, 2010). In the EAC, wind-as well as
current-driven upwelling is also observed, where the wind-driven up-
welling similarly plays a lesser role (Roughan and Middleton, 2004).

Even though previous studies have focused on the circulation of the
KZN Bight, we still lack a coherent understanding. This numerical
modelling study presents the opportunity to improve our understanding
of the KZN Bight’s circulation, with a focus on its vertical structure and
drivers, previously gained from scant observations, to help us fill some of
the remaining knowledge gaps. A particular focus is on the north-
eastward current observed on the KZN Bight’s shelf, which originates
within the Durban Eddy. It is referred to as the Natal Bight Coastal
Counter-Current (NBC3) and an example of such an event is displayed in
Fig. 1b. Since the KZN Bight is a biologically important region, the po-
tential biological implications of the NBC3 are also considered. Our
ability to understand, model and predict changes in coastal regions,
where most human interactions with the ocean occur, relies largely on
understanding and documenting the processes which link the deep
ocean to the coast. Our study of the KZN Bight and the NBC3 is a
contribution to furthering our understanding of the connectivity be-
tween the deep ocean and the coastal regions in a region within a
western boundary current.

2. Methods
2.1. Model output

The three-dimensional numerical model used in this study is the
Coastal and Regional Ocean COmmunity (CROCO, https://www.croco
-ocean.org/). It was built upon the Regional Ocean Modelling System
(ROMS_AGRIF) (Debreu et al., 2012) and is a split-explicit free surface
model that uses a sigma-coordinate system, meaning that its vertical
structure levels follow the topography (Shchepetkin and McWilliams,
2005). Interactions with the topography are explicitly resolved, making
it a proper model to address shallow coastal systems such as the KZN
Bight (Shchepetkin and McWilliams, 2005). The model numerically
solves the Navier-Stokes equations for the ocean dynamics in presence of
rotation, following the Boussinesq and hydrostatic approximations
(Shchepetkin and McWilliams, 2005).

The Western Indian Ocean Energy Sinks 1/36° resolution CROCO
simulation (WOES36) has been created with a special focus on the

behaviour of the Agulhas Current and on the representation of the eddy
kinetic energy (EKE) in the region (Tedesco et al., 2019, 2022). The
model simulation has been compared with altimetry, in situ observations
from the ACT mooring array (Beal et al., 2015), SAGE glider observa-
tions (Krug et al., 2017) and ARGO potential eddy energy (Roullet et al.,
2014). Tedesco et al. (2022) show that even though the model EKE is
higher than for satellite output along the inshore edge of the Agulhas
Current, particularly close to the Agulhas Bank, this difference is no
longer observed when the model is smoothed to match the satellite’s
resolution (Tedesco et al., 2022). They also show that the mean position
of the Agulhas Return Current meanders is slightly shifted in the model
output. Additionally, Tedesco et al. (2019) show that the mean transport
of the Agulhas Current is slightly higher than mooring observations
(79.6 vs 77), but the model (WOES36) still performs within the error
margin. The model shows an improvement in the representation of the
seasonal cycle of Agulhas Current transport compared to previous
models (Hutchinson et al., 2018, Fig. 12). WOES36 also has an improved
representation of the shear at the inshore edge of the Agulhas Current
compared to SAGE glider observations (Tedesco et al., 2019). According
to these validations, there is overall a good model-data agreement for
the transport and mean vertical and frontal structure of the Agulhas
Current, as well as for the eddy variability at the surface and at depth
(Tedesco et al., 2019, Figs. 4-6, Tedesco et al., 2022, Fig. 2). Further
WOES36 validations are available in the Appendix of a study by Pfaff
et al. (2022).

WOES36 has a triple-nested configuration with a two-way nesting
approach between the grids (Debreu et al., 2012), ensuring that infor-
mation is fed from the lower resolution grid into the higher resolution
grid and vice versa. The ocean-atmosphere interactions are calculated
from daily ERA-Interim atmospheric reanalysis, including the wind
stress (Dee et al., 2011), while the bathymetry is derived from the 2014
version of GEneral Bathymetric Chart of the Oceans (GEBCO). The
lateral ocean boundary conditions for the large-scale '4° (25 km) grid
resolution ‘parent’ domain are provided by Mercator global ocean
reanalysis GLORYS Y, which has a daily temporal resolution (Ferry
et al., 2012).

Our analysis exploits 10 years of the 1/36° resolution model output
from January 2005 to December 2014. The location of the maximum
mean north-eastward flow of the model output and on the inshore edge
of the Durban Eddy (31.11°E, 29.93°S) is selected and used to identify
instances of the Natal Bight Coastal Counter Current (NBC3). NBC3
events are defined by a surface north-eastward flow exceeding 10 cm/s
at the above-mentioned location. Using the NBC3 events, a composite
representation of the NBC3 surface circulation is created. To gain insight
into the temporal variability of the NBC3, a spectral analysis using the
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multitaper method is applied to the time-series of the surface flow at the
location of maximum mean north-eastward flow. The multitaper
method uses adaptive weighting and takes the time-series, its sampling
interval and a time bandwidth product set to 6 in this study, to return the
power spectrum with its 95% confidence interval. ERA-Interim atmo-
spheric reanalysis which forces the ‘parent’ grid of the CROCO model is
then used to gain a better understanding of the impact of the near-
surface wind on the KZN Bight’s surface circulation. The impact of the
wind is tested by correlating the alongshore and across-shore compo-
nents of near-surface winds to those of the surface circulation, using the
Pearson correlation coefficient.

2.2. In situ drifters

Multiple satellite-tracked drifters with the same design as NOAA
drifters were released within the KZN Bight and their paths have been
analysed by Guastella and Roberts (2016) and Roberts et al. (2016).
Three of these drifters that were caught in a north-eastward flow on the
shelf are presented in this study in Fig. 2. They were released between
April and May of 2010, two of which were deployed off Durban (Fig. 2a
and c) and the third off the Tugela River in the KZN Bight (Fig. 2b). The
dataset is provided at an hourly temporal resolution (Guastella and
Roberts, 2016).

2.3. Virtual particle tracking

To complement the output provided by the CROCO model, virtual
particles are released within the model using the virtual particle tracking
tool Parcels v.2.0 (Probably A Really Computationally Efficient
Lagrangian Simulator) (Lange and Sebille, 2017). A detailed description
of the set-up of Parcels is provided by Delandmeter and Sebille (2019).
The 2D fields of the model proved suitable for implementation in Par-
cels, which allowed studying the surface layer processes of the CROCO
model. This particle tracking tool has been successfully utilised in
several studies of the surface dynamics in the Agulhas Current region,
such as in search and rescue (Hart-Davis and Backeberg, 2021) and ju-
venile turtle dispersion (Le Gouvello et al., 2020), indicating its use-
fulness as a tool to investigate multi-disciplinary issues.

In this study, virtual particles first aimed to represent surface drifters.
The model-forced trajectories of 100 virtual particles were compared to
the trajectories of the three drifters described in Section 2.2. The virtual
particles were released at the same location and for the same time period
as the drifters, to allow a direct comparison. However, since the CROCO
model is only forced by reanalysis products at the surface (ERA5) and at
the lateral boundaries (GLORYS), which are far from the domain of in-
terest, and with the ocean being turbulent, a perfect match between the
modelled and real trajectories is not expected.

Next, virtual particles were used to represent passively floating
larvae. They were released in four MPAs within and around the KZN
Bight, namely iSimangaliso, uThukela Banks, Aliwal Shoal and Protea
Banks, as represented in Fig. 1. The virtual particles were tracked over a
period of 30 days, with their position outputted every 6 h. The tracking
duration was selected to be 30 days since this is the mean pelagic larval
duration (PLD) of the larvae of most fish species (Luiz et al., 2013).
Virtual particles were released during three northward and three
southward flow events within the KZN Bight that were identified as
strong and easily identifiable events within the NBC3 time-series,
defined in Section 2.1. During the three northward events, virtual par-
ticles were released on the 20th of May 2007, on the 25th of June 2009
and on the 17th of April 2013, while during the southward events they
were released on the 30th of December 2007, on the 5th of November
2009 and on the 1st of August 2013. The impact of a northward flow on
MPA connectivity was investigated using these events. Due to the
different spatial extents of the MPAs presented in Fig. la, differing
amounts of particles were released to keep the particle density similar in
the four MPAs. In iSimangaliso, which covers almost 13 300 km?, 20 000
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virtual particles were released (roughly 1.5 particles/km?), while in the
smaller uThukela Banks MPA that covers roughly 5 670 km? 10 000
virtual particles were released (roughly 1.7 particles/km?). In each of
the smallest MPAs, Aliwal Shoal and Protea Banks that cover 670 km?
and 1 200 km? respectively, only 2 500 particles were released (roughly
3.7 and 2 particles/km?, respectively). Virtual particles were released
evenly throughout the MPA domains that lie within the spatial extent of
the model. As the northernmost section of iSimangaliso (north of 27°S)
is located outside the model’s spatial extent, the particles in this region
were not tracked and were excluded from further analysis.

3. Results
3.1. Horizontal circulation in the KZN Bight

Three satellite-tracked surface drifters released on the KZN Bight’s
shelf, were caught in a north-eastward shelf flow (Fig. 2). Their veloc-
ities rarely exceeded 20 cm/s on the shelf and they had long residence
times unless they were caught in the offshore Agulhas Current, which
transported them much faster and decreased their residence times. For
each drifter, 100 virtual drifters were released at the same time and
location and often also moved north-eastwards. The drifter in Fig. 2a
was released offshore of Durban. After a cyclonic circulation, it was
transported north-eastward onto the shelf, where it remained for about
10 days until it washed up on the beach in the central KZN Bight. The
virtual particles in this case were not caught in a cyclonic rotation but
also moved north-eastwards into the central KZN Bight until they were
advected away by the Agulhas Current instead of beaching. A drifter
released in the northern KZN Bight also displayed occasional north-
eastward movement on the shelf, where it remained for about 12 days
until it was caught in the Agulhas Current and was rapidly advected out
of the region with velocities exceeding 100 cm/s on the continental
slope (Fig. 2b). The virtual particles released here displayed a similar
behaviour, but instead of moving offshore and into the Agulhas Current,
they remained along the northern KZN Bight’s coast. From these three
drifters, the drifter in Fig. 2c, which was also released off Durban,
remained suspended on the shelf the longest (over 20 days) until it was
retrieved at 28.4°S, near St Lucia and about 200 km north of Durban.
This is the only drifter, where virtual particles did not propagate north of
Durban but instead underwent a cyclonic rotation and were then
advected away by the Agulhas Current.

As already indicated by the model-forced virtual particle trajectories,
north-eastward currents over the KZN Bight’s shelf are also observed in
the surface circulation of the 10-year model output (Fig. 3). A clear
distinction in the mean circulation is observed between slow, mostly
north-eastward shelf currents (roughly inshore of the 200 m isobath)
and fast south-westward currents on the continental slope (between the
200 m and 1000 m isobaths). The persistence of the north-eastward flow
is emphasised in the composite of the north-eastward surface circulation
in Fig. 3b and d.

Both, the mean and the composite plots, display the Durban Eddy as
a prominent circulation feature (Fig. 3). Its associated inshore north-
eastward flow stretches throughout the KZN Bight’s mid-shelf into the
northern KZN Bight, which matches the trajectory of surface drifters in
Fig. 2. The signature of the north-eastward shelf flow is also observed at
50 m depth, where it is associated with lower water temperatures at its
origin. This cool water is transported north into the KZN Bight region
and is particularly evident in the composite plot (Fig. 3d). The mean
shelf surface flow overall rarely exceeds 10 cm/s, but is stronger in the
composite north-eastward circulation, where it exceeds 30 cm/s in the
Durban Eddy region. At the location used for the composite calculations
and marked by the cross in Fig. 3b, velocities reached 156 cm/s during
the strongest north-eastward event. A maximum inshore north-eastward
speed of 93 cm/s is observed in a similar location during the period
sampled by Guastella and Roberts (2016).

The KZN shelf region can be divided into an inner shelf (inshore of
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Fig. 3. Maps of the modelled circulation and water temperature, derived from January 2005 to December 2014. In (a) and (b), the respective time-averaged and
north-eastward composite of the surface circulation is presented. The north-eastward composites include north-eastward velocities that exceed 10 cm/s at 31.11°E
and 29.93°S, marked by the black cross in (b). Similarly (c) and (d), respectively, represent the mean and composite circulation and the water temperature at 50 m
depth. Velocities are masked for currents off the shelf which exceed 30 cm/s in (a) and (¢) and 50 cm/s in (b) and (d). These regions that do not show the direction of
the circulation are associated with a south-westerly flow. The offshore grey lines are the 200 m and 1000 m isobaths and the three transect lines in (a) are later used
for further analysis. The black dots along the transects in (a) mark the points that have the most frequent north-eastward flow along each transect. It must be noted
that the temperature scales are different for the surface plots and the plots at depth.

the 50 m isobath) and an outer shelf (between the 50 m and 200 m
isobath) region. The associated mean surface circulation patterns vary
with the latitudinal position within these regions. In the northern KZN
Bight, off Richards Bay (28.78°S; Fig. 3), the continental shelf is narrow
and the mean surface circulation on the inner and outer shelves has a
south-westward setting with an increased shoreward component near
the coast. The outer shelf flow exceeds 100 cm/s and is much stronger
than the inner shelf flow because it has a stronger Agulhas Current in-
fluence. Further south, the shelf widens as the coastline retracts, and
from Port Durnford (28.92°S; Fig. 3), a north-eastward return flow can
be observed on the mid-shelf in the mean and composite surface circu-
lation. This flow is referred to as the NBC3 (Natal Bight Coastal Counter-
Current). At the surface, the NBC3 is stronger in the composites
compared to the overall mean surface circulation, while at depth not
much difference is observed in the strength of the north-eastward flow.

The NBC3 dominates the outer shelf circulation in the southern KZN
Bight. As it moves north towards Port Durnford, it propagates along the
wide, inner shelf, crossing the isobaths to remain along a southwest-
northeast axis and parallel to the coast. In the southern KZN Bight, the
NBC3 is about 20 km wide and widens but weakens in the central KZN

Bight. In the northern KZN Bight, it further weakens and becomes
thinner to disappear roughly off Richards Bay (28.78°S, indicated in
Fig. 3). Inshore of the NBC3, another coast-aligned, south-westward
mean surface flow is present, which also stretches from Port Durnford
over the central KZN Bight and reaches as far south as Durban. In the
central KZN Bight, this current is about 10 km wide and therefore
dominates the narrow central inner shelf surface circulation. It
strengthens towards the south and its southern limit is marked by the
cyclonic Durban Eddy, which extends from the coast onto the shelf break
between 29.8°S and 30.2°S. The Durban Eddy results in strong mean
north-eastward surface currents on the KZN Bight’s shelf and marks the
origin of the NBC3. In this region, the surface speeds of the NBC3 are
fastest, with mean speeds exceeding 10 cm/s. Further north, the NBC3
rarely exceeds a mean surface flow of 5 cm/s.

The NBC3 is also clearly represented at 50 m depth. It transports
cooler water onto the KZN Bight’s shelf and has similar, but slightly
reduced velocities here compared to the surface. The composite veloc-
ities are stronger and the water transported onto the shelf is cooler than
in the mean circulation at depth. At the points marked along the transect
lines in Fig. 3a, the surface north-eastward flow is observed 30% of the
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time in the northern KZN Bight, 40% of the time in the central KZN Bight
and 58% of the time in the southern KZN Bight. Therefore, a north-
eastward flow is most common in the southern KZN Bight and its fre-
quency decreases northwards.

3.2. The KZN Bight’s mean vertical circulation

To complement the mean horizontal surface circulation and the
circulation at 50 m depth presented in Fig. 3, mean vertical sections are
plotted along the three transects marked in Fig. 3a. Along all the tran-
sects, the vertical sections present the south-westward flowing Agulhas
Current as a feature that extends below 1000 m depth. It is strongest
near the surface on the continental slope and its core, where south-
westward flow is the strongest, follows the continental slope. There-
fore, in the widened shelf region of the central KZN Bight, the Agulhas
Current’s core is further offshore (Fig. 3b). The vertical sections in Fig. 4
reveal that the NBC3, that was first observed by the drifter trajectories
and later confirmed by the model’s surface circulation, extends
throughout the water column of the KZN Bight’s shelf.

According to the 10-year model output, the shelf is thin and steep
with a strong north-eastward current off Durban, which can exceed 20
cm/s at its core (Fig. 4c). This north-eastward flow has a width of
roughly 15 km, which it maintains until a depth of 400 m. Thereafter it
narrows, but at 800 m depth, it starts to widen and strengthen again.
This is where Beal and Bryden (1997) describe the location of the
Agulhas Undercurrent, which has matching features with the subsurface
north-eastward current observed in the model. In the southern KZN
Bight (Fig. 4c), the mean north-eastward transport in the top 600 m is
0.26 Sv and decreases northwards as the velocity and the vertical extent
of the north-eastward flow decreases.

Further north, in the central KZN Bight (Fig. 4b), the shelf widens
and becomes shallower, with depths not exceeding 100 m until over 30
km offshore. Against the coast, a weak surface south-westward flow is
present in the top 10 m, which is only noticeable by the presence of the
thick black line in Fig. 4b that marks the transition between a north-
eastward and south-westward flow. However, this south-westward
flow is not observed offshore of 10 km on the KZN Bight’s shelf,
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where the mean vertical circulation is dominated by a north-eastward
current that extends throughout the water column. This matches the
findings of the mean surface circulation in Fig. 3. In the central KZN
Bight, the north-eastward flow on the shelf exceeds 10 cm/s at its core
and is, therefore, weaker than in the southern KZN Bight. It extends to
600 m depth and therefore has a deeper vertical extent compared to in
the southern transect, but it is only observed as a very narrow seabed
flow. Within the domain of the section presented in Fig. 4b, no other
north-eastward flow at depth is observed in the central KZN Bight.

In the northern KZN Bight, near Port Durnford (28.92°S; Fig. 4a), the
continental shelf is still wide and shallow, with water depths only
exceeding 50 m, 30 km offshore. A mean north-eastward flow is again
observed on the shelf and dominates most of the shelf circulation in the
inshore 20 km. The northern KZN Bight’s north-eastward flow is the
weakest and does not exceed 5 cm/s. A very shallow, south-westward
surface current in the inshore 10 km is also present, which can only
be observed as a zero-velocity line in Fig. 4a because it is too shallow to
be presented in the section. From 900 m depth, another very narrow and
weak north-eastward flow is observed along the seafloor, which extends
until 1200 m depth.

In summary, the model’s mean vertical circulation captures the
south-westward Agulhas Current as a deep and dominant feature on and
offshore of the KZN Bight’s shelf. In addition, it shows a north-eastward
flow at depth on the shelf break, namely the Agulhas Undercurrent,
together with another north-eastward flow that extends throughout the
water column on the shelf: the Natal Bight Coastal Counter-Current
(NBC3). The NBC3 is widest, deepest and strongest in the southern
KZN Bight, where it can connect with the Agulhas Undercurrent. Inshore
of the NBC3, a mean south-westward flow is also observed in the
northern and central KZN Bight, but it is weaker and shallower than the
NBC3.

3.3. Variability of the surface circulation in the core of the Natal Bight
Coastal Counter-Current (NBC3)

Insight into the variability of the KZN Bight’s surface circulation is
gained using a timeseries of the alongshore currents off Durban, at the
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Fig. 5. Time-series of the (a) daily and monthly means, (b) monthly climatology and (c) annual means of the 10-year model surface circulation in the KZN Bight at
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and the monthly means are superimposed on the daily mean figure. In (d), the power spectrum density of the total signal of the surface currents is presented, using

the multitaper method. The error bar represents the 95% confidence interval of the signal and the frequency unit is cycles per day (cpd).

point of maximum mean north-eastward flow (31.11°E, 29.92°S and
Fig. 3b). The time-series reveals that the circulation is highly variable
with a standard deviation of 38 cm/s, which is stronger than the mean
velocity of 20 cm/s. Alternating north-eastward and south-westward
currents are observed on a daily to weekly timescale, with no clear
pattern (Fig. 5a). The alongshore currents are, however, predominantly
north-eastward with stronger velocities that may exceed 1.5 m/s on a
daily average. This is in contrast to the occasionally observed south-
westward flow, whose daily mean rarely exceeds 0.5 m/s during the
investigated 10 years. The positive trend of 2 cm/s/10-years derived
over the 10-year model output is statistically insignificant.

Overlayed onto the daily mean velocities in Fig. 5a, is the monthly
mean. Monthly means show the ubiquitous presence of the NBC3, with
only 7 instances of south-westerly flow detected over the 10-year period.
The monthly climatology, obtained by averaging all monthly means,
shows no clear seasonal cycle, but it does capture a weak NBC3 current
strength reduction from August to December (Fig. 5b). At this location,
each annual mean over the 10-year time-series has a north-eastward
setting (Fig. 5¢), with a strength ranging from 16 cm/s in 2009 to over
23 cm/s in 2012 and with an interannual standard deviation of 2 cm/s.

Fig. 5d shows the spectrum of along-shore surface current speeds off
Durban, using a multitaper method (Babadi and Brown, 2014). This
spectrum is relatively flat for periods larger than 100 days. It displays a
small annual maximum, but according to the 95% confidence error bar,
this peak is statistically insignificant. Another wide peak can be
observed between 10 and 14 days, which is statistically significant and
according to Guastella and Roberts (2016), corresponds to the typical
period of the Durban Eddy life cycle (in absence of Natal Pulses).

3.4. Drivers of the circulation

Previous studies suggest that current variabilities on the KZN Bight’s
shelf are mostly driven by the Agulhas Current and the local winds. To
further investigate this, the KZN Bight is divided into three transect lines
presented in Fig. 3, which span across the northern, central and southern
KZN Bight. The along- and across-shore surface current speeds are
correlated to the Agulhas Current core’s along- and across-shore surface

current speeds for each transect and also to the local winds at the
midpoint of each transect. Understanding the drivers of the overall cir-
culation provides insight into the drivers of the north-eastward flow
investigated in this study. The current correlations are visualised and
presented in the left column of Fig. 6, while the wind and current cor-
relations are presented in the right column of Fig. 6.

Naturally, the current correlations in the left column of Fig. 6 have a
perfect correlation at the core of the Agulhas Current, as the remaining
points along the transects are correlated to this core. In all the transects,
across- and along-shore correlations decrease rapidly away from the
Agulhas Current core and they usually decrease faster inshore of the
current compared to offshore (Fig. 6a, ¢ and 6e). Almost all the current
correlations are statistically significant. The across-shore current cor-
relations are always positive and are either equal to, or exceed, the
alongshore correlations, which drop to negative values on the shelf, but
increase again to near-zero values at the coast. A possible explanation
for stronger across-shore correlations is that across-shore anomalies are
associated with Agulhas Current meanders, increasing their correlation
to the Agulhas Current core. Across-shore correlations on the shelf
overall have the strongest positive correlations in the southern KZN
Bight, as well as the strongest negative along-shore correlations of below
—0.3, roughly 10 km offshore (Fig. 6e). This makes the southern KZN
Bight overall the most predictable (Fig. 6).

Correlations between along-shore and across-shore winds and cur-
rents in the KZN Bight are overall positive but weak (Fig. 6b, d and 6f).
They are particularly weak offshore of the 200 m isobath and on the
continental slope, where the Agulhas Current is located (Fig. 3). In these
regions, the across-shore correlations are mostly equal to, or close to
zero and along-shore correlations do not exceed a correlation of 0.25.
Most of the across-shore correlations offshore of the 200 m isobath are
statistically insignificant, while the other correlations are all significant
at the 95th percentile.

On the shelf, the correlations increase, where along-shore correla-
tions exceed 0.5 in the northern (Fig. 6b) and central (Fig. 6d) transects.
Across-shore components again have a lower correlation coefficient at
every location along the transects, but also display a strong increase
towards the coast, particularly inshore of the 50 m isobath. The across-
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Fig. 6. The Pearson correlation coefficient
of the surface circulation at the Agulhas
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shore correlations are strongest in the northern KZN Bight, where they
almost reach a correlation of 0.5 at the coast. In the southern KZN Bight
(Fig. 6f), the along-shore and across-shore correlations are the weakest
and only show some correlation at the most coastal transect point.
Therefore, the wind and surface currents correlate mostly on the shelf of
the northern and southern KZN Bight and otherwise do not have a strong
correlation. Their strongest correlations are often within the shelf re-
gions that have lower current correlations in Fig. 6. To investigate if the
correlations had a lag effect, we tested the lagged correlation, but for the
current - current as well as the wind-current correlations, no difference
was observed.

3.5. Impact of the circulation on MPA connectivity

Virtual particles were released in four MPAs along the KwaZulu-
Natal coastline to understand the impact of the Natal Bight Coastal
Counter-Current (NBC3) on the connectivity of Marine Protected Areas
(MPAs) and on the surface dispersion. They were released during the
three strongest northward and the three strongest southward surface
flow events that were observed at the 50 m isobath throughout all three
KZN Bight transects. These events were identified as three large peaks,
northward flows, and three large troughs, southward flows, in the time-
series of the KZN Bight’s along-shore surface currents. The 50 m isobath
was chosen for each transect, because it forms part of the mean north-
ward flow observed in the mean circulation in Fig. 3. The percentage of
virtual particles entering each MPA was calculated and is provided in
Fig. 7, along with the average age and average residence time within
each MPA. The age represents the travel time of the virtual particles
following their release, while the residence time represents the time that
virtual particles spent within each MPA. These two parameters together

T T T
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provide an indication of the extent of the local water retention and can
be used to indicate how quickly virtual particles leave the KZN Bight
system and how long they stay within a MPA.

When virtual particles were released in iSimangaliso during north-
ward events corresponding to NBC3 events, 70% on average entered
Protea Banks, while the least number of virtual particles, only 38% on
average, entered uThukela Banks (Fig. 7a). Therefore, many virtual
particles released in iSimangaliso skipped uThukela Banks and Aliwal
Shoal to only enter the southernmost Protea Banks MPA. In contrast,
during southward KZN Bight events, on average almost half of the vir-
tual particles released in iSimangaliso entered uThukela Banks, while
the least number of virtual particles, 19% on average, entered Aliwal
Shoal. This is because some of the virtual particles were either trapped in
uThukela Banks and did not continue to move downstream or they
skipped Aliwal Shoal as they moved downstream. Virtual particles
released in iSimangaliso have a similar average residence time, not
exceeding 4 days within this MPA during northward and southward KZN
Bight events. However, when the virtual particles enter uThukela Banks,
their average residence time is longer during a northward surface flow
(6.6 days) compared to a southward surface flow (2.8 days). The average
residence time of virtual particles released in iSimangaliso is similar
(roughly 1 day) at Aliwal Shoal and Protea Banks, during both north-
ward and southward events. In a southward surface flow, the average
age of virtual particles increases from iSimangaliso (5.4 days) south-
wards to Protea Banks (12.5 days). During the northward events, the
average age is similar in iSimangaliso, but instead of increasing south-
wards, it is highest in uThukela Banks (13.4 days). This shows that the
NBC3 promotes retention in uThukela Banks.

When virtual particles were released in uThukela Banks, neither the
northward nor the southward surface flows carried any of these virtual
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Fig. 7. The average residence time (green lines) and the average age (pink lines) of virtual particles released in the (a) iSimangaliso, (b) uThukela Banks, (c) Aliwal
Shoal and (d) Protea Banks Marine Protected Areas (MPAs). Within the KZN Bight, three northward surface flow events during 2007, 2009 and 2013 are indicated by
the blue bars, while three southward surface flow events during the same years are indicated by red bars. The height of the bars indicates the percentage of virtual

particles that enter each MPA, in each case.

particles north into iSimangaliso (Fig. 7b). On average 63% and 53%,
respectively, entered Protea Banks during northward and southward
surface flows, while 32% and 43%, respectively, entered Aliwal Shoal.
Therefore, during all the events, a large portion of virtual particles
released in uThukela Banks skipped Aliwal Shoal but

entered Protea Bank further south. During the northward events, the
average residence time for the virtual particles is the highest in uThukela
Banks (8.1 days) and less than half during southward events (3.6 days).
In Aliwal Shoal and Protea Banks, the average residence times of virtual
particle released at uThukela Banks are similar and lowest during either
circulation, never exceeding 1 day. Investigating the average ages re-
veals that uThukela Banks also has the highest average age of virtual
particles during a northward surface flow (11.4 days). This again in-
dicates that the NBC3 promotes retention in uThukela Banks. The
average age decreases southwards during northward flows and reaches
9.1 days in Protea Banks. During a southward surface flow, the average
age for virtual particles released in uThukela Banks is greatest in Aliwal
Shoal (8.1 days), followed by uThukela Banks (7.5 days) and Protea
Banks (7.3 days). Therefore, even with a southward flow, the retention
of virtual particles is strongest in uThukela Banks, which could partly be
explained by the larger size of uThukela Banks, which inflates the resi-
dence times.

Virtual particles released in Aliwal Shoal during these same events
did not enter iSimangaliso, but 1% reached uThukela Banks during two
of the northward events (Fig. 7c). These virtual particles had an average
residence time of 8.1 days within this MPA and an average age of 17.1
days. None of the southward events advected virtual particles into
uThukela Banks. Of the virtual particles released in Aliwal Shoal, 96%
and 72% entered Protea Banks during northward and southward events,

respectively. The average residence time rarely exceeded 1 day within
any of the remaining events and the average age was roughly 4 days.
Therefore, virtual particles overall spend little time in the two south-
ernmost MPAs.

Virtual particles released in Protea Banks again neither entered iSi-
mangaliso nor uThukela Banks (Fig. 7d). They only propagated into
Aliwal Shoal during one southward flow event (2013) and at a very low
level (4%). With 0.7 and 1.7 days, respectively, the average residence
time and the average age was largest in Aliwal Shoal during the south-
ward KZN Bight events that advected virtual particles into Aliwal Shoal.
In Protea Banks, the average residence times and the average ages of
virtual particles were very similar during either surface flow regime.

Overall, the largest percentage of virtual particles released in any
MPA entered Protea Banks, where their residence times were short.
Residence times in Aliwal Shoal and in iSimangaliso were of similar
duration, while virtual particles in uThukela Banks had the highest
residence times, particularly during a northward flow event. This in-
dicates that the water retention is strongest within uThukela Banks.
Virtual particles were not often advected north of the MPA in which they
are released, only moving north of Aliwal Shoal and Protea Banks,
respectively, during two northward events and one southward event.
The average age of virtual particles usually increased southwards, but
when virtual particles were advected north, the average ages in the
northern MPAs were inflated due to the increased travelling times of the
northward advected virtual particles.
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4. Discussion
4.1. The circulation

Our model shows that the surface circulation of the KZN Bight’s shelf
is weak and variable, while it is strong with a south-westward setting on
the shelf break, enforced by the Agulhas Current (Fig. 3). This is in
agreement with Guastella and Roberts (2016) and Roberts et al. (2016).
Prevailing surface circulation features previously identified and
described on the shelf include the semi-permanent cyclonic Durban
Eddy offshore and south of Durban (Roberts et al., 2016; Guastella and
Roberts, 2016); the swirl circulation north of Durban, which has a
northern boundary by the Tugela River mouth (Roberts et al., 2016); and
the weak and variable alongshore currents in the northern KZN Bight
(Schumann, 1981; Roberts et al., 2016; Roberts and Nieuwenhuys,
2016). Roberts et al. (2016) suggest that these features make up the
mean surface circulation within the KZN Bight. At depth, another cir-
culation feature is observed, known as the Agulhas Undercurrent, which
is located along the continental slope, below the Agulhas Current and is
most prominent at a depth of 1500 m, with a mean north-eastward ve-
locity of 10 cm/s (Beal and Bryden, 1997; Beal, 2009). All these previ-
ously reported features are well characterized in our model’s mean
surface circulation (Fig. 3), its mean vertical circulation (Fig. 4) and in
its time-series (Fig. 5). A simplified sketch of the mean circulation is
presented in Fig. 8.

Even though several studies have focused on the KZN Bight’s circu-
lation, most of the previous research is based on time-limited, in situ
observations, limiting the understanding of the mean surface circulation
and its drivers. The most comprehensive depiction of the shelf circula-
tion is based on the study by Roberts et al. (2016). They used four
S-ADCP surveys in June 2005, September 2007, March 2009 and July
2010, which collected data over two to eight days. Satellite data was
used to describe the KZN Bight’s circulation during these S-ADCP sur-
veys and they investigated the trajectories of satellite-tracked surface
drifters deployed between April and August in 2010. Even though
together, the data capture prominent circulation features, the only
provide a brief insight from which no mean or seasonal patterns can be
derived.

Richards Bay
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Fig. 8. A simplified diagram of the mean surface circulation in the KZN Bight.
It presents the strong, offshore south-westward Agulhas Current, the Durban
Eddy (marked ‘DE’), the Natal Bight Coastal Counter Current (NBC3), the
variable northern KZN Bight coastal currents and the mean coastal south-
westward flow. Arrow thicknesses are roughly proportional to the strength of
the flow that they represent.
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The CROCO-WOES36 model applied in this study provides temporal
and spatial coherence, which identifies links and fills gaps to provide an
in-depth understanding of the surface flow, with a particular focus on
the Natal Bight Coastal Counter-Current (NBC3). The model’s mean
surface flow matches the mean circulation features recently summarized
by Roberts et al. (2016), i.e., the Agulhas Current along the shelf edge,
the weak shelf currents and the Durban Eddy (Fig. 3). The model reveals
that the NBC3 originates along the inshore edge of the Durban Eddy
from where it extends north onto the KZN Bight’s shelf (Fig. 3). On the
shelf, the NBC3 then forms the inshore edge of another, weaker cyclonic
feature north of the Durban Eddy, previously identified as the swirl
circulation. The offshore edge of the swirl is also forced by the
south-westward Agulhas Current and according to Roberts et al. (2016),
it may eventually move downstream to replace preceding Durban
Eddies. Inshore of the NBC3, the mean model output also reveals a
coastal south-westward current along the inner shelf of the KZN Bight.
This flow is occasionally reflected in the S-ADCP data from Roberts et al.
(2016). At depth, the model displays the deeply extending Agulhas
Current and the Agulhas Undercurrent with its core below 1300 m depth
and a mean speed matching the findings of Beal and Bryden (1997) and
Beal (2009).

The NBC3 identified by the coherent model output can also been
observed in the trajectories of the in situ surface drifters (Fig. 2). River
plumes visible in satellite imagery also provide evidence of a north-
eastward flow across the KZN Bight. One recent example of such a
north-eastward flow can be observed in a false colour image over the
region, acquired on 14 April 2022 (https://odl.bzh/ATgKpRbM). Simi-
larly, prawn larvae spawned in uThukela Bank at depths between 20 and
50 m also have been found to end up in Richards Bay and St Lucia
estuarine nursery areas (Forbes and Cyrus, 1991), suggesting that the
NBC3 is physically feasible and biologically probable to exists
throughout the KZN Bight and may extend even further north. As it
moves northwards across the KZN Bight’s mid-shelf, the NBC3 weakens
and becomes less frequent until it disappears off Richards Bay. In the
transect along the southern KZN Bight, the NBC3’s north-eastward flow
is the most frequent, occurring 58% of the time in the 10-year model
output. This matches the findings of Guastella and Roberts (2016), who
observe a Durban Eddy in this region with its associated north-eastward
flow in 55% of their data. In the central KZN Bight transect, the NBC3 is
less commonly observed and in the northern KZN Bight, it is the least
frequent and only occurs in 30% of the 10-year model output. This is
because not every Durban Eddy may be equally strong to result in an
equal NBC3 extent. Guastella and Roberts (2016) confirm that there is
great variability between different Durban Eddies. The mean vertical
structure also shows that the NBC3 is the strongest within the Durban
Eddy (Fig. 4), also indicating that this feature is often the driver of a
north-eastward flow on the shelf. Within the Durban Eddy, the NBC3
extends to depths below 400 m, almost connecting to the Agulhas Un-
dercurrent (Fig. 4). Further north, it still extends throughout the water
column on the shelf, but it remains on the shelf which becomes shal-
lower northwards, meaning that the vertical extent of the NBC3 also
decreases towards the north.

The time-series of the currents in the southern KZN Bight reveals that
the circulation is highly variable with alternating north-eastward and
south-westward surface currents (Fig. 5a). North-eastward flows are
associated with Durban Eddies, while south-westward flows are likely
linked to passing mesoscale perturbations associated with meanders in
the Agulhas Current (Lutjeharms and Roberts, 1988; de Ruijter et al.,
1999), as these break the Durban Eddies off their semi-permanent po-
sition (Guastella and Roberts, 2016). Tedesco et al. (2019) confirmed
that such Natal Pulses are well presented in the CROCO model. The
alternating currents within the model’s Durban Eddy have no distinct
trend or annual cycle, matching previous observations of the Durban
Eddy frequency (Guastella and Roberts, 2016). In the spectral plot of
Fig. 5d, a significant cycle with a frequency between 10 days and two
weeks is observed. This is also in correspondence with the observations
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from Guastella and Roberts (2016), who noted that Durban Eddies are
observed for 8.4 days on average and the average time between events is
4.3 days when no Natal Pulses are observed. These cycles may be linked
to atmospheric variabilities, as observed in the adjacent Benguela cur-
rent (Nelson and Hutchings, 1983). However, the point within the
Durban Eddy chosen for the spectral plot has a low wind-current cor-
relation in Fig. 6 as it is strongly eddy-driven and may therefore not have
much of an atmospheric origin.

A weak and insignificant seasonal cycle is also observed in the source
region of the NBC3, within the Durban Eddy, with a generally stronger
NBC3 in austral autumn (March to June) (Fig. 5b). Although it is
notoriously difficult to model the seasonality in Agulhas Current trans-
port, this CROCO simulation captures a large part of the signal
(Hutchinson et al., 2018, Fi.g. 12). Krug and Tournadre (2012) observed
a stronger Agulhas Current in austral summer (December to March) and
similarly, a seasonal cycle was also observed by Beal and Elipot (2016),
but both studies observed this seasonal cycle at a much higher latitude.
When the Agulhas Current is stable, the Durban Eddy is present and
drives a north-eastward shelf flow, but when Natal Pulses occur in the
current, they result in a breaking off and southward escaping Durban
Eddy, which in turn results in a south-westward surface shelf flow
(Guastella and Roberts, 2016). Therefore, the Agulhas Current is likely
linked to the Durban Eddy and a seasonal cycle in the current may drive
a weak seasonal cycle in the Durban Eddy, observed in the spectral plot
of Fig. 5.

The instantaneous and linear negative correlations between the
offshore Agulhas Current and the shelf circulation also indicate a rela-
tionship between the Agulhas Current and the Durban Eddy, as the
southern KZN Bight is the most predictable with the strongest along-
shore correlations between the Agulhas Current and the shelf currents
(Fig. 6). Coastal western boundary countercurrents described in the
western flank of the Florida Current (Soloviev et al., 2017) and in the
Kuroshio Current (Hsu et al., 2018) also suggest drivers from the
offshore western boundary currents. More specifically, they respectively
explain the countercurrent of the Florida Current by an alongshore
pressure gradient force as well as wind stress and the Kuroshio coun-
tercurrent by the occurrence of a cold dome and a wind-driven current.
Bane and Dewar (1988) also notice a semi-permanent gyre in the South
Atlantic Bight, which similarly may result in an equatorward shelf break
flow also observed by Lee et al. (1991). Even in the Guinea Current,
which is however not a western boundary current, a coastal counter-
current is occasionally observed. Lemasson and Rebert (1968) suggest it
is the Ivoirian Undercurrent, which may surface when the Guinea Cur-
rent moves offshore. However, both Ingham (1970) and Djakouré et al.
(2014) suggest it is driven by cyclonic eddies, similar to the Durban
Eddy in the KZN Bight.

North of the Durban Eddy, the current correlations decrease, as other
drivers become more persistent. Even at the source of the NBC3 in the
southern KZN Bight, alternating north-eastward and south-westward
currents are observed on the KZN Bight’s shelf that occur too
frequently to be accounted for by the perturbations in the Agulhas
Current front (Fig. 5). The instantaneous, linear correlations between
the surface currents and the near-surface wind reanalyses show that
almost no correlation is observed on the shelf break where the Agulhas
Current is located, but the correlations increase inshore (Fig. 6). Cor-
relations are particularly strong in shallow and coastal regions, such as
in the northern KZN Bight, where they can exceed values of 0.5. This
matches the previous observations of Roberts et al. (2016) who suggest
that local winds strongly influence the surface circulation within the
KZN Bight, with a particularly strong relationship in the northern KZN
Bight. Winds therefore also partially drive the NBC3 located in this re-
gion and this matches results from (Hsu et al., 2018), who suggest a wind
influence on the coastal western boundary countercurrent observed in
the Kuroshio Current. In this region, the south-westerly monsoons create
a wind-driven current in the Taiwan Strait, which enforces the surface
countercurrent.
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4.2. Impact of the NBC3 on retention and MPA connectivity

The reproductive success of many important fish species relies on the
ocean’s circulation, as this affects the dispersion of their larvae and their
survival success. The KZN Bight has previously been identified as an
important nursery and spawning ground (Hutchings et al., 2002), which
means that larvae are released into the circulation within this region.
Due to their small size and complex behaviour, it is difficult to track
larvae directly (Leis, 2006; North et al., 2008) and therefore this study
tracks virtual particles representing passively drifting larvae in the
model. They are released at the surface in a range of Marine Protected
Areas (MPAs), which were established to protect vulnerable species and
habitats such as the KZN Bight. By releasing and tracking virtual larvae,
the extent to which these MPAs are connected during different circula-
tions regimes can be better quantified. Therefore, virtual particles are
released in the presence or absence of the NBC3, to determine its impact
on MPA connectivity along the KwaZulu-Natal coastline.

The virtual trajectories reveal a strong southward MPA connectivity
between iSimangaliso, uThukela Banks, Aliwal Shoal and Protea Banks,
which is driven by the Agulhas Current. The Agulhas Current shortens
the average residence time of virtual particles in these MPAs, particu-
larly within Aliwal Shoal and Protea Banks (Fig. 7). ISimangaliso is the
largest MPA investigated, which inflates its average residence time in
this region. However, these residence times are still shorter than the
average residence time of virtual particles within uThukela Banks, a
sheltered region due to its widened shelf that decreases the Agulhas
Current influence. The Agulhas Current offshore of uThukela Banks
transports less virtual particles onto the KZN Bight’s shelf when a NBC3
is present (Fig. 7). Therefore, passively floating larvae would ideally
need to be spawned within the KZN Bight to remain trapped on the shelf,
instead of having a northern or offshore origin. When they do enter
uThukela Banks, virtual particles are either pushed onto the northern
shelf by the inshore edge of the Agulhas Current or they are pulled out of
the current and into uThukela Banks by the Durban Eddy.

Out of all the investigated MPAs, the NBC3 has the largest influence
on uThukela Banks. The average residence times when the NBC3 is
present are almost double those of virtual particles during southward
events, while not much difference is observed in the other MPAs (Fig. 7).
This is also indicated by the drifter in Fig. 2b, which is trapped in
uThukela Banks for a few days before it escapes the region. Average
particle ages in uThukela Banks are also greater when the NBC3 and the
Durban Eddy are present (Fig. 7). The trajectories show that virtual
particles leaving iSimangaliso are likely to enter uThukela Banks via the
Durban Eddy during the NBC3 event, which is a longer path and in-
creases their age as they enter uThukela Banks. Virtual particles entering
uThukela Banks from the northern KZN Bight during southward events,
where the Agulhas Current pushes them onto the shelf, have a shorter
path and are therefore younger as they enter. Virtual particles that leave
and re-enter a MPA may also inflate the average age in uThukela Banks.
Larger ages have implications for the recruitment viability as species
with longer larval competence times could still be viable or ready to
settle in the MPAs that they pass at a later stage.

The mean circulation shows little evidence of the NBC3 north of
Richards Bay and therefore the NBC3 does, on average, not reach iSi-
mangaliso to create a northward connection between it and uThukela
Banks (Fig. 7). However, prawn larvae spawned in Thukela Bank at
depths between 20 and 50 m have been found to end up in Richards Bay
and even in St Lucia estuarine nursery areas (Forbes and Cyrus, 1991),
which proves that occasionally the NBC3 can reach these regions while
transporting suspended larvae. Similarly, the drifter in Fig. 2c indicates
an event of a north-eastward shelf flow that pushes the drifter into the
southern section of iSimangaliso, where it beaches. South of the KZN
Bight, virtual particles may be transported from Aliwal Shoal north into
uThukela Banks when the Durban Eddy and its associated NBC3 extends
into Aliwal to connect these two MPAs (Fig. 7). This is demonstrated by
the drifter in Fig. 2a. Further south, inshore eddies associated with
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meanders in the Agulhas Current may also result in northward shelf
currents (Lamont et al., 2021), which can increase the connectivity and
average age northwards between Protea Banks and Aliwal Shoal, as
observed in Fig. 7.

Larvae do not only require a sheltered region to maximise their
survival success, but they also rely on nutrient availability. When
oligotrophic Agulhas Current water is transported onto the southern
KZN Bight’s shelf along the outer edge of the Durban Eddy, or by the
swirl (Meyer et al., 2002; Roberts et al., 2016), it may decrease nutrient
concentrations in the KZN Bight. Since the NBC3 originates within the
Durban Eddy and forms the inshore edge of the swirl further north, it
may equally be associated with nutrient-poor water. However, usually
the Durban Eddy, and therefore the NBC3, are associated with upwelling
and increased nutrients as well as productivity on the shelf (Roberts
et al., 2010). Due to its extent and orientation, the NBC3 may also trap
riverine nutrients along the coast by preventing an offshore loss (Fig. 3).
This would also increase local nutrients on the KZN Bight’s shelf and
further favour nursery and spawning conditions, as have been suggested
by Hutchings et al. (2002). In summary, the NBC3 is most likely asso-
ciated with favourable conditions for recruitment. Another source of
nutrients to the shelf is coastal and shelf-edge upwelling in the northern
KZN Bight (Roberts and Nieuwenhuys, 2016), which is partly
wind-driven and supported by stronger wind-current correlations in the
northern KZN Bight (Fig. 6).

Marine ecosystems depend on the ocean’s circulation, which forms
more favourable conditions for recruitment when a NBC3 (and therefore
a Durban Eddy) is present, as it increases nutrients and water retention.
Meanders in the Agulhas Current disrupt the circulation and increase the
offshore loss of passively drifting larvae from the KZN Bight’s shelf and
therefore uThukela Banks. Future studies could allow the virtual parti-
cles to sink. This would allow tracking their vertical profiles and dis-
regarding those that sink too deep for larval survival, making the
experiments more realistic. Similarly, considering appropriate swim-
ming behaviours for their trajectories and releasing virtual particles
during spawning seasons on their spawning grounds, with due consid-
eration of larval competency periods, would also provide more accurate
insight into their trajectories and likely survival within recruitment
areas.

5. Conclusion

The KwaZulu-Natal (KZN) Bight is a small coastal region along
Africa’s south-east coast. Large knowledge gaps are present in the un-
derstanding of its circulation, as previous studies mostly focus on
spatially and temporally limited data that usually only provide insight
into the surface circulation. With the help of model output from the 3D
CROCO-WOES36 configuration for the region, the KZN Bight’s circula-
tion is further studied and it has revealed a newly identified circulation
feature, referred to as the Natal Bight Coastal Counter-Current (NBC3).
Coastal western boundary countercurrents are also described in the
Florida (Soloviev et al., 2017) and Kuroshio Currents (Hsu et al., 2018),
where they are similarly driven by pressure gradients and wind stress.

The NBC3 originates in the southern KZN Bight, on the inshore edge
of the cyclonic Durban Eddy. In this region, the NBC3 is observed in
almost 60% of the 10-year model output and is about 20 km wide. It has
a deep vertical extent, reaching past the continental slope and almost
connecting to the Agulhas Undercurrent, a subsurface return flow that
opposes the Agulhas Current. As the NBC3 moves north onto the KZN
Bight’s shelf, it becomes the inshore edge of another cyclonic circulation
feature on the continental shelf, the ‘swirl’ circulation. The NBC3 moves
parallel to the coast while weakening and becoming less frequent
northwards until it is only present in 30% of the output in the northern
KZN Bight. Following the shape of the KZN Bight’s shelf, the NBC3
reaches its maximum width in the central KZN Bight and narrows
northwards until it eventually disappears roughly 190 km from its
origin. On the wide shelf of the KZN Bight, the NBC3 does not reach the
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continental slope, but it does extend throughout the shelf’s water col-
umn. When anticyclonic eddies offshore of the Agulhas Current propa-
gate southwards, the current shear between the shelf and offshore
currents weakens and the Durban Eddy breaks off from its semi-
permanent position. As a result, the NBC3 is periodically replaced by a
south-westward shelf flow during these events.

The Agulhas Current and near-surface winds are correlated to the
shelf currents to investigate the drivers of the circulation. Winds drive
daily to weekly north-south alternations in the shelf currents, while
perturbations along the Agulhas Current front have a longer timescale of
around two weeks. In the shallow northern KZN Bight, the correlation
between winds and surface currents are strong, particularly along the
coast. The central KZN Bight also has a strong coastal correlation to local
winds, while the southern KZN Bight has very little wind influence. This
region is mostly driven by the Agulhas Current. When the Agulhas
Current is stable and strongest near the continental slope, the current
shear towards the slow shelf currents is strongest and the Durban Eddy
with its inshore north-eastward flow is formed, explaining the strong
negative correlations.

The impact of the NBC3 on the connectivity of local Marine Protected
Areas (MPAs) is investigated using virtual particle tracking tools. Virtual
particles are released in surrounding MPAs during multiple NBC3 as well
as southward surface currents within the KZN Bight. Overall, the NBC3
mostly influences uThukela Banks, located on the KZN Bight’s shelf,
increasing residence times. The NBC3 does not seem to impact MPAs
north of uThukela Banks, but may increase the connectivity of southern
and mid-KZN Bight MPAs, when its origin, the Durban Eddy, is far
enough south. By increasing the residence times within uThukela Banks,
the NBC3 has a strong impact on the local biology of the KZN Bight,
which is known to be an important nursery and spawning ground due to
its nutrient inputs and shelter from the Agulhas Current.
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