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a b s t r a c t

Analysis of satellite altimetry observations, transports estimates from a mooring array, as well as output
from two different numerical ocean circulation models (ROMS and HYCOM), have been used to
investigate the mesoscale eddy properties and transport variability in the Mozambique Channel. The
power spectral density of model transports at 171S indicates the models ability to represent the transport
variability at mesoscale frequencies (range between 3 yr�1 and 10 yr�1). The models have shown an
exaggerated representation of the lower frequencies (� o3 yr�1), while underestimating the higher
frequency signals (� 410 yr�1). The overestimation of the seasonal cycle appears in our case not to be
related to a misrepresentation of the mesoscale variability. The eddies were identified using an automatic
eddy tracking scheme. Both anticyclonic and cyclonic eddies appeared to have a preferred site of
formation within the channel. The density distribution showed that the anticyclones exhibited a
bi-modal distribution: the first mode was associated with the typical scale for the oceanic mesoscale
turbulence, while the second mode was related to the passage of large rings at a frequency of about 4–7
per year. On the other hand, cyclonic eddies had a single mode distribution that follows the first
baroclinic Rossby radius of deformation, which is a typical scale for the oceanic mesoscale surface eddy
variability, suggesting that their formation is associated with baroclinic instability. Eddy mean
amplitudes per class of radius (o100 km), increase linearly with increasing radius, while no linear
relationship exists for the rings. Different from the rings, the increase in the amplitude of the eddies was
consistent with the increase of their life expectancy and travelling distances.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The Mozambique Channel forms part of the greater Agulhas
Current system, which extends from north of Madagascar to the
southwestern extremity of South Africa (Lutjeharms, 2006). The
greater Agulhas Current system is an important link in the exchange
of heat and salt between the Indian and the Atlantic Oceans
(Gordon, 1986; Weijer et al., 1999). It has been shown that the flux
of warm and salty waters into the Atlantic Ocean via the Agulhas
retroflection region plays a decisive role in maintaining the stability
of the global meridional overturning oceanic circulation (de Ruijter
et al., 1999), and hence the global climate (Beal et al., 2011).

An important way in which warm and salty waters from the
Agulhas are transported into the South Atlantic is through the
shedding of Agulhas Rings from the Agulhas retroflection south of
Africa Lutjeharms and van Ballegooyen (1988); Reason et al., 2003).

This mechanism has been termed the Agulhas leakage, and studies
have shown that the frequency of Agulhas Ring shedding and thus
the inter-ocean leakage is modulated by mesoscale perturbations
originating upstream of the retroflection area, in the Mozambique
Channel and South of Madagascar (Schouten et al., 2002; Penven
et al., 2006; Biastoch et al., 2008b).

The flow through the Mozambique Channel is characterised by
intense mesoscale eddy activity (Fig. 1), dominated by large
anticyclonic eddies (Biastoch and Krauss, 1999; Ridderinkhof and
de Ruijter, 2003; Schouten et al., 2003). These eddies play a
significant role in the dynamics of the local marine ecosystems
(Weimerskirch et al., 2004). It has been observed that these eddies
trap anomalous water masses with higher nutrient and lower
oxygen (Swart et al., 2010), and also advect coastal waters with
high phytoplankton biomass into the offshore oceanic environ-
ment (Quartly and Srokosz, 2004; Omta et al., 2009; Tew-Kai and
Marsac, 2009).

Mozambique Channel eddy characteristics have been deter-
mined from a number of measurements (Ridderinkhof et al., 2001;
de Ruijter et al., 2002). Observations from a current metre mooring
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array at �171S (Ridderinkhof and de Ruijter, 2003) have shown
that these eddies are up to �300 to 350 kmwide, can reach all the
way to the bottom of the Channel (over 2000 m deep), and have a
strong barotropic component (de Ruijter et al., 2002; Ridderinkhof
and de Ruijter, 2003; Schouten et al., 2003).

These eddies have been shown to be surface intensified,
propagating southward, parallel to the western boundary of the
Channel, with speeds of �6 km d�1. Interestingly, between 181
and 211S, their propagation speed reduces to 3–4 km d�1

(Schouten et al., 2003), but further to the south, at 241S, analysis
of the eddy properties by Swart et al. (2010), revealed that the
eddy propagation velocities increase to 46 km d�1, with tangen-
tial velocities of about 0.5 m s�1, while maintaining their large
diameters (over �200 km). On average, these eddies transport
heat and salt of about 1.3�10 J and 6.9�10 kg, considered to be
sufficient to modify the water masses downstream (Swart et al.,
2010).

The frequency of occurrence of eddies is quite regular, observed
to be about 4–5 per annum at 171S (Schouten et al., 2003). Their
passage induces fluctuations in the volume transport, ranging
from approximately 20 Sv northward to 60 Sv southward. The
mean poleward transport has been estimated to be 15 Sv (de
Ruijter et al., 2002). However, this quantity seems highly variable:
a lower transport of 8.6 Sv was found by Harlander et al. (2009),
for the period 2003–2006, but using a longer time series, from the
end of 2003 to early 2008, Ridderinkhof et al. (2010) estimated a
transport of 16.7 Sv.

Due to the overwhelming signature of the anticyclonic eddies
in the central Mozambique Channel, there is no conclusive
evidence in the literature regarding the origin of cyclonic eddies
in this region. Both cyclonic and anticyclonic eddies are important
dynamical features for marine ecosystems (Robinson, 1983;
Lathuiliere et al., 2011). They usually bring deep nutrient-rich
waters into the upper ocean, thereby enhancing primary produc-
tion. Currently, the role of the Mozambique Channel eddies in the
local ecosystem is being investigated by hydrographic surveys,
carried out as part of the MESOBIO programme (Ternon et al.,
2013). However, despite their important role, little is known about
their abundance and characteristics. For example, de Ruijter et al.
(2002) found no cyclonic eddies in the Channel. The apparent
cyclonic anomalies observed from altimetry in their study were
attributed to artifacts in the data processing, and an inaccurate
knowledge of the mean dynamic topography. They concluded that
the cyclonic features are misrepresented simply because of the
absence of anticyclonic eddies (de Ruijter et al., 2002). Thus, the
present knowledge states: "the frequent passage of positive anoma-
lies through the Mozambique Channel leaves a signal in the mean SSH
field, leading to a negative anomaly when no anticyclone is present"
(Schouten et al., 2003). Previous studies have identified cyclonic
eddies in the Mozambique Channel Gründlingh (1995). However,
their generation site was uncertain, and later studies (Schouten
et al., 2003; de Ruijter et al., 2004) have suggested that these
transitory features were generated at the southwestern edge of
Madagascar, and not within the channel.

Fig. 1. Main oceanographic features of the circulation system in the Mozambique Channel, and region around Madagascar. South Equatorial Current (SEC), North East
Madagascar Current (NEMC), South East Madagascar Current (SEMC), East African Coastal Current (EACC), South Indian Countercurrent (SICC), the Agulhas Current (AC) and
Mozambique Channel eddies (MZ-Eddies). The arrows indicate the direction of the flow. The cyclic features represent the eddy field, being clockwise for cyclonic eddies and
anticlockwise for anticyclonic eddies. The background contours show the isobaths at 200, 1000, 2000 and 4000 m. The grey shaded bathymetry is shallower than 200 m.
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The present generation of state-of-the-art numerical ocean
models have been shown to simulate the eddy regime in the
Mozambique Channel with a reasonable degree of accuracy
(Penven et al., 2006; Biastoch et al., 2008a; Backeberg et al.,
2009). An extensive comparison of observed and modelled trans-
port, seasonal cycle, and eddy frequencies in the narrows of the
channel, has been conducted by van der Werf et al. (2010). This
study suggested that the models in general overestimated the
seasonal cycle because the spectral density at other frequencies is
underrepresented. Van der Werf et al. (2010) used output from six
ocean general circulation models, based on similar general char-
acteristics, namely global ocean models using z-coordinate dis-
cretisation schemes.

Ocean models are usually classified according to their vertical
discretisation (Song and Haidvogel, 1994; Bleck, 2002; Chassignet
et al., 2006). In this study, the output from two regional models
with very different vertical discretisation schemes, and horizontal
grid resolutions, were compared against available observations.
The two models were the Regional Ocean Modelling System
(ROMS, Shchepetkin and McWilliams, 2005) and the Hybrid
Coordinate Ocean Model (HYCOM, Bleck, 2002). ROMS and
HYCOM are typical representatives of two alternatives of the
z-coordinate models. These two models are at the forefront of
new developments in ocean modelling, using alternative vertical
discretizations, to achieve a more realistic representation of the
ocean dynamics.

The regional models were specifically designed to accurately
simulate the dynamics of the greater Agulhas Current system
(details of these models are provided in section 2.1). The simulated
eddies in the Mozambique Channel were compared with eddies
observed from satellite altimetry using an eddy detection method
to track eddies and monitor their evolution as they propagate
southward through the Channel. Furthermore, the model-
altimetry comparison was augmented by an evaluation of the
model transport against observed transport through the narrows
of the Channel near 171S in a similar manner to van der Werf et al.
(2010).

2. Methods

2.1. Model description

2.1.1. Regional ocean modelling system
The Regional Ocean Modelling System (ROMS) is a primitive

equation model designed to realistically resolve basin-scale, regio-
nal and coastal ocean processes, at higher resolution (Shchepetkin
and McWilliams, 2005). The model has a free surface and uses a
topography-following s vertical grid. The higher order numerical
schemes of the model allow for an improved simulation of oceanic
mesoscale processes. The subgrid-scale vertical mixing is para-
meterized by the K-profile (KPP) scheme of Large et al. (1994). The
model uses a centred fourth-order horizontal tracer advection
scheme for potential temperature and salinity, with a biharmonic
diffusion operator rotated to follow the isopotentials (Marchesiello
et al., 2009). This feature minimises the problem of spurious
diapycnal diffusion which could arise in s-coordinate models.
At the open boundaries, the model uses an adaptive, mixed
passive-active implicit radiation scheme that connects the model
solution to the surrounding oceanic environment (Marchesiello
et al., 2001) A detailed description of the model is given by
Shchepetkin and McWilliams (2005).

2.1.2. The southwest Indian ocean model (SWIM) configuration
The ROMS based configuration (SWIM) encompasses the

southwest Indian Ocean. The configuration was built using the

ROMSTOOLS package (Penven et al., 2008) and has been specifi-
cally designed to simulate the dynamics of the Mozambique
Channel. The domain extends from 01 to 77.51E, and from 3o to
47.51S, with a horizontal grid of 1/51 (�21 km at the mean latitude
of the Channel). Considering that the first baroclinic Rossby radius
of deformation in the Mozambique Channel ranges from 40 km in
the south to 100 km in the north (Chelton et al., 1998), this
resolution is sufficiently fine to resolve the mesoscale dynamics
of the region. The model uses N¼45 sigma layers in the vertical,
with the controlling stretching parameters being Θs¼5.5 at the
surface, and Θb¼0 at the bottom. For the transition between the
layers, hc¼10 (Haidvogel and Beckmann, 1999).

The model topography was interpolated to the SWIM grid from
the GEBCO1 (Global Earth Bathymetric Chart of the Oceans) data.
In order to preserve important bathymetric features, while limit-
ing pressure gradient errors, the bathymetric smoothing factor
was kept equal to r¼∇h/h, where h is the depth of the bathymetry.
At the surface, SWIM was forced with monthly climatology fluxes.
The heat and fresh-water fluxes were derived from the COADS 1/2o

resolution data (Da Silva et al., 1994). The wind stress used in
the climatology experiment was derived from the QuickSCAT
satellite scatterometer for the period 2000–2007, gridded at 1/21
resolution.

For the open lateral boundaries, we used a monthly climatol-
ogy, gridded from the 1o World Ocean Atlas 2005 data (WOA2005,
Conkright et al., 2002). The level of no motion for the calculation of
the geostrophic currents at the boundaries was chosen to be
1000 m. A climatology experiment of the model was run for a 10
year period, and its outputs were averaged every 2 days. Inte-
grated volume properties have shown that the model reached its
dynamical equilibrium after a 3 year interval, therefore, we
analysed SWIM outputs from year 4 to year 10. The ability of
SWIM to accurately simulate the mesoscale variability in the
southwest Indian Ocean has been demonstrated by Halo (2012).

2.1.3. Hybrid coordinate ocean model
The Hybrid Coordinate Ocean Model (HYCOM, Bleck, 2002) is a

primitive equation model that combines the optimal features of
isopycnic-coordinate and fixed-grid ocean circulation models in
one framework, dynamically changing its vertical layer distribu-
tion between isopycnic (ρ) and Cartesian coordinates, adjusting to
an optimal structure regularly. This adaptive (hybrid) vertical grid
conveniently resolves regions of vertical density gradients, such as
the thermocline and surface fronts.

A 1/10o resolution of HYCOM for the greater Agulhas Current
system, with 30 vertical hybrid layers, was run in a 1-way nested
configuration, where a coarser basin-scale HYCOM of the Indian
and Southern Ocean (George et al., 2010) provides lateral bound-
ary conditions for the regional model. For the slowly varying
variables, the boundary condition calculations are based on the
flow relaxation scheme (FRS, Davies, 1983) and the barotropic
variables are treated in a hyperbolic wave equation for pressure
and vertically integrated velocities (Browing and Kreiss, 1982,
1986), such that variability simulated in the outer model is
transmitted to the regional model.

The geographical domain of the regional nested model of the
greater Agulhas Current system extends from 0o to 601E and from
10o to 501S, which includes the Mozambique Channel. The nested
model was initialised from a balanced field from the outer model,
interpolated to the high resolution grid, and following a long spin-
up period. Data from years 2001 to 2010 of the free-running hind-
cast simulation were used.

The model bathymetry was also derived from GEBCO1, which
was interpolated to the model grid. Both the nested and outer
HYCOM models were forced interannually, with six hourly

I. Halo et al. / Deep-Sea Research II 100 (2014) 38–5340



synoptic atmospheric forcing fields from ERA40 before 2002 and
then using the operational analyses from the ECMWF. Cloud cover
data from the Comprehensive Ocean-Atmosphere Data Set
(COADS, Slutz et al., 1985) and precipitation data from Legates
and Willmott (1990)were also applied. The ability of the nested
model to realistically simulate the region has been documented by
Backeberg et al. (2008, 2009). In particular the importance of a 4th
order momentum advection scheme is highlighted, which greatly
improved the dynamics of the model.

2.2. Data

2.2.1. Satellite altimetry data
Satellite altimeters provide information about variations in sea

surface height, useful to study mesoscale ocean variability in
regions where the internal deformation radius is higher than the
resolution of the merged data. In regions where in situ observa-
tions are sparse, such as the Mozambique Channel, studies rely
heavily on such altimeter observations. To date, altimetry data
spans almost two decades, starting October 14, 1992.

The gridded data product produced by Ssalto/Duacs and distrib-
uted by AVISO, with support from CNES, combines altimeter mea-
surements from a number of satellites through an interpolation
mapping technique (Ducet et al., 2000). In this study, we used these
gridded maps of absolute dynamic topography, that combine sea
level anomaly observations merged from Jason-1, Envisat, GFO, ERS-1,
ERS-2 and Topex/Poseidonwith the Rio09 mean dynamic topography
(Rio et al., 2011). The data are provided globally on a regular
interpolated grid with a spatial resolution of 1/4o�1/4o, every 7 days.

2.2.2. LOCO data
To evaluate the volume transport and its variability in the

models, their outputs are compared with in situ observations from
the Long-term Ocean Climate Observation program (LOCO, de
Ruijter et al., 2006; Ridderinkhof et al., 2010). The LOCO mooring
array is situated across the narrows of the Channel near 171S, and
each mooring includes current metres, temperature-conductivity-
pressure sensors and Acoustic Doppler Current Profilers (de Ruijter
et al., 2006; Harlander et al., 2009; van der Werf et al., 2010). This
array has consistently measured mass and heat transport through
the Mozambique Channel since 2003, following a pilot study in
2000–2001, thus representing the longest time series of in situ
observations ever recorded in the Mozambique Channel. Details
concerning the LOCO data, instruments and deployment strategy
are given by Ridderinkhof et al. (2001), de Ruijter et al. (2002),
Ridderinkhof and de Ruijter (2003), and Harlander et al. (2009).
In the present study we used the data collected from 23 November
2003 to 16 December 2009, corresponding to four deployment
periods, between which moorings were recovered, serviced and
redeployed.

2.3. Eddy detection and tracking algorithm

Since the ocean circulation in the Mozambique Channel is
dominated by the propagation of mesoscale eddies (de Ruijter
et al., 2002), it is important that model simulations capture their
properties adequately. In order to compare observed eddy proper-
ties to those simulated in the models in a robust and consistent
manner, an eddy detection scheme was implemented.

Among the numerous algorithms employed, the two methods
generally used with altimetry data are the methods based on
geometric criteria, for example, detecting closed loops in SSH
(Chelton et al., 2011), and the methods based on local deformation
properties of the flow, mostly selecting regions where the Okubo-
Weiss parameter is below a negative threshold (Isern-Fontanet

et al., 2006; Chelton et al., 2007) (i.e. where the flow is domina-
ted by vorticity). The Okubo-Weiss parameter is defined as
W¼Sn

2þSs
2�ξ2, where Sn¼∂u/∂x�∂v/∂y, Ss¼∂v/∂xþ∂u/∂y, and

ξ¼∂v/∂x�∂u/∂y (Okubo, 1970; Weiss, 1991), where u and v are
the velocity components in the x and y directions.

In the case of altimetry, W is based on second derivatives of
SSH. This amplifies the errors in measurements and interpolations,
resulting in a significant level of noise (Chelton et al., 2011; Souza
et al., 2011). A second problem is the sensitivity of the method in
the choice of the threshold in W used for eddy detection (Chelton
et al., 2011). Methods based on geometric criteria have appeared
less problematic and have been shown to yield improved results
compared to the Okubo-Weiss parameter (Chaigneau et al., 2008;
Chelton et al., 2011; Souza et al., 2011). Nevertheless, they still
require a threshold level to be set in for the SSH anomalies and/or
criteria based on the shape of the detected structures (Chelton
et al., 2011; Kurian et al., 2011).

To compare eddy statistics from different sources (altimetry
and two ocean models), we need an algorithm independent of
tunable parameters. By combining the Okubo-Weiss and geo-
metric methods, the number of parameters is reduced. In this
case, a geostrophic eddy is defined as contained within a close
loop of SSH and dominated by vorticity (Wo0). With a recently
published improved mean dynamic topography (Rio et al., 2011) it
is now possible to apply the eddy detection scheme to absolute
SSH data rather than sea level anomalies. This has two major
advantages in that (1) it prevents the spurious detection of current
meanders, which are often associated with closed sea level
anomaly loops, and (2) in a system dominated by large antic-
yclonic eddies, such as the Mozambique Channel, negative values
of SSH anomalies are often interpreted simply as the absence of an
anticyclonic eddy rather than the presence of a cyclonic eddy
(de Ruijter et al., 2002). No specific treatment such as high pass
filtering was applied to SSH.

An example of the application of the eddy detection scheme is
given in Fig. 2 for 15 September 2003 (i.e. the date used by
Weimerskirch et al., 2004). Initially the Okubo-Weiss parameter
(W) was computed from the geostrophic velocities. Two passes of
a Hanning filter were applied to reduce the grid scale noise.
Regions dominated by vorticity were then represented by the grey
contours in Fig. 2A. As discussed in Chelton et al. (2011), there is a
high level of noise and several selected regions are obviously not
mesoscale eddies. Next, regions inside a closed loop of SSH were
selected. To prevent selecting an ocean gyre as a closed loop, a
diameter limit of 600 km was set. Fig. 2B presents the features
detected in the Mozambique Channel using this method. As noted
by Chelton et al. (2011), in the case of altimetry, the geometric
method appears to be more successful in detecting mesoscale
geostrophic eddies. However, several problems still remained.
Several structures with multiple cores were selected, for example
at 171S in the Mozambique Channel and at 241S along the
Mozambican coast, and elongated loops for example near 201S
west of the Madagascar West Coast.

By combining the regions of negative W (Fig. 2A) and the
regions embedded in SSH closed loops (Fig. 2B), we obtained a
more consistent pattern where the spuriously detected features
associated with noise in W were excluded and the ambiguities in
multi-poles/elongated closed loops were removed (Fig. 2C). Note
for example the detection of a typical anticyclonic Mozambique
Channel eddy between 161S and 181S in Fig. 2C and D in
comparison with the pattern detected in Fig. 2A and B.

Three tunable parameters still remained: the interval between
the contours for closed loop detection (2 cm), the maximum size
of a closed loop (600 km), and the number of passes of the
Hanning filter on W (2). Tests have shown that the number of
detected eddies is not very sensitive to these parameters. They
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were kept identical when detecting eddies from altimetry and the
two different ocean models.

The algorithm used to track eddies in time follows the method
proposed by Penven et al. (2005), where an eddy detected in one
frame is the same eddy in the subsequent frame if a generalised
distance in a non-dimensional property space is minimum:

Xe1;e2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððΔX=X0Þ2þðΔR=R0Þ2þðΔξ=ξ0Þ2Þ

q
ð1Þ

where ΔX is the spatial distance between the eddy centres e1 and
e2, ΔR is the variation of diameter, Δξ is the variation of vorticity,
X0 is a characteristic length scale (25 km), R0 is a characteristic
radius (200 km), and ξ0 is a characteristic vorticity (10�5 s�1). Xe1,

e2 is considered infinite if there is a change of sign in vorticity to
ensure that no cyclone becomes an anticyclone (i.e., the eddy
should preserve its polarity). This eddy detection method is coded
in MatLab and is freely available at http://www.simocean.org.za/
tooleddy.php. Only eddies with a life-time greater than 30 days
were considered in the present study.

3. Results

3.1. Transport at 171S

The left panels in Fig. 3 show the total meridional transport
across the narrows of the channel at 171S for (a) LOCO, (b) SWIM
and (c) HYCOM. The location of the section fromwhich data for the

models was extracted is shown in Fig. 4A. The right panels in Fig. 3
show the corresponding power density spectrum, based on
a Multitaper Spectral Analysis. The spectrum is presented on a
logarithmic scale to highlight a wider range of variability, espe-
cially the higher frequencies.

The observed mean poleward transport from LOCO was 16.3 Sv,
while the simulated mean transports from SWIM and HYCOM
were 18.6 Sv and 24.3 Sv respectively (1 Sv¼106 m3 s�1). Max-
imum variations of the transport range from approximately 60 Sv
southward to 40 Sv northward for LOCO. For SWIM the transport
variations ranged from 60 Sv southward to 25 Sv northward, while
for HYCOM transports were predominantly southwards with
variations ranging from 3 Sv to 45 Sv.

The mean transport in SWIM was comparable in magnitude to
the observations from LOCO, while HYCOM overestimated the
mean transport by about 50%. Nevertheless, HYCOM was able to
reproduce the interannual variability, in particular the increased
poleward transport occurring from 2005 to 2007. High frequency
transport fluctuations in LOCO showed strong levels of variability
that overwhelm the seasonal cycle. These higher frequency signals
were only partially represented in HYCOM, with a reduced
strength (one order of magnitude) of the frequencies exceeding
eight cycles per year. In SWIM, these high frequency signals were
two orders of magnitude below the observed power density
spectrum.

In the power density spectra (right panels of Fig. 3), the
frequency range of variability can be separated into three bands
of frequency: above 10 yr�1 (high frequencies), between 3 yr�1

Fig. 2. Evaluation of the automatic eddy detection algorithm: (A) regions of negative Okubo-Weiss parameter, (B) regions enclosing a closed loop of SSH, (C) combination
between Okubo-Weiss parameter and closed loop of SSH, (D) final result of the eddies identified and selected (A: anticyclones, C: cyclones). Black contours in the background
correspond to the mean SSH. Data selected for 15 September 2003, as used by wei04, for comparison purposes.
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and 10 yr�1 (typical of the mesoscale regime), and below 3 yr�1

(the annual and semi-annual cycle, and interannual variations).
Considering the model representations, it appears that the models
overestimated the lower frequencies (i.e. the seasonal cycle), and
underestimated the higher frequencies, with stronger exaggera-
tion in SWIM than in HYCOM. In the mesoscale regime (i.e. range
between 3 yr�1 and 10 yr�1), the magnitude of the density spectra
were in good agreement with the observations.

3.2. Variability of SSH

Fig. 4 shows the root mean square (RMS) of SSH, for altimetry
from 14 October 1992 to 31 March 2010 (Fig. 4A), for SWIM for
7 years of climatology run (Fig. 4B), and for HYCOM from 2001 to
2010 (Fig. 4C). Enhanced levels of RMS SSH are representative of
mesoscale variability. Both models were able to reproduce the
enhanced mesoscale variability observed in the central Mozambi-
que Channel, including the pattern that resulted from the south-
ward propagation of these eddies travelling close to the
Mozambican coastline (de Ruijter et al., 2002). HYCOM simulated
maximum RMS magnitudes (�20 cm) occurring in the central
Mozambique Channel, comparable to the observations from alti-
metry. Although the geographical extent of RMS exceeding 20 cm
was limited to a smaller region, confined to the western part of the
domain south of 201S. SWIM overestimated the RMS by almost
50%. Furthermore, the spatial extent of these high levels of
variability was broader, both to the north and in the centre of

the Channel. In the southeastern region, the variability in both
models is approximately 50% less than observed from altimetry.

3.3. Eddy vertical structure at 171S

The vertical velocity structure across a Mozambique Channel
anticyclonic eddy at 171S, as described by de Ruijter et al. (2002),
from SWIM and HYCOM is given in Fig. 5. These snapshots confirm
that the eddies simulated in the models have similar vertical
structures as those observed from in situ measurements
(de Ruijter et al., (2002), see their Fig. 4B for comparison). The
eddies are large, spanning almost the entire width of the narrow
channel. They also reach the bottom of the channel, which is about
2500 m deep. This is consistent with observations (de Ruijter et al.,
2002; Ridderinkhof and de Ruijter, 2003). SWIM simulated a
maximum surface poleward flow of �1.1 m s�1 at the western
boundary of the section (Mozambique side), and an equatorward
component at the eastern boundary (Madagascar side) which was
relatively smaller (0.8 m s�1). To the east of the eddy, a poleward
surface flow was also evident over the Madagascar continental
slope, with a maximum velocity of �0.1 m s�1 centred near
500 m. This southward flow, also mentioned by Harlander et al.
(2009), may be the precursor of an anticyclonic eddy forming in
the centre of the Channel. HYCOM also reproduced comparable
magnitudes, with a poleward component of �1.2 m s�1 and an
equatorward component of �0.9 m s�1. The poleward surface
flow to the east of the eddy over the Madagascar continental
slope was also evident, with a maximum velocity of �0.5 m s�1
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centred near the surface (�100 m depth). The eddy in SWIM
reached the Channel bottom with a maximum poleward compo-
nent of 0.2 m s�1 and an equatorward component of �0.1 m s�1,
while HYCOM reached the Channel bottom with a maximum
poleward component of �0.3 m s�1 and an equatorward

component of �0.1 m s�1. The eddies appeared to be surface
intensified and exhibited a strong barotropic component as also
reported in observational studies (de Ruijter et al., 2002;
Ridderinkhof and de Ruijter, 2003; Schouten et al., 2003). Inter-
estingly, the HYCOM section was able to simulate the deep
equatorward flow of the Mozambique Undercurrent, centred at
an intermediate depth of �1500 m, on the western side of the
section over the Mozambican continental slope. This is also
consistent with in situ observations (de Ruijter et al., 2002). On
the other hand, SWIM simulated a relatively stronger poleward
Undercurrent, with a maximum of 0.2 m s�1 at the eastern
boundary of the Channel below 2000 m. In general, and in
comparison to van der Werf et al. (2010), the vertical structure
of the eddies seems to be well represented in the two regional
models.

3.4. Eddy generation site and trajectories

Fig. 6 shows the positions and trajectories of eddies tracked in
the Mozambique Channel over a 5 year period for eddies with a
life time longer than 30 days. Only eddies between 32o–48.5oE and
24o–141S were tracked. From this data it was possible to identify
regions in the Mozambique Channel favoured by cyclonic or
anticyclonic eddies, their formation and pathways. The eddy
formation site is indicated by black circles, and their trajectories
are represented by continuous lines. Large anticyclonic eddies
(radius Z100 km) are presented in red. A high concentration of
circles can be considered as a primary site for eddy generation.

Anticyclonic eddies (left panels, Fig. 6), tended to form near 121S
to the west of Cape Amber, between Madagascar and Mozambique
around the Comoros Archipelago. Interestingly, these data identify
a secondary anticyclonic eddy formation region south of the
narrows in the eastern boundary of the Channel near 201S, 431E.
This secondary site was evident in the altimetry and both model
simulations and has to date not been discussed in the literature.

Cyclonic eddies (right panels, Fig. 6) appear to be ubiquitous
and their distribution in the channel is less defined. Nevertheless
there was a tendency toward favouring the eastern part of the
channel near the Madagascar coastline. A localised site for gen-
eration of cyclonic eddies appears to be at the northern entrance
of the narrow channel, near 161S, 441E. At the western edge of the
Channel near the Mozambique coast (Fig. 6) there was a localised
site for the generation of cyclonic eddies near 171S. In the south, at
the eastern edge of the Channel, a site for cyclonic eddy formation
was evident near 241S, 441E.

Anticyclonic eddies displayed a very regular southward propa-
gation, predominantly tracking in the western part of the Channel
closely following the Mozambique coastline. This was particularly
true for the large anticyclones. On the other hand, cyclonic eddies
appeared to propagate mostly in a southwestly direction.

Fig. 7 shows the frequency of occurrence for both cyclonic and
anticyclonic eddies (in %), on a 1/2o�1⧸2ο grid for all the eddies
tracked from 14 October 1992 to 31 March 2010. Higher frequen-
cies were more evident for anticyclonic (left panels Fig. 7) than
cyclonic eddies (right panels Fig. 7). For anticyclonic eddies, higher
frequencies appeared also along the western boundary of the
Channel, indicative of the eddies propagating southwestly along
the main pathway. A secondary propagation pathway seems to
begin in the eastern part of the channel, near 20οS, 44οE, and was
more south-southwesterly, consistent with Fig. 6.

3.5. Eddy statistical census

Table 1 summarises the basic eddy properties (such as the
number of eddies tracked per year, their mean lifetime, amplitude
and diameter) from 14 October 1992 to 31 March 2010 for AVISO,

Fig. 4. Ocean variability expressed as root mean square of sea surface height (cm):
(A) AVISO, (B) SWIM and (C) HYCOM.
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a 7 year climatology run for SWIM and from 2001 to 2010 in
HYCOM. From this data it is evident that there were more cyclonic
than anticyclonic eddies in the Channel each year. Cyclonic eddies
were in general smaller, with shorter life-spans, and had lower
amplitudes than anticyclonic eddies. Overall, the modelled eddy
properties were comparable with observations. The altimetry data
indicated that a total of 39.2 cyclonic and anticyclonic eddies were
tracked in the Channel each year, 56.4% of these were cyclonic,
while 43.6% were anticyclonic.

In SWIM, an average total of 34.0 eddies were tracked each
year, with 51.5% being cyclonic and 48.5% anticyclonic. The total
number of anticyclonic eddies in SWIM was in good agreement
with altimetry, while the number of cyclonic eddies was under-
estimated by 22.6%. Also, the anticyclonic eddies in SWIM were
larger by �17%. The SWIM anticyclones had 50% higher ampli-
tudes than observed in altimetry. The 50% exaggeration in SSH
RMS may be explained by this overestimate in anticyclonic eddy
amplitude. The amplitudes and diameters of cyclonic eddies

39

39.5

40

40.5

41

41.5

42

42.5

43

43.5

44

−2500 −2000 −1500 −1000 −500 0

Lo
ng

itu
de

 [E
]

Depth [m]

−1.1

−1−0.9
−0.8
−0.7

−0.6

−0.6

−0.5

−0.5

−0.4

−0.4

−0.4

−0.4

−0.3

−0.3

−0.3
−0.3

−0.2

−0.2

−0.2

−0.2
−0.2

−0.2

−0.2

−0.1

−0.1

−0.1

−0.1

−0.1

−0.1

−0.1

−0.1

−0.1

−0.1

−0.1

0.1
0.1 0.1

0.1

0.1

0.1
0.1

0.1
0.1 0.1

0.2
0.2

0.2

0.2

0.2

0.3

0.3

0.4 0.5
0.6
0.7
0.8

−1

−0.9−0.8−0.7−0.6−0.5

−0.5

−0.4

−0.4

−0.3−0.3

−0.3
−0.3

−0.3

−0.3

−0.3

−0.2−0.2

−0.2

−0.2 −0.2

−0.2

−0.2

−0.1

−0.1−0.1

−0.1

−0.1
−0.1

−0.1

−0.1

0.1 0.1
0.1

0.10.1
0.1

0.1

0.1

0.2

0.2

0.3

0.4
0.5

0.6
0.70.8

39

39.5

40

40.5

41

41.5

42

42.5

43

43.5

44

Lo
ng

itu
de

 [E
]

−2500 −2000 −1500 −1000 −500 0

Depth [m]

Fig. 5. Eddy vertical structure at 171S: (A) SWIM, (B) HYCOM. See Fig. 4A for the section line. The thin continuous (discontinuous) isolines indicate poleward (equatorward)
flow. The continuous bold contour indicate the isoline of 0 m s�1. Within the 0 m s�1 bold contour the flow is equatorward in the western side of the channel and poleward
in the eastern side. Note that the topography in SWIM is not accurately represented due to its relatively lower resolution.

I. Halo et al. / Deep-Sea Research II 100 (2014) 38–53 45



were reasonably well represented in SWIM, but their lifes-
pan was underestimated by 37.6% compared to the altimetry
observations.

In HYCOM, an annual mean total of 50.6 eddies was found, with
58.7% being cyclonic and 41.3% anticyclonic. The total number of
cyclonic and anticyclonic eddies in HYCOM was relatively higher
than the altimetry observations. The number of cyclonic eddies
was overestimated by about 34.4% and the anticyclonic by about
22.2%. The eddies in HYCOM were generally smaller, with reason-
ably sized anticyclonic eddies, but the cyclonic eddies were

underestimated by 23%. Similarly, the amplitude of the antic-
yclonic eddies in HYCOM was comparable to altimetry, but the
amplitude of the cyclones was underestimated by 45%. The life-
time of the cyclonic eddies simulated in HYCOM was comparable
to those observed from altimetry. However, the lifespan of antic-
yclonic eddies was overestimated by 22%.

Fig. 8 shows the frequency distribution of the eddy diameters, for
altimetry, SWIM and HYCOM. The cyclonic eddies (Fig. 8, upper
panels) observed by altimetry had a near symmetric distribution in
terms of their radius, centred around 70 km. This is in agreement

Fig. 6. Tracks of eddies for a 5 year period and their formation sites: (A,C,E) anticyclonic eddies (black) and rings (red), (B,D,F) cyclonic eddies. Solid black circles indicate the
formation site, and the lines show their trajectories. Background contours are the isobaths at 500, 1000, 3000, 5000 m. The horizontal dashed lines at 141S and 241S (A, B)
limit the area in which the study was made. (A, B)-AVISO, (C, D)-SWIM, (E, F)-HYCOM.
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with SWIM, while in HYCOM the highest peak was centred at
40 km radius. The peak at 70 km corresponds to the mean
baroclinic Rossby radius of deformation in the Mozambique
Channel (Chelton et al., 1998), which is consistent with the
expected size of the mesoscale oceanic turbulence at this latitude.

In contrast to cyclonic eddies, anticyclones exhibited a bi-modal
distribution, with observed diameters peaking at 60 km and 100 km
for AVISO. In SWIM, the two peak diameters peaks were slightly
larger at 70 km and 120 km, while in HYCOM they were in good
agreement with the altimetry observations of 60 km and 100 km.
The eddy radius of 100 km appears to be the cut off scale (Fig. 8),
separating the larger from the smaller mode (i.e. first mode: eddy
radius o100 km; second mode: eddy radius Z100 km).

The total number of anticyclones in each mode can be esti-
mated by dividing their number by the total number of years that

they were tracked. In the first mode, the following yearly averages
were obtained: 12.7 for AVISO, 9.9 for SWIM, and 15.2 for HYCOM.
The same calculation for the second mode yielded 4.4 for AVISO,
6.7 for SWIM and 5.7 for HYCOM. Note that the number of
anticyclonic eddies per year in the second mode is in good
agreement with the frequency of about 4–6 large anticyclonic
eddies per year observed at the narrows of the Channel (Schouten
et al., 2003; Harlander et al., 2009; van der Werf et al., 2010).
Hence this second mode corresponds to the large Mozambique
Channel anticyclones described in the literature (de Ruijter et al.,
2002; Ridderinkhof and de Ruijter, 2003; Schouten et al., 2003).

The marked bimodal distribution in the radius of the antic-
yclones was an indication of the presence of two different types of
anticyclonic coherent structures in the Mozambique Channel.
To distinguish between these two types, a composite of sea surface

Fig. 7. Frequency of occurrence of all tracked eddies in % within an area of ½o�½o grid size: (A, B) AVISO anticyclones and cyclones, (C, D) SWIM anticyclones and cyclones,
(E, F) HYCOM anticyclones and cyclones.
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height, azimuthal velocity and vertical component of vorticity as a
function of the distance from the centre of the eddies was derived
from SWIM simulation, from year 4 to year 10 in the region
24o–141S and 32o–47oE (Fig. 9). Only one model simulation is
presented here for clarity. These properties were averaged for all
the cyclones, anticyclones with a radius shorter than 100 km, and
anticyclones with a radius larger than 100 km. The radial distances
were addimentionnalized by the radius of each eddy. Inspection of
Fig. 9 shows that the sea surface height roughly follows a typical
"bell shape" pattern around the centre of each type of eddy
(Fig. 9A), in agreement with (Chelton et al., 2011). While the
amplitude and the slope were much larger for the large antic-
yclones, the small anticyclones and the cyclones presented a
similar structure. The sharp slope in sea surface height coincided
with a maximum in azimuthal velocity at the edge of the large

anticyclones (Fig. 9B). This confirmed the ability of the eddy
detection method for detecting eddy radii. The azimuthal velocities
followed the piecewise model proposed by Castelão and Johns
(2011) for the North Brazil Current rings: a quasi linear profile for
roReddy and an exponential decay for r4Reddy (r being the radial
distance to the eddy centre and Reddy being the eddy radius). The
smaller anticyclones and the cyclones followed a relatively flat
Gaussian profile. This pattern was confirmed by vorticity: a shape
close to a bell profile for the cyclones and the small anticyclones
(with a lower amplitude for the cyclones) (Fig. 9C). For the large
anticyclones, the vorticity followed the pattern described by
Castelão and Johns (2011): a plateau in the core of the vortex,
followed by a sharp transition to an annulus of cyclonic vorticity
"shield" at the edge of the vortex (see their Fig. 6). In agreement
with Castelão and Johns (2011), this shows that the large antic-
yclonic structures propagating along the western side of the
Mozambique Channel are actually rings.

Fig. 10 presents the eddy mean characteristics (amplitude (n), total
life-time (T) and travelling distance (D)) per class of radius (R by steps
of 10 km) for AVISO, SWIM and HYCOM. In all datasets, for
Ro100 km, the increase in n is associated with an increasing R. For
AVISO (Fig. 10A) it followed a near-linear relationship (y¼3.3�
10�6�R�0.13, r¼0.77). This relationship did not hold in the case
of the rings (i.e. RZ100 km), with a mean amplitude of 28 cm. SWIM
(Fig. 10B) and HYCOM (Fig. 10C) also reproduced a similar pattern to
that observed in AVISO, although with a reduced slope. In SWIM the
linear fit (for R o100 km) is characterised by y¼2�10�6 �R�0.05,
(r¼0.70), and in HYCOM it is given by y¼2.1�10�6�R�0.05,
(r¼0.79). SWIM overestimated the mean amplitude of the rings by
10 cm, while HYCOM only slightly overestimated by 2 cm.

Table 1
Eddy properties derived from tracked eddies with a lifetime 430 days, for number
of eddies (N), mean lifetime (τ), mean amplitude (η), and mean diameter (L).

Eddy N [eddies yr�1] τ [day] η [cm] L [km]

Altimetry
Cyclones 22.1 85.0 11.0 139.0
Anticyclones 17.1 101.0 14.0 157.0
SWIM
Cyclones 17.5 53.0 9.0 137.0
Anticyclones 16.5 96.0 21.0 184.0
HYCOM
Cyclones 29.7 76.0 6.0 106.0
Anticyclones 20.9 123.0 12.0 138.0
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Although there was a monotonous increase of the eddy life-
time with increasing radius, the eddy size distribution (for
R o100 km) was statistically weak (Fig. 10D) when taking all
the eddies with R o100 km into account. The rings in AVISO had
a mean life expectancy of �127 days, while an average for SWIM
was 12 days less, and in HYCOM 22 days longer.

There was no clear linear relationship for the eddy maximum
travelling distance as a function of its radius. Although the models
agreed in the representation of the travelling distance for the
cyclonic structures that were below 500 km, they exaggerated the
distance travelled by the rings, with a mean of 1463 km for SWIM
and 1837 km for HYCOM (which is consistent with the longer
life span of rings in HYCOM). For SWIM, the small anticyclones
(R o100 km) had a longer life span (Fig. 10E) and travel further
(Fig. 10H) than the cyclones. This pattern was not evident in
HYCOM nor AVISO.

4. Discussion

By comparing the LOCO volume transport and its variability
with the output from SWIM and HYCOM at 171S, it was evident
that the models were able to reproduce, with reasonable accuracy,
the variability of the transport in the mesoscale range. Both
models reproduced the mean transport although it was exagger-
ated in HYCOM. This could be associated with the representation
of the remote influence of the Indonesian Throughflow in the
basin-scale model used to provide the boundary conditions for the
regional Agulhas HYCOM (George et al., 2010). The seasonal cycle
was also exaggerated, particularly in SWIM. In this case, it may be
related to the monthly climatological forcing fields used to drive
the model. This was improved in HYCOM, that was forced using
inter-annual fields and lateral boundary conditions.

At the mesoscale frequency range (�3 to 8 cycles yr�1), the
models were able to reproduce the observed power density
spectra accurately (Fig. 3). The difference between the models
and the observations was only �1 Sv2 yr�1. This suggested that,
for these models, the misrepresentation of the eddy activity was
not the cause of the exaggerated seasonal cycle. An alternative
mechanism to that proposed by van der Werf et al. (2010) must
therefore be responsible. A possibility could be associated with the
variability of the wind field over the western Indian Ocean as
proposed by Ridderinkhof et al. (2010).

At frequencies higher than the mesoscale (48 cycles yr�1), the
power density spectra of SWIM and HYCOM were significantly less
than observed. The underestimate in SWIM was almost two orders
of magnitude, while in HYCOM it was approximately one order of
magnitude. This underestimate of higher frequencies was most
likely associated with small scale processes that were not resolved
in the monthly climatology forcing in SWIM, and subgrid scale
dynamics that the models were unable to resolve.

Both models were able to reproduce the pattern of SSH
variability. It is important to mention that for both models and
observation, the SSH variability was computed by removing the
seasonal cycle. However, SWIM (Fig. 4B) appeared to exaggerate
the level of variability in the centre of the Channel compared to
observations, while in HYCOM (Fig. 4C) this was slightly under
represented. For SWIM, the overestimation of the SSH variability
appeared to be influenced by the observed overestimation of the
mean amplitude and diameter of the anticyclonic eddies (Table 1),
suggesting that the anticyclonic eddies dominated the signals of
the mean SSH. On the other hand, for HYCOM, the under repre-
sentation of the variability appeared to be influenced by the
observed under estimation of the mean amplitude and diameter
of the cyclonic eddies (Table 1). In terms of the spatial spreading
of the SSH variability, SWIM appeared to overestimate the
signals in the northern part of the channel, which seemed to
originate at the northern tip of Madagascar and propagated into
the Channel. In the southeast of the Channel (south of 201S),
both SWIM and HYCOM appeared to underestimate the spatial
spread. This suggested that the models produced fewer eddies in
this part of the channel.

The vertical structures of the eddies simulated by the two ocean
models (Fig. 5) were in good agreement with observations (de
Ruijter et al., 2002; Ridderinkhof and de Ruijter, 2003). Anticyclonic
eddies observed at 171S were wider, over 300 km, and had a strong
barotropic signal, reaching the bottom, with velocities of 0.1 m s�1

(de Ruijter et al., 2002; Ridderinkhof and de Ruijter, 2003). This was
also the case for the eddies simulated in SWIM and HYCOM (Fig. 5).
The trajectories of the anticyclonic eddies on the western side of the
Channel indicated that they were steered by topography. On the
other hand, cyclonic eddies predominantly occurred at the edges of
anticyclonic eddies, suggesting that cyclonic eddies may be spun up
by the activity of anticyclonic eddies.
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A preferential site for anticyclonic eddy formation appeared to
be in the north around the Comoros Archipelago, at about 121S
between Madagascar and Mozambique. The centre of the Channel
near 201S, 431E, also appeared to be a site favouring anticyclonic
eddy formation. To the south of the tracking domain, anticyclonic
eddy generation was also evident near 231S, 431E. This pattern was

also evident in the ocean models, but less so in SWIM compared to
HYCOM. This may be due to the higher resolution and longer time
series of the HYCOM configuration.

The generation site identified around the Comoros Archipelago
(Fig. 6) is in agreement with the eddy formation process discussed
by Backeberg and Reason (2010). Positive vorticity (anticyclonic
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vorticity) and shear instabilities are generated at Cape Amber by
the friction between the SEC and the coastline (Biastoch and
Krauss, 1999), contributing toward the eddy formation process.
Although maximum shear occurs at Cape Amber, the eddies were
only fully formed and detected to the west of the Cape. Note that
to the west of Cape Amber lies the Comoros Archipelago, which
consists of four islands extending zonally from Madagascar to the
African continent, located in a region of rough topography char-
acterised by shallow oceanic banks. These local features may also
influence the generation of the eddies in the region.

Previous studies have shown that the generation of Mozambi-
que Channel eddies may be related to the arrival of baroclinic
Rossby waves that propagate westward across the Indian Ocean at
121S (Schouten et al., 2002), or local generation of barotropic
Rossby waves with periodicity of 50–55 days (Schott et al., 1988).
Positive vorticity anomalies can be traced from Cape Amber to the
western edge of the Mozambique Channel (Backeberg and Reason,
2010), where the eddies form (Fig. 6).

Cyclonic eddies have been shown to originate mostly along the
eastern boundary of the Channel. Also, a localised site for genera-
tion of cyclonic eddies was evident at the western boundary of the
Channel, near the narrows around �16.51S. This is consistent with
the formation of lee coastal trapped cyclonic eddies mentioned by
Lutjeharms (2006, see Fig. 3.25). Note that this is also a place
where the Angoche upwelling occurs (Lutjeharms, 2006).

The cyclonic eddies generated in the eastern part of the central
Channel propagated southwestward. The formation of cyclonic
eddies within the Channel could explain the origin of some
cyclonic eddies found in the work of Gründlingh (1995) and
Quartly and Srokosz (2004). This also corroborates Harlander
et al. (2009), who suggested that cyclonic eddies in this region
could be expected, but weaker and less consistent when compared
with the regular presence of the anticyclonic eddies.

The formation of cyclonic eddies near the southeastern boundary
of the Channel was also enhanced. These eddies may be formed due
to turbulence associated with currents interacting with the con-
tinental shelf of Madagascar. Furthermore, the tracking algorithm
located a number of eddies formed to the southwest of Madagascar
in all three data sets. This is in agreement with previous studies
(Quartly and Srokosz, 2004; de Ruijter et al., 2004; Siedler et al.,
2009), inferring that cyclonic eddies are generated by the friction at
the inshore edge of the southern extension of the South East
Madagascar Current with the continental shelf, as the current flows
past the southern tip of Madagascar. Inspection of the region south
of the tracking domain for AVISO provided evidence that some
eddies could be generated outside of the Channel, especially south-
east of Madagascar and migrate into the southern Mozambique
Channel. This is consistent with previous observations by Quartly
et al. (2006) and Morrow et al. (2004).

The large anticyclonic rings originating from the northern
Mozambique Channel tended to propagate southwestwards fol-
lowing the African coastline (Fig. 7), in agreement with previous
studies (Schouten et al., 2003). In contrast, anticyclonic eddies
generated in the eastern part of the channel were smaller and
their size was in a similar range to the single mode distribution of
the cyclonic eddy field. This length scale is characteristic of
baroclinic instabilities.

The frequency of occurrence of eddies (Fig. 7) closely agrees
with the distribution of SSH variability (Fig. 4) and eddy trajec-
tories (Fig. 6). The pattern confirmed the previous discussion
regarding formation sites of eddies as well as their trajectories.
AVISO and HYCOM suggested that the secondary anticyclonic eddy
generation site (near 201S, 431E) was connected with the narrows
of the Channel, whereas in SWIM such a connection was not
evident, suggesting an independent eddy formation mechanism.
More eddies have been found in HYCOM and less in SWIM, when

compared to AVISO (Table 1). This was most likely associated with
the higher horizontal resolution of the HYCOM configuration.

Cyclonic eddies were found to have a single mode distribution,
associated with the Rossby radius of deformation. The anticyclonic
eddies, on the other hand, appear to have a bi-modal distribution,
suggesting two different formation mechanisms: mesoscale ocea-
nic turbulence associated with the Rossby radius of deformation at
that latitude, and a mechanism independent of the baroclinic
Rossby radius of deformation, similar to Agulhas retroflection
eddies, associated with the connection to South Equatorial
Current.

In the first mode, SWIM simulated fewer eddies compared to
AVISO, while in HYCOM there were more eddies. But in the second
mode, SWIM and HYCOM simulated more rings than observed
from altimetry, with more rings in SWIM than in HYCOM. Though
the models appeared to produce a higher number of rings, they
were in good agreement with observational studies reporting an
average of 4–6 large anticyclones per year at the narrows of the
Channel (de Ruijter et al., 2002; Schouten et al., 2003; Harlander
et al., 2009; van der Werf et al., 2010). This result infers that the
second mesoscale mode observed in our study was the passage of
the rings which propagated parallel to the western boundary of
the Channel, closely following the African coast (de Ruijter et al.,
2002; Schouten et al., 2003; Harlander et al., 2009; van der Werf
et al., 2010). It is likely that the first mesoscale mode (relatively
smaller anticyclonic eddies) was related to the eddies generated to
the south of the narrows of the Channel near the Madagascar
coast. This may explain why the studies based on the LOCO
moorings were not able to capture this mode.

The rings identified in this study (Fig. 9) have similar dynamical
and geometrical structures to those observed in the North Brazil
Current (NBC, Castelão and Johns (2011), see their Fig. 6). Goni and
Johns (2001) using Topex/Poseidon altimeter data from 1992 to
1998 found an average formation rate of the NBC rings of about
1 per 2 months, suggesting a formation rate of 6 per year.
Interestingly, this is close to 4–6 rings per year observed in this
study. These NBC rings are deep, reaching �2000 m (Wilson et al.,
2002), and characterised by maximum SSH anomalies ranging
between 5 to 30 cm, a radii of maximum velocity between 100 km
and 160 km, and an overall size of about 400 km (Goni and Johns,
2001; Wilson et al., 2002; Castelão and Johns, 2011). These are
relatively larger when compared with the rings found in this study
and those observed by de Ruijter et al. (2002) and Schouten et al.
(2003). While NBC rings are generated by the retroflection of the
NBC (Fonseca et al., 2004), the rings found here appeared to be
formed both by the shear of the SEC at the northern tip of
Madagascar (Biastoch and Krauss, 1999), and also by the separa-
tion of the southward boundary flow from the northern Mozam-
bique coast (Ridderinkhof and de Ruijter, 2003) at the northern
entrance of the narrows of the Channel near 161S (Fig. 6).

A consistent pattern was found between Fig. 9 and Fig. 10: the
rings (RZ100 km) appear to exhibit different dynamical properties
from the eddies (Ro100 km). The high correlation between the
eddy mean amplitude with radius (Fig. 10) suggested that these
eddies have a self-similar structure (Chelton et al., 2011) at regional
scales, which holds a dependent variation. Such a uniform struc-
ture is broken with the superimposition of the rings (top panels,
Fig. 10). The tendency of higher amplitudes in cyclonic eddies over
the amplitude of the anticyclones observed for smaller scale eddies
(Ro80 km, Fig. 10) can be explained by the theories of gradient
wind effect of centrifugal force that works outwards in rotating
eddies (Gill, 1982). This is described by Chelton et al. (2011) as
intensifying the low pressure at the centre of the cyclones, while
weakening the high pressure at the centre of the anticyclones.

Not surprisingly, as also reported by Chelton et al. (2011), it was
observed that eddies with small amplitude or horizontal scale
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have short life times, while large amplitude or horizontal scale
eddies generally survive for longer periods (Fig. 10). This also
appears to be the case for the maximum eddy travelling distance
(Fig. 10). However, such a pattern was not observed in the case of
the rings, corroborating the observation that the rings exhibit
different dynamical properties from eddies Castelão and Johns
(2011).

5. Summary

Satellite altimetry observations, transports from a mooring
array and two different regional ocean models, were used to
investigate eddy properties and transport variability in the
Mozambique Channel. These models demonstrated a good agree-
ment in the representation of transport variability at the mesos-
cale range, but overestimated the lower frequency signals
(seasonal cycle), and underestimated the higher frequency signals.
This could possibly be related to the forcing fields and boundary
conditions (for overestimation), and also the subgrid-scale of
unresolved processes in the models (for higher frequencies). The
overestimation of the seasonal cycle in our case, was not related to
a misrepresentation of the mesoscale variability.

Cyclonic and anticyclonic eddies, as well as rings, were found to
be generated within the Channel. Cyclonic eddies appeared to be
more abundant and smaller compared to anticyclonic eddies.
Although cyclonic eddies seemed more ubiquitous than antic-
yclonic eddies, they were preferentially formed along the eastern
part of the Channel. Anticyclonic eddies and rings appeared to be
formed mostly in the northern sector near 121S between Mada-
gascar and the African continent. They propagated southward,
parallel to the western boundary of the Channel, in agreement
with previous studies. A new secondary site of anticyclonic eddy
formation in the central eastern sector was also identified (near
201S, 431E).

Cyclonic structures had a single mode distribution, with a mean
radius centred near the first baroclinic Rossby radius of deforma-
tion of the region. Anticyclonic structures, on the other hand,
showed a bi-modal distribution, with the first mode also centred
around a typical first baroclinic Rossby radius of deformation, and
the second mode centred at larger scales around 100 km radius,
suggesting that these are rings rather than eddies. The yearly
average of these rings was consistent with previous observations
of anticyclonic eddies propagating along the western boundary of
the Channel. Eddy mean amplitude per class of radius (o100 km)
increased with increasing radius, while no linear relationship
existed for the rings. The increase in the amplitude of the eddies
was consistent with the increase in life expectancy and maximum
travelling distances.

This study demonstrated that rigorous assessment of mesoscale
variability in ocean models and comparing with available observa-
tions in a consistent manner, advances our quantitative under-
standing of mesoscale eddy dynamics, leading to new insights into
eddy formation and propagation.
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