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Abstract

A regional ocean model was used to study the influence of the Madagascar Ridge on the circulation and eddy variability in the

Agulhas Current system. In the control experiment, the model was run with a realistic bathymetry, whereas in the idealized

run the bathymetry was modified by flattening Madagascar Ridge. When the Ridge was suppressed, no obvious changes were

observed in the large-scale circulation. However, integrated transports revealed an excess of about 10 Sv (1 Sv = 106 m3s-1) in

the recirculation of the greater Agulhas Current system. Dynamic and statistically (p < 0.05) significant changes were observed

at the mesoscale variability. Composite analysis of the radial distribution of the eddy azimuthal velocity, surface height, and

relative vorticity within the Ridge domain in the experiments revealed that the presence of the Madagascar Ridge determines

the emergence of a secondary class of large anticyclonic eddy types in the region, the “Madagascar rings”.
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Key Points:

e New insight of the eddy field south of Madagascar reveals the emergence of rings,
in addition to the classic eddy types

¢ Madagascar Ridge is predominantly an eddy generating platform, primarily re-
sponsible for the formation of anticyclonic rings in the region

¢ Madagascar Ridge controls about 10 Sv of the depth integrated volume transport
in the greater Agulhas Current system
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Abstract

A regional ocean model was used to study the influence of the Madagascar Ridge on the
circulation and eddy variability in the Agulhas Current system. In the control experi-

ment, the model was run with a realistic bathymetry, whereas in the idealized run the
bathymetry was modified by flattening Madagascar Ridge. When the Ridge was suppressed,
no obvious changes were observed in the large-scale circulation. However, integrated trans-
ports revealed an excess of about 10 Sv (1 Sv = 105m3s~1) in the recirculation of the
greater Agulhas Current system. Dynamic and statistically (p < 0.05) significant changes
were observed at the mesoscale variability. Composite analysis of the radial distribution

of the eddy azimuthal velocity, surface height, and relative vorticity within the Ridge do-
main in the experiments revealed that the presence of the Madagascar Ridge determines
the emergence of a secondary class of large anticyclonic eddy types in the region, the "Mada-
gascar rings”.

Plain Language Summary

We used a computer model to study how a big underwater seafloor ridge near Mada-
gascar (the Madagascar Ridge) affects ocean currents and vortices (eddies) in the South-
western Indian Ocean. We did two tests: one with the ridge as it is, and another where
we smoothed it out. Smoothing the ridge didn’t notably change the main ocean currents,
but it did reduce significantly the number of eddies in the region south of Madagascar.
When we looked more closely at these eddies, we found out that near the Madagascar
Ridge, they often form a distinct second class of large counterclockwise swirling eddies
(Rings). This tells us something new about how eddies happen in this area, especially
because of the ridge near Madagascar.



16 1 Introduction

a7 Topographic structures of the world ocean’s bed are among the least studied oceanic
a8 environments. Nevertheless they are fundamental for understanding the general oceanic

29 circulation and seawater’s physical, chemical and biological properties, important for the

50 provision of several ocean ecosystem services, with direct societal implications.

51 The southwest Indian Ocean (Figure 1-a) hosts one of the most complex seafloor

52 topography of the world ocean’s (Parson & Evans, 2005). It is composed by an array of

53 several shallow oceanic ridges with nearly a meridional orientation and prominent ele-

54 vation, which mostly intersects a system of zonal currents, resulting in a wide range of

55 flow field variability across different temporal and spatial scales. In general, seamounts

56 and ridges are considered to be sites where both eddy formation and destruction frequently

57 occur (Royer, 1978; Herbette et al., 2003).

58 In recent years, growing interest to understand the oceanography, productivity, ecol-

59 ogy and management strategies of the seamounts in the southwest Indian Ocean, has emerged
60 (Pollard & Read, 2017; Read & Pollard, 2017; Roberts & Ternon, 2020; Roberts et al.,

61 2020; Vianello et al., 2020a; Harris et al., 2020; Marsac et al., 2020). In this region, one

62 prominent topographic feature is the Madagascar Ridge (Figure 1-b, -c). It has been re-

63 ported that the Ridge influences the hydrography (Anilkumar et al., 2007; Vianello et

64 al., 2020b) and hydrodynamic conditions in the area (Matano et al., 1999; Quartly et

65 al., 2006; Siedler et al., 2009; Halo et al., 2014b; Vianello et al., 2020a). A great num-

66 ber of altimetry derived cyclonic and anticyclonic eddy generation sites have been ob-
67 served at/ and around the Ridge, in places where the bathymetric gradients are notable
68 (Figure 1-b). Nevertheless, it is also apparent that many transient eddies vanish on en-

69 countering the Ridge’s topography (Figure 1-b).

70 The aim of this study is to determine the extent to which the Madagascar Ridge

n impacts the eddy regime and characteristics in this region. Therefore, the study addresses

7 the question: how does the Madagascar Ridge affects the eddy variability, mean prop-

73 erties, and the overall circulation in the Agulhas Current system?

7 In Section 1.1, we highlight key features of the Madagascar Ridge (Figure 1-c), rel-

7 evant for the circulation patterns. In Section 2, we present the modelling approach. The

76 results and discussion are presented in Section 3, and the main conclusions are summarised
7 in Section 4.

78 1.1 Madagascar Ridge

7 Madagascar Ridge lies south of the Madagascar continental shelf (its domain is high-

80 lighted by the box in Figure 1-a), between 26 - 36°S and 42 - 52°E. It has a north-south
81 extension of about 1300 km, and a maximum width of about 600 km (Nairn & Stehli,

8 1982). The eastern and western flanks of the Ridge rise steeply from the seabed at about
83 5000 m to 2000 m, shallowing the water column over the Ridge, and blocking deep zonal
8 flows below 3000 m between Madagascar and Mozambique Basins. Over the Ridge, iso-
8 lated submerged seamounts emerge (see Figure 1-b), the Mad-Ridge at about 42.25°E,

86 27.5°S and the Whalter Shoals at 43.54°E, 33.12°S (Roberts et al., 2020), with the lat-
&7 ter being the shallowest, rising up to 18 m below the sea surface.
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Figure 1. a) Schematic of the ocean currents overlaid seafloor topography. The Madagascar
Ridge is highlighted in the overlaid square box. The main oceanographic currents are depicted,
namely, South Equatorial Current (SEC), North East Madagascar Current (NEMC), South East
Madagascar Current (SEMC), South Indian Counter Current (SICC), Agulhas Current (AC),
Agulhas Return Current (ARC), and Benguela Current (BC). The circles represent the dominant
mesoscale features, the geostrophic eddies and rings. b) Eddy Tracks, derived from satellite al-
timetry daily product for the years 2008 - 2009. Cyclonic eddies (blue) and anticyclonic eddies
(red). The bold dots represent their generation sites and the tracks represent their propagation
pathways. Only eddies with a lifetime of 60 days and longer are represented for visualization
purposes. The grey shading represent the seafloor. ¢) The 3-dimensional view of the Madagascar

Ridge is shown to highlight its morphological relief.
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2 Data and Methods

2.1 Ocean model

In this study we used the Coastal and Regional Ocean Community (CROCO) model
(https : /Jwww.croco — ocean.org/), an evolution of the former French version of the
Regional Ocean Modelling System (ROMS, Shchepetkin and McWilliams (2005)).

2.1.1 Ezxperiments Setup

The physical domain spans between 0 - 80°E, and 48 - 4°S. The bottom topogra-
phy was derived from the Global Earth Bathymetric Chart of the Oceans (GEBCO) 2014
dataset. The configuration was set with 60 vertical layers, and a horizontal grid of 1/6°.
Mesoscale eddies are successfully captured, the baroclinic Rossby radius of deformation
in the domain ranges from about 150 km in the north to about 20 km in the south (Chelton
et al., 1998).

The model was forced with monthly climatology surface wind-stress, fresh-water
fluxes, heat-flux, and salt-flux, derived from the Comprehensive Ocean Atmosphere Data
Sets, gridded at 1/2° (COADSO05, (Da Silva et al., 1994)). To augment COADS05 winds
we used wind derived from QuikScat satellite Scatterometer Climatology of Ocean Winds
(SCOW) from 1999 - 2009, gridded at 1/4° (Risien & Chelton, 2008). The lateral open
boundaries were derived from monthly climatology Atlas of regional seas (CARS09, http :
/ Jwww.marine.csiro.au/), gridded at 1/4° (Ridgway & Wilkin, 2002).

The model simulated the oceanic circulation under two scenarios: In the first, con-
trol run the model applied the GEBCO14 seafloor topography. In contrast, the model
was run with a modified seafloor topography in the second run, characterized by an ex-
cision of the Madagascar Ridge (regarded as idealized experiment). Details of the bathy-
metric excision is presented in Section 2.1.2.

2.1.2 Suppressing Madagascar Ridge

The model bathymetry for the idealized experiment was reconstructed by flatten-
ing the Madagascar Ridge towards the seabed in the original GEBCO14, to a depth of
about 3000 m. Subsequently the re-interpolation of the bathymetry was made using an
objective analysis method to inforce a regular bathymetry shape (Penven et al., 2008).
Hanning filter was applied with 15 numbers of iterations to smooth over undesirable bathy-
metric artefacts, in order to prevent eventual contour’s discontinuities along the isobaths,
which could potentially induce numerical instabilities.

Figure 2-a,b illustrates both the control and modified bathymetries respectively.
A more detailed inspection of the bathymetric profiles south of Madagascar (Figure 2-
b), shows the absence of the Madagascar Ridge. To ensure that the methodology used
to suppress the ridge was not detrimental elsewhere away from the Ridge domain, we
first performed a sensitivity test. This consisted in finding an optimal maximum depth
onshore for the model parameter hmax oqs:, which was then set to 200 m. This provided
the best solution for the numerical difference between the control and the idealized model
interpolated bathymetries (i.e, the difference with no degrading effects in areas away from
the Ridge, as shown in Figure 2-c. The white areas indicate places where the bathymetry
was not impacted by the excision of the Ridge, revealing that the change in bathymetry
predominantly occur south of Madagascar as desired.

Under the same surface forcing, lateral open boundary conditions and initializa-
tion, the model simulations were made for 11 years, and the outputs were stored daily.
The simulations reached stability after year 3 of integration. Model years 4 - 11 have then
been further used in the analyses.
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Figure 2. Left panels show seafloor topography in the Agulhas Current system, and the

right panels show the EKE (colour shading ) and overlaid streamlines of the mean SSH ob-
served and simulated. a) Reference bathymetry used in the Control Experiment, and b) modified
bathymetry used in the Idealized Experiment, where the Madagascar Ridge was flattened to-
wards the seabed. ¢) Sensitivity test performed by subtracting the modified bathymetry from

the reference bathymetry, whereby only the bathymetry around the ridge domain has been af-
fected. d) Satellite derived EKE and mean SSH, e) EKE and mean SSH simulated in the control
experiment, and f) EKE and mean SSH simulated in the modified experiment. The arrows on the

streamlines show the direction of the mean flow.
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2.1.3 Eddy formation

The main mechanism for eddy formation in the region south of Madagascar are the
barotropic (KmKe) and baroclinic (PeKe) instabilities (De Ruijter et al., 2004; Halo
et al., 2014b), defined as the transfer of energy from the mean kinetic energy to eddy ki-
netic energy, and from the eddy potential energy to eddy kinetic energy, respectively (Kundu,
1990; Marchesiello et al., 2003). These can be computed as:

_ 57,7 0u 7.7 [ Ou ov 7.7 0v _ 79
KmKe = [uuaw—l—uv (ay—l—aw)—kvvay},andPeKe— plrw' =

In the formulas v’ and v are perturbations in time of the velocities along direc-
tions x and y respectively, and w and v are their time mean velocities. The g is the ac-
celeration due to gravity and p’ is the fluctuation of the seawater density, with reference
density p,, and w’ is the fluctuation of the vertical velocities. By definition, a'=a - @.

2.1.4 FEddy Detection

To identify eddies we have used the automatic eddy detection and tracking algo-
rithm described by Halo et al. (2014a), and applied successfully in the region south of
Madagascar (Halo et al., 2014b). The algorithm defines an eddy as a patch of the flow
field where the relative vorticity (¢) dominates its deformation (S), in the framework of
the Okubo-Weiss parameter (W = S? - (?). Where C:% - %7 and S? = 5% + S2, for
the normal strain S,, = % - g—;, and shear rate S, = % + ?TZ are within a closed cir-
cular strealine of the sea surface height (SSH), with radius smaller than 600 km. The
tracking between consecutive timesteps is performed with reference to the eddies cen-
ters, in a generalized adimentional space frame, following the method outlined by Penven
et al. (2005).

2.1.5 FEddy Composite

The methodology used to perform the eddy’s composite follows the approach used
by Halo et al. (2014a). Firstly we inspected histograms of the eddy density distribution
per class of size to determine the nature of the distribution. Similar to Halo et al. (2014a),
also the radii of the second class of anticyclonic eddy structures, appeared to emerge at
100 km. An eddy rectangular grid with an adimensional radius spanning from the eddy’s
origin to it’s rim was defined and initialized with the eddy mean proporties. The adi-

mentional radii was normalized by each eddy radius (z-—).
eddy

2.2 Altimetry Data

Satellite altimetry dataset was used to assess the mesoscale variability and eval-
uate the model performance. Maps of absolute dynamic topography and derived geostrophic
velocities are distributed by Copernicus Marine Environmental Services (CMEMS, https :
/ /marine.copernicus.eu/), delivered at best two-months after the measurement. It con-
tains level-4 SSH above the geoid, gridded at 1/4°, from a merging of all altimeter mis-
sions over the oceans (AVISO, 2015). The daily data used here spans from 1 January
1993 to 31 December 2017.

The bulk measureicgf ri12esoscale variability, the mean eddy kinetic energy was es-
timated as MEKE = “$*"  where uz—%%, and v:%%, are the zonal and meridional
components of geostrophic velocities respectively, g is the acceleration due to gravity, and

f is the Coriolis parameter.
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3 Results and Discussion
3.1 Model and Data Comparison

Maps of MEKE estimated from the satellite altimetry observations is represented
by the colour shading in Figure 2-d, while the simulated control and modified experi-
ments are represented in Figure 2-e, and Figure 2-f, respectively. The corresponding ocean
surface geostrophic currents are represented by the streamlines of the mean SSH (black
contours), with the direction indicated by the arrows.

To some extent the model is able to reproduce the observed spatial patterns and
peak intensity of the eddy kinetic energy in the Mozambique Channel and the area south
of Madagascar. The simulation also reproduced the retroflection of the Agulhas Current
and the flow of the Agulhas Return Current at the right latitudinal band at 35-40°S. How-
ever, the simulations overestimate the EKE in the core of the Agulhas Current (Figure 2-
e, -), at about 30°E. Nevertheless, as both the control and modified experiments repro-
duced consistent large-scale patterns, the role of the Madagascar Ridge for the down-
stream flow field can be properly examined in these simulations.

3.2 Control versus Idealized simulations
3.2.1 Chirculation and Transport

To inspect the changes in the large-scale circulation patterns between the two ex-
periments, we have computed, mapped and compared the horizontal stream-function,
(1) representative of the non-divergent component of the mean currents (@, ¥) vertically
integrated from depth of 1500 m to the sea-surface. Following the approach used by Penven
et al. (2005), the stream-function was derived from the Laplacian equation V2¢ = (VA@').E,
solved by enforcing an integral for mass conservation on the currents for the lateral bound-
ary conditions. The results are shown in the left panels of Figure 3. suggesting that the
pattern of the transport streamlines derived from the control and modified simulation
experiments are consistent with the contours of the mean SSH presented in Figure 2-e,
-f. The arrows indicate the direction of the flow, and the contour intervals between the
streamlines is 10 Sv. Overall, the streamlines appears more strongly intensified in the
idealized experiment (Figure 3-b) than in the control experiment (Figure 3-a), especially
at the southern extension of the Southeast Madagascar Current, along the western bound-
ary region of the Agulhas Current, and along the path of the Agulhas Return Current.
This suggests a possible increase in volume transport in the idealized experiment as con-
firmed in the difference map seen in Figure 3-c. A positive (negative) value denotes a
decreased (increased) transport in the idealized experiment.

When further inspecting Figure 3-c, a more clearer pattern emerges, evidencing an
overall increase of about 10 Sv (red contours) at the southern termination of the SEMC
towards the Agulhas Current. The same is true for the Agulhas Current proper and the
Agulhas Return Current. However no clear evidence of an increased transport from the
Indian Ocean toward the South Atlantic Ocean is observed.

This result is important as it may suggest that an increase in the transport of the
Agulhas Current bears no notable impact on the transport across the Indian-Atlantic
interface through the Agulhas leakage, but conversely stronger impact on the Agulhas
Return Current. The relationship between the Agulhas Current and its leakage has been
a subject of different interpretations: some arguing that a stronger Agulhas Current leads
to a stronger leakage (Rouault et al., 2009), while others have suggested that a weaker
Agulhas Current would lead to a stronger leakage (van Sebille et al., 2009a; Biastoch et
al., 2009). In comparison, our results seem to corroborate the study by Loveday et al.
(2014), who used ROMS model to demonstrate that the Agulhas Current leakage is in-
dependent of the local structure and transport of the Agulhas Current itself.
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3.2.2 Transport variability

We have computed the timeseries of the ocean currents volume transports at four
key transect lines across the South East Madagascar Current (SEMC), Agulhas Current
(AC), and across the path of the Agulhas leakage (see Figure 3-a). The transports were
estimated by vertically integrating the lateral fluxes across the sections.

The selection of these four geographical locations, moreover, allows comparison to
in-situ observations. The transect at 23°S crosses the SEMC and offer data from a 11-
month long current-meter mooring array (Schott et al., 1988). The transect across the
southern extension of the SEMC at 45°E provides hydrographic data (Nauw et al., 2008).
In the core of the Agulhas Current, the transect at 32°S allows comparison to the WOCE
1995 hydrographic data, and many other ventures (Beal & Bryden, 1999; Donohue et
al., 2000; Donohue & Toole, 2003; Bryden et al., 2005). The transect along the Good-
Hope line at 10°E in the southeast Atlantic Ocean also offer hydrographic data (Swart
et al., 2008).

The middle panels in Figure 3 shows the models derived transport timeseries, while
their corresponding power-spectra are presented in the right panels, computed using the
multitaper spectral scheme (Thompson, 1982; Percival & Walden, 1993). The control ex-
periment is depicted in black and idealized experiment in blue colour. The model esti-
mates of the mean transports and their standard deviations are inserted in the panels.
The poleward volume transport of the SEMC at 23°S has been estimated in various stud-
ies, providing quantities ranging from 20 to 56 Sv (Swallow et al., 1988; Schott et al.,
1988; Stramma & Lutjeharms, 1997; Donohue & Toole, 2003). These variations have been
attributed to different assumptions being made in relation to the uncertainties of the level
of no motion, current structure and the latitudinal positions used to capture the current
(Nauw et al., 2008). Our model estimates of 15.92 £+ 6.97 Sv for the control run, and 18.06
=+ 6.64 Sv for the idealized run (Figure 3-d) are slightly below the range estimated by
the above mentioned hydrographic data. However they are slightly higher than the es-
timates of about 14.8 Sv simulated in general ocean circulation model (Quartly et al.,
2006).

At the southern tip of Madagascar, the transect at 45°E, between 27.5°S and the
continental shelf, crosses the southern termination of the SEMC, which at this point gen-
erally flows in a westward direction. Its transport receive an additional contribution from
anomalies of SSH originated in the far eastern Indian Ocean (Schouten et al., 2002a; De
Ruijter et al., 2004; Palastanga et al., 2006; Ridderinkhof et al., 2013), and mostly in form
of mesoscale eddies (Quartly et al., 2006; Halo et al., 2014b). This may explain the in-
creased volume transport reported in the SEMC’s control experiment, from 15.92 Sv at
23°S to 22.25 Sv at 45°E, an excess of about 6.33 Sv (Figure 3-e).

When the model derived mean transports at 45°E are compared against each other,
i.e, 22.25 4+ 12.64 Sv from the control experiment against 29.56 £+ 6.36 Sv from the ide-
alized, it is notable an excess of about 7.31 Sv (~ 14%) in the idealized experiment (Fig-
ure 3-e). Notice that the timeseries exibit relatively lower amplitude fluctuations, which
could possibly indicate lower energy levels, and less variability, especially across the mesoscale
range. In fact looking at the power-spectrum a remarkable dispersion between the pro-
files of the control and idealized experiments were evident, characterized by a diminish-
ing power in the idealized experiment, manifested in the frequency range of 1.5 - 5 cy-
cles/year (Figure 3-i). This is likely related to a decay of energy at the mesoscale range
as suggested by the lower standard deviation (~ 50% decrease). Interestingly, in the con-
trol experiment the power-density for processes on the frequency range between 3 and
4 cycles/year (mesoscale) is higher than that in the annual frequency 1 cycle/year (Fig-
ure 3-e). This could indicate an upscale cascade of energy. The same can not be said for
the idealized experiment as the highest peak of the power-density was limited in the an-
nual cycle (Figure 3-i).
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Therefore it is reasonable to conclude that the excision of the Madagascar Ridge
partly suppress instabilities in the currents that develops when the Ridge is present.

In the core of the Agulhas Current, estimation of the volume transport at 32°S,
based on hydrographic measurements have indicated transports ranging between 70 and
78 Sv (Beal & Bryden, 1999; Donohue et al., 2000; Donohue & Toole, 2003). In compar-
ison, our model estimates were about 60.73 4+ 18.04 and 67.26 £+ 21.36 Sv for both con-
trol and idealized experiments respectively (Figure 3-f). The agreement is even better
when compared to numerical simulation of Lagrangian floats over a 37 years time pe-
riod, providing a poleward Agulhas Current mean transport of 64 Sv at 32°S (van Se-
bille et al., 2009a, 2009b). Note that about 6.54 Sv (~ 5%) is in excess in the idealized
experiment.

The power-density spectrum profiles of the transport of the Agulhas Current have
shown a declining slope (Figure 3-j) from the annual cycle (1/year) to 10 cycles/year.
This is again a potential indication of an upscale cascade of energy, evident for both the
control and idealized experiments. Notice that no obvious distinction between the pro-
files of the two experiments is evident (Figure 3-f). This could suggest that the excision
of the Ridge had relatively less impact on the mesoscale variability in the core of the Ag-
ulhas Current in this region.

The same may also be said for the transport flowing into the south Atlantic (Fig-
ure 3-g). Our model estimations of the volume transports across the Good-Hope tran-
sect line at 10°E range from 20.64 Sv (control) to 17.30 Sv (idealized). These model es-
timates are comparable with independent estimates of the mean leakage ranging from
19.4 and 22.4 Sv (Le-Bars et al., 2014), to 17.6 Sv (van Sebille et al., 2009b). The de-
creased mean transport of about 3.34 Sv (~ 9 %) estimated in the idealized experiment
(Figure 3-g), could be related to the larger transport into the Agulhas Return Current
as evidenced in Figure 3-c.

All in all, the idealized experiment generally provides relatively higher mean vol-
ume transports when compared to the control experiment. The excision of the Mada-
gascar Ridge has facilitated a large increase of the current transports in the re-circulating
branches of the subtropical anticyclonic gyre of the Southwest Indian Ocean. Moreover,
the power-spectra suggest that the excision of the Madagascar Ridge has most notable
localized impact on the mesoscale variability around the southern Madagascar region.

In Section 3.2.3 the impact of the Ridge excision on the mesoscale eddy field is fur-
ther examined, looking at eddy occurrence, formation mechanism and mean character-
istics in these two distinct regions.

3.2.3 Eddy Occurrence

The presence of eddies were searched across the whole domain, in both the con-
trol and idealized experiments, using the algorithm described in Section 2.1.4. The spa-
tial distribution of the eddies in terms of their annual frequency of occurrence, in each
grid cell of 0.5°%0.5° size, expressed in percentage (%), for the integrated period (4 - 11
years) in the greater Agulhas Current system is shown in Figure 4. The left panels (Fig-
ure 4-a, -b), present the distribution of the cyclonic and anticyclonic eddies, respectively
in the control experiment, whereas the middle panels (Figure 4-c, d) present the corre-
sponding distribution in the idealized experiment. Only the eddies with a lifetime of 30
days and greater have been considered.

Mesoscale eddies can be found almost everywhere regardless of the model exper-
iment (Figure 4-a to -d). Comparisons between the cyclonic and anticyclonic eddy oc-
currences reveal highest generation rates for anticyclonic eddies (of about 5 per year),
mostly located in the Mozambique Channel and south of Madagascar, as well as in vicin-
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ity of the core of the Agulhas Current, in the Agulhas Retroflection and in parts of the
Agulhas Return Current. These patterns of eddy occurrences are consistent with those
documented in the literature, known to be generated predominantly by barotropic in-
stabilities of the flow (Schouten et al., 2002a, 2003; De Ruijter et al., 2002; H. & De Rui-
jter, 2003; De Ruijter et al., 2004; Ridderinkhof et al., 2013; Halo et al., 2014a, 2014b).

When the control experiment (Figure 4-a, -b) is compared to the idealized exper-
iment (Figure 4-c, -d), it becomes apparent that the spatial distribution of the eddy gen-
eration rates are more diffused in the idealized experiment, particularly to the south of
Madagascar, where the Ridge has been removed. This may suggest that the presence of
the Madagascar Ridge confines the ocean currents in particular directions, which may
allow eddies to have a more consistent preferential pathway when crossing the Ridge.

To further examine the eddy generation mechanisms and their mean properties,
we have defined two boxes (Figure 4-a), one covering the Madagascar Ridge domain (42
- 52°E, 37 - 27.5°S), and the other, the Agulhas Retroflection region (12 - 22°E, 44.5 -
36°S). These results are further addressed in Section 3.2.4.

3.2.4 Barotropic and Baroclinic processes

The box average profiles for barotropic (KmKe) and baroclinic (PeKe) instabili-
ties estimated through the water column following the approach addressed in Section 2.1.3
are presented in Figure 4-e and Figure 4-f. For both panels, the profiles derived from the
boxes over the Madagascar Ridge / Agulhas Retroflection area are presented in red /
blue colours. Moreover, the control experiment is portrayed by the continuous lines, while
the idealized experiment is portrayed by the dotted-lines. It is also important to note
the different scales displayed in Figure 4-e and Figure 4-f.

Investigations of the barotropic instability processes (Figure 4-e), shows that KmKe
in the Agulhas Retroflection region (blue profiles) is by far greater than in the area south
of Madagascar (red profiles). This is not surprising as the energy levels in the Agulhas
Retroflection region is by far greater than that south of Madagascar, as also depicted
in Figure 2-d. In the latter area, the profiles of KmKe moreover show largest values con-
fined to the upper 500 m (Figure 4-e). This would be expected as the core of the mean
currents crossing the Madagascar Ridge, such as the SICC are confined in the upper 500
m (Siedler et al., 2009; Halo et al., 2014b). Hydrographic measurements collected in the
area south of Madagascar presented by De Ruijter et al. (2004), suggests that by con-
servation of potential vorticity, the shallow bottom topography of the Madagascar Plateau
in conjunction with the -effect acting on the southwestward branch of the SEMC gen-
erates anticyclonic relative vorticity that stimulates the formation of eddies. The time-
series of vertical profiles of geostrophic currents in the upper 350 m of the water column
derived from seven moorings over the Madagascar Ridge (from 2011 - 2014) reveals con-
sistent pattern of current reversals (Vianello et al., 2020a), indicative of frequent local-
ized eddy formation.

Moreover, when the KmKe in the control experiment (continuous red profile) is com-
pared to the idealized experiment (dotted red profile), one notice that while the profile
for the control experiment deflects towards positive KmKe values, the profile for the ide-
alized experiment deflects toward negative KmKe values. While the former is indicative
of eddy formation in agreement with Halo et al. (2014b), the latter suggests that the ed-
dies tend to vanish toward the mean flow (Marchesiello et al., 2003). This may explain
why relatively fewer eddies have been found in the idealized experiment.

In comparison, the KmKe profiles in the Agulhas Retroflection region suggests eddy
production in the upper 4000 m, regardless of the model experiment. Nevertheless, in
both cases the largest production appears in the upper ocean surface layer (Figure 4-e).
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This indicates surface and sub-surface eddy formation in the Agulhas Retroflection re-
gion.

The PeKe reveals on the other hand, more variable patterns (Figure 4-f). South
of Madagascar, the energy transmission towards the eddy production are evident both
at surface and sub-surface layers (~ 900 m), as previously reported by Halo et al. (2014b).
In the Agulhas Retroflection region the profiles show a great deal of eddy production in
the upper 500 m, while at intermediate depths, near 1000 m, peak eddy energy is con-
verted towards the eddy potential.

3.2.5 Eddy Statistics and Size Distribution

Eddy statistics and characteristics were assessed within the two boxes where the
KmKe and PeKe profiles were examined. The histograms of eddy occurrence per class
of size are shown in the lower panels in Figure 4. The distribution derived from the con-
trol experiment is shown in Figure 4-g and Figure 4-h for the areas south of Madagas-
car and Agulhas Retroflection respectively. In comparison, the distribution derived from
the idealized experiment are respectively shown in Figure 4-i and Figure 4-j.

With regards to the control experiment south of Madagascar, the most predom-
inant eddies were centered at 50 km radius for the cyclones (dark grey), while the an-
ticyclones (light grey) dominated radii range between 50 and 60 km (Figure 4-g). In the
Agulhas Retroflection region (Figure 4-h), the most predominant cyclonic eddies were
centered between 30 and 40 km, while the anticyclones centered around 40 km.

In contrast, the idealized experiment generated relatively larger cyclonic and an-
ticyclonic eddies in the south of Madagascar area, with radii centered at 60 km (Figure 4-
i). Similar results were obtained in the Agulhas Retroflection region (Figure 4-j), where
the idealized experiment also generated predominant eddy sizes centered at 40 km radii,
for both cyclonic and anticyclonic eddies.

The decreasing dominant eddy sizes from the Madagascar Ridge domain to the Ag-
ulhas Retroflection region observed in both simulation experiments is consistent with f-
plane induced decrease in the Rossby radius of deformation from the area south of Mada-
gascar southward to the Agulhas Retroflection region (Chelton et al., 1998).

We also determined the overall eddy mean diameters (L) in both experiments. The
control experiment south of Madagascar produced cyclones with L = 117.14 4+ 20.55 km,
and anticyclones with L = 142.67 4+ 28.65 km. In comparison, the idealized experiment
produced cyclones with L = 123.73 + 30.54 km, and anticyclones with L = 134 + 46.19
km. The statistic indepedent ¢ — test for the difference between the mean values (cy-
clones vs anticyclones) was significant (p < 0.05), only in the control experiment.

In the Agulhas Retroflection region, the control experiment produced cyclonic ed-
dies with an overall L = 127.35 4+ 23.87 km, and the anticyclonics with L = 147.57 £
47.69 km. The idealized experiment on the other hand produced a mean size of cyclonic
eddies with L = 122.87 + 25.94 km, and anticyclonic eddies with L = 147.45 £ 55.46
km. These mean values indicate no significant difference between the experiments, for
the Agulhas Retroflection area.

3.2.6 Eddy Composite Properties

To determine the extent to which the presence of the Madagascar Ridge also in-
fluences the eddy properties, we analyzed the radial distribution of the eddy properties
from the eddy composite, computed as outlined in Section 2.1.5, for all identified eddies
within the boxes mentioned above in the two simulation experiments. The results are
presented in Figure 5.
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Retroflection area. The respective profiles of KmKe and PeKe energies are presented in panels e)
and f). Finally, the histograms of eddy density distribution for the control experiment are shown

in panels g) and h), and for the idealized experiment in panels i) and j).

Depth (m)



23 Similar to Halo et al. (2014a), the distribution of each eddy structure amplitude

24 (Figure 5-a, -d), follow a Gaussian distribution. Interestingly, both cyclonic and anti-

s cyclonic structures with radii smaller than 100 km have overlapping profiles (i.e. dots

426 are superimposed on the lines) regardless of the experiment (control or idealized) and

427 location (Madagascar Ridge domain or Agulhas Retroflection region). However depar-

28 ture between the dotted and continuous lines are observed for anticyclonic structures with
29 radii of 100 km and larger. Note that the amplitude in the Agulhas Retroflection is greater
230 than in the south of Madagascar region. The same is true for the distribution of the eddy
31 azimuthal velocities (Figure 5-b, -e), the difference being that cyclonic eddy velocities

3 in the idealized experiment were relatively smaller than in the control experiment for the

433 region south of Madagascar (Figure 5-b).

a3 Nevertheless, for all experiments it is apparent that a sharp slope exists in sea sur-
435 face elevation which coincides with an extrema in azimuthal velocity at the edge of the
436 eddy structures, consistent with the piece-wise distribution proposed by Castelao and

437 Johns (2011).

238 A more distinct profile characterized by a flat plateau in the core of the eddies emerges
439 when comparing the distribution of the relative vorticity in the two experiments (Fig-

440 ure 5-c, -f). In the Agulhas Retroflection region the flat plateau is observed in large an-

a1 ticyclonic structures in both idealized and control experiments (Figure 5 -f). This once

a2 again consolidate our finding that the excision of the Madagascar Ridge has no appar-

a3 ent impact on the eddy field in the Agulhas Retroflection region. However, in the region

a4 south of Madagascar the profiles for the large anticyclonic eddy structures differ. The

s profile is flat in the control experiment, and exponential in the idealized experiment, fol-

446 lowing similar distribution to that of smaller eddies (Radii < 100 km).

aar The emergence of a flat plateau in the core of larger anticyclonic structures followed
418 by a sharp transition to an annulus of cyclonic vorticity is an indication of the presence
249 of a second class of anticyclonic eddies (Casteldo & Johns, 2011), commonly known as

450 anticyclonic Rings. Note that Madagascar Rings were formed south of Madagascar only
a1 in the control experiment (i.e. when the Ridge was present). Similar ring structures have
152 been observed in several ocean basins, as in the North Brazil Current (Casteldo & Johns,

453 2011), in the Gulf Stream (Olson, 1991), in the Agulhas Current (Duncombe Rae, 1991;
454 Pichevin et al., 1999), and in the Mozambique Channel (Halo et al., 2014a).

455 The ring properties for the different experiments and region can be further exam-
456 ined according to: (1) the capacity to trap material (a measure of nonlinearity) estimated
as7 from the ratio between the eddy rotational speed U,.,,s and the eddy translation speed
a5 Ceddy, Rf:gZZZZ (Chelton et al., 2011); (2) the Rossby number (a measure of the eddy

450 robustness), determined by the eddy relative vorticity ¢ normalized by the eddy plan-
460 etary vorticity f, R0:|§| (Graves et al., 2006; Kurian et al., 2011); (3) the lifetime; and

461 (4) estimation of the maximum distances traveled (Halo et al., 2014b). Their distribu-

162 tion per class of eddy radii is presented in the right panels of Figure 5.

463 In both experiments, the overall results (see Figure 5) suggest that the rings (Radii
464 > 100 km) were weakly nonlinear, unable to retain material in their core (Ry < 1, R,

465 < 0.01), in contrast to the classic eddy types (Radii < 100 km), (Figure 5-g,-h). The max-
466 imum travelled distance was 1003 km, and the maximum lifespan was 191 days (Figure 5-
467 i). This suggests the rings generated south of Madagascar are sufficiently energetic to

468 cross the Mozambique Basin, and interact with the oceanic environment in the vicini-

469 ties of the Agulhas Current. On the other hand, the rings may not notably contribute
410 to cross-basin material transports between the Mozambique and Natal Basins.
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(Figure 4-a). Note that the vertical scales vary between the left and middle panels. The right
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idealized experiment experiment (h), and lifetime (7) and maximum travelled distance (D) in the

control (i) and idealized experiment (j).
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4 Conclusion

In this study we have carried out numerical model experiments under two distinctly
different bathymetric configurations, characterized by the presence and absence of the
Madagascar Ridge. In doing so the extent to which the Ridge influences the variability
of the oceanic circulation in the greater Agulhas Current system has been examined lead-
ing to the following two main findings:

(1) The presence of the Madagascar Ridge controls volume transport with around
~ 10 Sv across the branches of the subtropical gyre of the southwestern Indian Ocean,
namely, the southern extension of the South East Madagascar Current, the Agulhas Cur-
rent, and the Agulhas Return Current.

(2) The presence of the Madagascar Ridge enhances the eddy formation in the re-
gion south of Madagascar, and excites the emergence of a secondary class of large (radii
> 100 km) anticyclonic eddies - "Madagascar rings”, in addition to the classic eddy types.
The Madagascar rings were formed south of Madagascar only in the control experiment
(when the Ridge was present).

This study complements previous research in the region, and strengthen the un-
derstanding of the role that Madagascar Ridge plays for the regional oceanography.

Considering that a modelling framework with at least 1/32° grid resolution is re-
quired to adequately produce baroclinic instability (Hogan & Hurlburt, 2000), the use
of nested grid configurations similar to that implemented in the Agulhas Current by Tedesco
et al. (2019), might be more appropriate for a more comprehensive assessment of the role
of Madagascar Ridge.

Data Availability Statement

The CROCO model code is freely available at https : //www.croco—ocean.org/.
The files containing eddies simulated in both control and idealized experiments are freely
available at zenodo data repository with registered doi: 10.5281/zenodo.10971648. The
eddy detection toolbox can be freely assessed at zenodo software repository,at https :
//zenodo.org/records/3862545. version 2. It is described in detail in Halo et al. (2014a).
Satellite altimetry data is freely available at hitps : //data.marine.copernicus.eu/product/.
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Key Points:

e New insight of the eddy field south of Madagascar reveals the emergence of rings,
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¢ Madagascar Ridge controls about 10 Sv of the depth integrated volume transport
in the greater Agulhas Current system
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Abstract

A regional ocean model was used to study the influence of the Madagascar Ridge on the
circulation and eddy variability in the Agulhas Current system. In the control experi-

ment, the model was run with a realistic bathymetry, whereas in the idealized run the
bathymetry was modified by flattening Madagascar Ridge. When the Ridge was suppressed,
no obvious changes were observed in the large-scale circulation. However, integrated trans-
ports revealed an excess of about 10 Sv (1 Sv = 105m3s~1) in the recirculation of the
greater Agulhas Current system. Dynamic and statistically (p < 0.05) significant changes
were observed at the mesoscale variability. Composite analysis of the radial distribution

of the eddy azimuthal velocity, surface height, and relative vorticity within the Ridge do-
main in the experiments revealed that the presence of the Madagascar Ridge determines
the emergence of a secondary class of large anticyclonic eddy types in the region, the "Mada-
gascar rings”.

Plain Language Summary

We used a computer model to study how a big underwater seafloor ridge near Mada-
gascar (the Madagascar Ridge) affects ocean currents and vortices (eddies) in the South-
western Indian Ocean. We did two tests: one with the ridge as it is, and another where
we smoothed it out. Smoothing the ridge didn’t notably change the main ocean currents,
but it did reduce significantly the number of eddies in the region south of Madagascar.
When we looked more closely at these eddies, we found out that near the Madagascar
Ridge, they often form a distinct second class of large counterclockwise swirling eddies
(Rings). This tells us something new about how eddies happen in this area, especially
because of the ridge near Madagascar.



16 1 Introduction

a7 Topographic structures of the world ocean’s bed are among the least studied oceanic
a8 environments. Nevertheless they are fundamental for understanding the general oceanic

29 circulation and seawater’s physical, chemical and biological properties, important for the

50 provision of several ocean ecosystem services, with direct societal implications.

51 The southwest Indian Ocean (Figure 1-a) hosts one of the most complex seafloor

52 topography of the world ocean’s (Parson & Evans, 2005). It is composed by an array of

53 several shallow oceanic ridges with nearly a meridional orientation and prominent ele-

54 vation, which mostly intersects a system of zonal currents, resulting in a wide range of

55 flow field variability across different temporal and spatial scales. In general, seamounts

56 and ridges are considered to be sites where both eddy formation and destruction frequently

57 occur (Royer, 1978; Herbette et al., 2003).

58 In recent years, growing interest to understand the oceanography, productivity, ecol-

59 ogy and management strategies of the seamounts in the southwest Indian Ocean, has emerged
60 (Pollard & Read, 2017; Read & Pollard, 2017; Roberts & Ternon, 2020; Roberts et al.,

61 2020; Vianello et al., 2020a; Harris et al., 2020; Marsac et al., 2020). In this region, one

62 prominent topographic feature is the Madagascar Ridge (Figure 1-b, -c). It has been re-

63 ported that the Ridge influences the hydrography (Anilkumar et al., 2007; Vianello et

64 al., 2020b) and hydrodynamic conditions in the area (Matano et al., 1999; Quartly et

65 al., 2006; Siedler et al., 2009; Halo et al., 2014b; Vianello et al., 2020a). A great num-

66 ber of altimetry derived cyclonic and anticyclonic eddy generation sites have been ob-
67 served at/ and around the Ridge, in places where the bathymetric gradients are notable
68 (Figure 1-b). Nevertheless, it is also apparent that many transient eddies vanish on en-

69 countering the Ridge’s topography (Figure 1-b).

70 The aim of this study is to determine the extent to which the Madagascar Ridge

n impacts the eddy regime and characteristics in this region. Therefore, the study addresses

7 the question: how does the Madagascar Ridge affects the eddy variability, mean prop-

73 erties, and the overall circulation in the Agulhas Current system?

7 In Section 1.1, we highlight key features of the Madagascar Ridge (Figure 1-c), rel-

7 evant for the circulation patterns. In Section 2, we present the modelling approach. The

76 results and discussion are presented in Section 3, and the main conclusions are summarised
7 in Section 4.

78 1.1 Madagascar Ridge

7 Madagascar Ridge lies south of the Madagascar continental shelf (its domain is high-

80 lighted by the box in Figure 1-a), between 26 - 36°S and 42 - 52°E. It has a north-south
81 extension of about 1300 km, and a maximum width of about 600 km (Nairn & Stehli,

8 1982). The eastern and western flanks of the Ridge rise steeply from the seabed at about
83 5000 m to 2000 m, shallowing the water column over the Ridge, and blocking deep zonal
8 flows below 3000 m between Madagascar and Mozambique Basins. Over the Ridge, iso-
8 lated submerged seamounts emerge (see Figure 1-b), the Mad-Ridge at about 42.25°E,

86 27.5°S and the Whalter Shoals at 43.54°E, 33.12°S (Roberts et al., 2020), with the lat-
&7 ter being the shallowest, rising up to 18 m below the sea surface.
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Figure 1. a) Schematic of the ocean currents overlaid seafloor topography. The Madagascar
Ridge is highlighted in the overlaid square box. The main oceanographic currents are depicted,
namely, South Equatorial Current (SEC), North East Madagascar Current (NEMC), South East
Madagascar Current (SEMC), South Indian Counter Current (SICC), Agulhas Current (AC),
Agulhas Return Current (ARC), and Benguela Current (BC). The circles represent the dominant
mesoscale features, the geostrophic eddies and rings. b) Eddy Tracks, derived from satellite al-
timetry daily product for the years 2008 - 2009. Cyclonic eddies (blue) and anticyclonic eddies
(red). The bold dots represent their generation sites and the tracks represent their propagation
pathways. Only eddies with a lifetime of 60 days and longer are represented for visualization
purposes. The grey shading represent the seafloor. ¢) The 3-dimensional view of the Madagascar

Ridge is shown to highlight its morphological relief.
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2 Data and Methods

2.1 Ocean model

In this study we used the Coastal and Regional Ocean Community (CROCO) model
(https : /Jwww.croco — ocean.org/), an evolution of the former French version of the
Regional Ocean Modelling System (ROMS, Shchepetkin and McWilliams (2005)).

2.1.1 Ezxperiments Setup

The physical domain spans between 0 - 80°E, and 48 - 4°S. The bottom topogra-
phy was derived from the Global Earth Bathymetric Chart of the Oceans (GEBCO) 2014
dataset. The configuration was set with 60 vertical layers, and a horizontal grid of 1/6°.
Mesoscale eddies are successfully captured, the baroclinic Rossby radius of deformation
in the domain ranges from about 150 km in the north to about 20 km in the south (Chelton
et al., 1998).

The model was forced with monthly climatology surface wind-stress, fresh-water
fluxes, heat-flux, and salt-flux, derived from the Comprehensive Ocean Atmosphere Data
Sets, gridded at 1/2° (COADSO05, (Da Silva et al., 1994)). To augment COADS05 winds
we used wind derived from QuikScat satellite Scatterometer Climatology of Ocean Winds
(SCOW) from 1999 - 2009, gridded at 1/4° (Risien & Chelton, 2008). The lateral open
boundaries were derived from monthly climatology Atlas of regional seas (CARS09, http :
/ Jwww.marine.csiro.au/), gridded at 1/4° (Ridgway & Wilkin, 2002).

The model simulated the oceanic circulation under two scenarios: In the first, con-
trol run the model applied the GEBCO14 seafloor topography. In contrast, the model
was run with a modified seafloor topography in the second run, characterized by an ex-
cision of the Madagascar Ridge (regarded as idealized experiment). Details of the bathy-
metric excision is presented in Section 2.1.2.

2.1.2 Suppressing Madagascar Ridge

The model bathymetry for the idealized experiment was reconstructed by flatten-
ing the Madagascar Ridge towards the seabed in the original GEBCO14, to a depth of
about 3000 m. Subsequently the re-interpolation of the bathymetry was made using an
objective analysis method to inforce a regular bathymetry shape (Penven et al., 2008).
Hanning filter was applied with 15 numbers of iterations to smooth over undesirable bathy-
metric artefacts, in order to prevent eventual contour’s discontinuities along the isobaths,
which could potentially induce numerical instabilities.

Figure 2-a,b illustrates both the control and modified bathymetries respectively.
A more detailed inspection of the bathymetric profiles south of Madagascar (Figure 2-
b), shows the absence of the Madagascar Ridge. To ensure that the methodology used
to suppress the ridge was not detrimental elsewhere away from the Ridge domain, we
first performed a sensitivity test. This consisted in finding an optimal maximum depth
onshore for the model parameter hmax oqs:, which was then set to 200 m. This provided
the best solution for the numerical difference between the control and the idealized model
interpolated bathymetries (i.e, the difference with no degrading effects in areas away from
the Ridge, as shown in Figure 2-c. The white areas indicate places where the bathymetry
was not impacted by the excision of the Ridge, revealing that the change in bathymetry
predominantly occur south of Madagascar as desired.

Under the same surface forcing, lateral open boundary conditions and initializa-
tion, the model simulations were made for 11 years, and the outputs were stored daily.
The simulations reached stability after year 3 of integration. Model years 4 - 11 have then
been further used in the analyses.
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Figure 2. Left panels show seafloor topography in the Agulhas Current system, and the

right panels show the EKE (colour shading ) and overlaid streamlines of the mean SSH ob-
served and simulated. a) Reference bathymetry used in the Control Experiment, and b) modified
bathymetry used in the Idealized Experiment, where the Madagascar Ridge was flattened to-
wards the seabed. ¢) Sensitivity test performed by subtracting the modified bathymetry from

the reference bathymetry, whereby only the bathymetry around the ridge domain has been af-
fected. d) Satellite derived EKE and mean SSH, e) EKE and mean SSH simulated in the control
experiment, and f) EKE and mean SSH simulated in the modified experiment. The arrows on the

streamlines show the direction of the mean flow.
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2.1.3 Eddy formation

The main mechanism for eddy formation in the region south of Madagascar are the
barotropic (KmKe) and baroclinic (PeKe) instabilities (De Ruijter et al., 2004; Halo
et al., 2014b), defined as the transfer of energy from the mean kinetic energy to eddy ki-
netic energy, and from the eddy potential energy to eddy kinetic energy, respectively (Kundu,
1990; Marchesiello et al., 2003). These can be computed as:

_ 57,7 0u 7.7 [ Ou ov 7.7 0v _ 79
KmKe = [uuaw—l—uv (ay—l—aw)—kvvay},andPeKe— plrw' =

In the formulas v’ and v are perturbations in time of the velocities along direc-
tions x and y respectively, and w and v are their time mean velocities. The g is the ac-
celeration due to gravity and p’ is the fluctuation of the seawater density, with reference
density p,, and w’ is the fluctuation of the vertical velocities. By definition, a'=a - @.

2.1.4 FEddy Detection

To identify eddies we have used the automatic eddy detection and tracking algo-
rithm described by Halo et al. (2014a), and applied successfully in the region south of
Madagascar (Halo et al., 2014b). The algorithm defines an eddy as a patch of the flow
field where the relative vorticity (¢) dominates its deformation (S), in the framework of
the Okubo-Weiss parameter (W = S? - (?). Where C:% - %7 and S? = 5% + S2, for
the normal strain S,, = % - g—;, and shear rate S, = % + ?TZ are within a closed cir-
cular strealine of the sea surface height (SSH), with radius smaller than 600 km. The
tracking between consecutive timesteps is performed with reference to the eddies cen-
ters, in a generalized adimentional space frame, following the method outlined by Penven
et al. (2005).

2.1.5 FEddy Composite

The methodology used to perform the eddy’s composite follows the approach used
by Halo et al. (2014a). Firstly we inspected histograms of the eddy density distribution
per class of size to determine the nature of the distribution. Similar to Halo et al. (2014a),
also the radii of the second class of anticyclonic eddy structures, appeared to emerge at
100 km. An eddy rectangular grid with an adimensional radius spanning from the eddy’s
origin to it’s rim was defined and initialized with the eddy mean proporties. The adi-

mentional radii was normalized by each eddy radius (z-—).
eddy

2.2 Altimetry Data

Satellite altimetry dataset was used to assess the mesoscale variability and eval-
uate the model performance. Maps of absolute dynamic topography and derived geostrophic
velocities are distributed by Copernicus Marine Environmental Services (CMEMS, https :
/ /marine.copernicus.eu/), delivered at best two-months after the measurement. It con-
tains level-4 SSH above the geoid, gridded at 1/4°, from a merging of all altimeter mis-
sions over the oceans (AVISO, 2015). The daily data used here spans from 1 January
1993 to 31 December 2017.

The bulk measureicgf ri12esoscale variability, the mean eddy kinetic energy was es-
timated as MEKE = “$*"  where uz—%%, and v:%%, are the zonal and meridional
components of geostrophic velocities respectively, g is the acceleration due to gravity, and

f is the Coriolis parameter.
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3 Results and Discussion
3.1 Model and Data Comparison

Maps of MEKE estimated from the satellite altimetry observations is represented
by the colour shading in Figure 2-d, while the simulated control and modified experi-
ments are represented in Figure 2-e, and Figure 2-f, respectively. The corresponding ocean
surface geostrophic currents are represented by the streamlines of the mean SSH (black
contours), with the direction indicated by the arrows.

To some extent the model is able to reproduce the observed spatial patterns and
peak intensity of the eddy kinetic energy in the Mozambique Channel and the area south
of Madagascar. The simulation also reproduced the retroflection of the Agulhas Current
and the flow of the Agulhas Return Current at the right latitudinal band at 35-40°S. How-
ever, the simulations overestimate the EKE in the core of the Agulhas Current (Figure 2-
e, -), at about 30°E. Nevertheless, as both the control and modified experiments repro-
duced consistent large-scale patterns, the role of the Madagascar Ridge for the down-
stream flow field can be properly examined in these simulations.

3.2 Control versus Idealized simulations
3.2.1 Chirculation and Transport

To inspect the changes in the large-scale circulation patterns between the two ex-
periments, we have computed, mapped and compared the horizontal stream-function,
(1) representative of the non-divergent component of the mean currents (@, ¥) vertically
integrated from depth of 1500 m to the sea-surface. Following the approach used by Penven
et al. (2005), the stream-function was derived from the Laplacian equation V2¢ = (VA@').E,
solved by enforcing an integral for mass conservation on the currents for the lateral bound-
ary conditions. The results are shown in the left panels of Figure 3. suggesting that the
pattern of the transport streamlines derived from the control and modified simulation
experiments are consistent with the contours of the mean SSH presented in Figure 2-e,
-f. The arrows indicate the direction of the flow, and the contour intervals between the
streamlines is 10 Sv. Overall, the streamlines appears more strongly intensified in the
idealized experiment (Figure 3-b) than in the control experiment (Figure 3-a), especially
at the southern extension of the Southeast Madagascar Current, along the western bound-
ary region of the Agulhas Current, and along the path of the Agulhas Return Current.
This suggests a possible increase in volume transport in the idealized experiment as con-
firmed in the difference map seen in Figure 3-c. A positive (negative) value denotes a
decreased (increased) transport in the idealized experiment.

When further inspecting Figure 3-c, a more clearer pattern emerges, evidencing an
overall increase of about 10 Sv (red contours) at the southern termination of the SEMC
towards the Agulhas Current. The same is true for the Agulhas Current proper and the
Agulhas Return Current. However no clear evidence of an increased transport from the
Indian Ocean toward the South Atlantic Ocean is observed.

This result is important as it may suggest that an increase in the transport of the
Agulhas Current bears no notable impact on the transport across the Indian-Atlantic
interface through the Agulhas leakage, but conversely stronger impact on the Agulhas
Return Current. The relationship between the Agulhas Current and its leakage has been
a subject of different interpretations: some arguing that a stronger Agulhas Current leads
to a stronger leakage (Rouault et al., 2009), while others have suggested that a weaker
Agulhas Current would lead to a stronger leakage (van Sebille et al., 2009a; Biastoch et
al., 2009). In comparison, our results seem to corroborate the study by Loveday et al.
(2014), who used ROMS model to demonstrate that the Agulhas Current leakage is in-
dependent of the local structure and transport of the Agulhas Current itself.
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3.2.2 Transport variability

We have computed the timeseries of the ocean currents volume transports at four
key transect lines across the South East Madagascar Current (SEMC), Agulhas Current
(AC), and across the path of the Agulhas leakage (see Figure 3-a). The transports were
estimated by vertically integrating the lateral fluxes across the sections.

The selection of these four geographical locations, moreover, allows comparison to
in-situ observations. The transect at 23°S crosses the SEMC and offer data from a 11-
month long current-meter mooring array (Schott et al., 1988). The transect across the
southern extension of the SEMC at 45°E provides hydrographic data (Nauw et al., 2008).
In the core of the Agulhas Current, the transect at 32°S allows comparison to the WOCE
1995 hydrographic data, and many other ventures (Beal & Bryden, 1999; Donohue et
al., 2000; Donohue & Toole, 2003; Bryden et al., 2005). The transect along the Good-
Hope line at 10°E in the southeast Atlantic Ocean also offer hydrographic data (Swart
et al., 2008).

The middle panels in Figure 3 shows the models derived transport timeseries, while
their corresponding power-spectra are presented in the right panels, computed using the
multitaper spectral scheme (Thompson, 1982; Percival & Walden, 1993). The control ex-
periment is depicted in black and idealized experiment in blue colour. The model esti-
mates of the mean transports and their standard deviations are inserted in the panels.
The poleward volume transport of the SEMC at 23°S has been estimated in various stud-
ies, providing quantities ranging from 20 to 56 Sv (Swallow et al., 1988; Schott et al.,
1988; Stramma & Lutjeharms, 1997; Donohue & Toole, 2003). These variations have been
attributed to different assumptions being made in relation to the uncertainties of the level
of no motion, current structure and the latitudinal positions used to capture the current
(Nauw et al., 2008). Our model estimates of 15.92 £+ 6.97 Sv for the control run, and 18.06
=+ 6.64 Sv for the idealized run (Figure 3-d) are slightly below the range estimated by
the above mentioned hydrographic data. However they are slightly higher than the es-
timates of about 14.8 Sv simulated in general ocean circulation model (Quartly et al.,
2006).

At the southern tip of Madagascar, the transect at 45°E, between 27.5°S and the
continental shelf, crosses the southern termination of the SEMC, which at this point gen-
erally flows in a westward direction. Its transport receive an additional contribution from
anomalies of SSH originated in the far eastern Indian Ocean (Schouten et al., 2002a; De
Ruijter et al., 2004; Palastanga et al., 2006; Ridderinkhof et al., 2013), and mostly in form
of mesoscale eddies (Quartly et al., 2006; Halo et al., 2014b). This may explain the in-
creased volume transport reported in the SEMC’s control experiment, from 15.92 Sv at
23°S to 22.25 Sv at 45°E, an excess of about 6.33 Sv (Figure 3-e).

When the model derived mean transports at 45°E are compared against each other,
i.e, 22.25 4+ 12.64 Sv from the control experiment against 29.56 £+ 6.36 Sv from the ide-
alized, it is notable an excess of about 7.31 Sv (~ 14%) in the idealized experiment (Fig-
ure 3-e). Notice that the timeseries exibit relatively lower amplitude fluctuations, which
could possibly indicate lower energy levels, and less variability, especially across the mesoscale
range. In fact looking at the power-spectrum a remarkable dispersion between the pro-
files of the control and idealized experiments were evident, characterized by a diminish-
ing power in the idealized experiment, manifested in the frequency range of 1.5 - 5 cy-
cles/year (Figure 3-i). This is likely related to a decay of energy at the mesoscale range
as suggested by the lower standard deviation (~ 50% decrease). Interestingly, in the con-
trol experiment the power-density for processes on the frequency range between 3 and
4 cycles/year (mesoscale) is higher than that in the annual frequency 1 cycle/year (Fig-
ure 3-e). This could indicate an upscale cascade of energy. The same can not be said for
the idealized experiment as the highest peak of the power-density was limited in the an-
nual cycle (Figure 3-i).
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Therefore it is reasonable to conclude that the excision of the Madagascar Ridge
partly suppress instabilities in the currents that develops when the Ridge is present.

In the core of the Agulhas Current, estimation of the volume transport at 32°S,
based on hydrographic measurements have indicated transports ranging between 70 and
78 Sv (Beal & Bryden, 1999; Donohue et al., 2000; Donohue & Toole, 2003). In compar-
ison, our model estimates were about 60.73 4+ 18.04 and 67.26 £+ 21.36 Sv for both con-
trol and idealized experiments respectively (Figure 3-f). The agreement is even better
when compared to numerical simulation of Lagrangian floats over a 37 years time pe-
riod, providing a poleward Agulhas Current mean transport of 64 Sv at 32°S (van Se-
bille et al., 2009a, 2009b). Note that about 6.54 Sv (~ 5%) is in excess in the idealized
experiment.

The power-density spectrum profiles of the transport of the Agulhas Current have
shown a declining slope (Figure 3-j) from the annual cycle (1/year) to 10 cycles/year.
This is again a potential indication of an upscale cascade of energy, evident for both the
control and idealized experiments. Notice that no obvious distinction between the pro-
files of the two experiments is evident (Figure 3-f). This could suggest that the excision
of the Ridge had relatively less impact on the mesoscale variability in the core of the Ag-
ulhas Current in this region.

The same may also be said for the transport flowing into the south Atlantic (Fig-
ure 3-g). Our model estimations of the volume transports across the Good-Hope tran-
sect line at 10°E range from 20.64 Sv (control) to 17.30 Sv (idealized). These model es-
timates are comparable with independent estimates of the mean leakage ranging from
19.4 and 22.4 Sv (Le-Bars et al., 2014), to 17.6 Sv (van Sebille et al., 2009b). The de-
creased mean transport of about 3.34 Sv (~ 9 %) estimated in the idealized experiment
(Figure 3-g), could be related to the larger transport into the Agulhas Return Current
as evidenced in Figure 3-c.

All in all, the idealized experiment generally provides relatively higher mean vol-
ume transports when compared to the control experiment. The excision of the Mada-
gascar Ridge has facilitated a large increase of the current transports in the re-circulating
branches of the subtropical anticyclonic gyre of the Southwest Indian Ocean. Moreover,
the power-spectra suggest that the excision of the Madagascar Ridge has most notable
localized impact on the mesoscale variability around the southern Madagascar region.

In Section 3.2.3 the impact of the Ridge excision on the mesoscale eddy field is fur-
ther examined, looking at eddy occurrence, formation mechanism and mean character-
istics in these two distinct regions.

3.2.3 Eddy Occurrence

The presence of eddies were searched across the whole domain, in both the con-
trol and idealized experiments, using the algorithm described in Section 2.1.4. The spa-
tial distribution of the eddies in terms of their annual frequency of occurrence, in each
grid cell of 0.5°%0.5° size, expressed in percentage (%), for the integrated period (4 - 11
years) in the greater Agulhas Current system is shown in Figure 4. The left panels (Fig-
ure 4-a, -b), present the distribution of the cyclonic and anticyclonic eddies, respectively
in the control experiment, whereas the middle panels (Figure 4-c, d) present the corre-
sponding distribution in the idealized experiment. Only the eddies with a lifetime of 30
days and greater have been considered.

Mesoscale eddies can be found almost everywhere regardless of the model exper-
iment (Figure 4-a to -d). Comparisons between the cyclonic and anticyclonic eddy oc-
currences reveal highest generation rates for anticyclonic eddies (of about 5 per year),
mostly located in the Mozambique Channel and south of Madagascar, as well as in vicin-
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ity of the core of the Agulhas Current, in the Agulhas Retroflection and in parts of the
Agulhas Return Current. These patterns of eddy occurrences are consistent with those
documented in the literature, known to be generated predominantly by barotropic in-
stabilities of the flow (Schouten et al., 2002a, 2003; De Ruijter et al., 2002; H. & De Rui-
jter, 2003; De Ruijter et al., 2004; Ridderinkhof et al., 2013; Halo et al., 2014a, 2014b).

When the control experiment (Figure 4-a, -b) is compared to the idealized exper-
iment (Figure 4-c, -d), it becomes apparent that the spatial distribution of the eddy gen-
eration rates are more diffused in the idealized experiment, particularly to the south of
Madagascar, where the Ridge has been removed. This may suggest that the presence of
the Madagascar Ridge confines the ocean currents in particular directions, which may
allow eddies to have a more consistent preferential pathway when crossing the Ridge.

To further examine the eddy generation mechanisms and their mean properties,
we have defined two boxes (Figure 4-a), one covering the Madagascar Ridge domain (42
- 52°E, 37 - 27.5°S), and the other, the Agulhas Retroflection region (12 - 22°E, 44.5 -
36°S). These results are further addressed in Section 3.2.4.

3.2.4 Barotropic and Baroclinic processes

The box average profiles for barotropic (KmKe) and baroclinic (PeKe) instabili-
ties estimated through the water column following the approach addressed in Section 2.1.3
are presented in Figure 4-e and Figure 4-f. For both panels, the profiles derived from the
boxes over the Madagascar Ridge / Agulhas Retroflection area are presented in red /
blue colours. Moreover, the control experiment is portrayed by the continuous lines, while
the idealized experiment is portrayed by the dotted-lines. It is also important to note
the different scales displayed in Figure 4-e and Figure 4-f.

Investigations of the barotropic instability processes (Figure 4-e), shows that KmKe
in the Agulhas Retroflection region (blue profiles) is by far greater than in the area south
of Madagascar (red profiles). This is not surprising as the energy levels in the Agulhas
Retroflection region is by far greater than that south of Madagascar, as also depicted
in Figure 2-d. In the latter area, the profiles of KmKe moreover show largest values con-
fined to the upper 500 m (Figure 4-e). This would be expected as the core of the mean
currents crossing the Madagascar Ridge, such as the SICC are confined in the upper 500
m (Siedler et al., 2009; Halo et al., 2014b). Hydrographic measurements collected in the
area south of Madagascar presented by De Ruijter et al. (2004), suggests that by con-
servation of potential vorticity, the shallow bottom topography of the Madagascar Plateau
in conjunction with the -effect acting on the southwestward branch of the SEMC gen-
erates anticyclonic relative vorticity that stimulates the formation of eddies. The time-
series of vertical profiles of geostrophic currents in the upper 350 m of the water column
derived from seven moorings over the Madagascar Ridge (from 2011 - 2014) reveals con-
sistent pattern of current reversals (Vianello et al., 2020a), indicative of frequent local-
ized eddy formation.

Moreover, when the KmKe in the control experiment (continuous red profile) is com-
pared to the idealized experiment (dotted red profile), one notice that while the profile
for the control experiment deflects towards positive KmKe values, the profile for the ide-
alized experiment deflects toward negative KmKe values. While the former is indicative
of eddy formation in agreement with Halo et al. (2014b), the latter suggests that the ed-
dies tend to vanish toward the mean flow (Marchesiello et al., 2003). This may explain
why relatively fewer eddies have been found in the idealized experiment.

In comparison, the KmKe profiles in the Agulhas Retroflection region suggests eddy
production in the upper 4000 m, regardless of the model experiment. Nevertheless, in
both cases the largest production appears in the upper ocean surface layer (Figure 4-e).
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This indicates surface and sub-surface eddy formation in the Agulhas Retroflection re-
gion.

The PeKe reveals on the other hand, more variable patterns (Figure 4-f). South
of Madagascar, the energy transmission towards the eddy production are evident both
at surface and sub-surface layers (~ 900 m), as previously reported by Halo et al. (2014b).
In the Agulhas Retroflection region the profiles show a great deal of eddy production in
the upper 500 m, while at intermediate depths, near 1000 m, peak eddy energy is con-
verted towards the eddy potential.

3.2.5 Eddy Statistics and Size Distribution

Eddy statistics and characteristics were assessed within the two boxes where the
KmKe and PeKe profiles were examined. The histograms of eddy occurrence per class
of size are shown in the lower panels in Figure 4. The distribution derived from the con-
trol experiment is shown in Figure 4-g and Figure 4-h for the areas south of Madagas-
car and Agulhas Retroflection respectively. In comparison, the distribution derived from
the idealized experiment are respectively shown in Figure 4-i and Figure 4-j.

With regards to the control experiment south of Madagascar, the most predom-
inant eddies were centered at 50 km radius for the cyclones (dark grey), while the an-
ticyclones (light grey) dominated radii range between 50 and 60 km (Figure 4-g). In the
Agulhas Retroflection region (Figure 4-h), the most predominant cyclonic eddies were
centered between 30 and 40 km, while the anticyclones centered around 40 km.

In contrast, the idealized experiment generated relatively larger cyclonic and an-
ticyclonic eddies in the south of Madagascar area, with radii centered at 60 km (Figure 4-
i). Similar results were obtained in the Agulhas Retroflection region (Figure 4-j), where
the idealized experiment also generated predominant eddy sizes centered at 40 km radii,
for both cyclonic and anticyclonic eddies.

The decreasing dominant eddy sizes from the Madagascar Ridge domain to the Ag-
ulhas Retroflection region observed in both simulation experiments is consistent with f-
plane induced decrease in the Rossby radius of deformation from the area south of Mada-
gascar southward to the Agulhas Retroflection region (Chelton et al., 1998).

We also determined the overall eddy mean diameters (L) in both experiments. The
control experiment south of Madagascar produced cyclones with L = 117.14 4+ 20.55 km,
and anticyclones with L = 142.67 4+ 28.65 km. In comparison, the idealized experiment
produced cyclones with L = 123.73 + 30.54 km, and anticyclones with L = 134 + 46.19
km. The statistic indepedent ¢ — test for the difference between the mean values (cy-
clones vs anticyclones) was significant (p < 0.05), only in the control experiment.

In the Agulhas Retroflection region, the control experiment produced cyclonic ed-
dies with an overall L = 127.35 4+ 23.87 km, and the anticyclonics with L = 147.57 £
47.69 km. The idealized experiment on the other hand produced a mean size of cyclonic
eddies with L = 122.87 + 25.94 km, and anticyclonic eddies with L = 147.45 £ 55.46
km. These mean values indicate no significant difference between the experiments, for
the Agulhas Retroflection area.

3.2.6 Eddy Composite Properties

To determine the extent to which the presence of the Madagascar Ridge also in-
fluences the eddy properties, we analyzed the radial distribution of the eddy properties
from the eddy composite, computed as outlined in Section 2.1.5, for all identified eddies
within the boxes mentioned above in the two simulation experiments. The results are
presented in Figure 5.
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and f). Finally, the histograms of eddy density distribution for the control experiment are shown

in panels g) and h), and for the idealized experiment in panels i) and j).
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23 Similar to Halo et al. (2014a), the distribution of each eddy structure amplitude

24 (Figure 5-a, -d), follow a Gaussian distribution. Interestingly, both cyclonic and anti-

s cyclonic structures with radii smaller than 100 km have overlapping profiles (i.e. dots

426 are superimposed on the lines) regardless of the experiment (control or idealized) and

427 location (Madagascar Ridge domain or Agulhas Retroflection region). However depar-

28 ture between the dotted and continuous lines are observed for anticyclonic structures with
29 radii of 100 km and larger. Note that the amplitude in the Agulhas Retroflection is greater
230 than in the south of Madagascar region. The same is true for the distribution of the eddy
31 azimuthal velocities (Figure 5-b, -e), the difference being that cyclonic eddy velocities

3 in the idealized experiment were relatively smaller than in the control experiment for the

433 region south of Madagascar (Figure 5-b).

a3 Nevertheless, for all experiments it is apparent that a sharp slope exists in sea sur-
435 face elevation which coincides with an extrema in azimuthal velocity at the edge of the
436 eddy structures, consistent with the piece-wise distribution proposed by Castelao and

437 Johns (2011).

238 A more distinct profile characterized by a flat plateau in the core of the eddies emerges
439 when comparing the distribution of the relative vorticity in the two experiments (Fig-

440 ure 5-c, -f). In the Agulhas Retroflection region the flat plateau is observed in large an-

a1 ticyclonic structures in both idealized and control experiments (Figure 5 -f). This once

a2 again consolidate our finding that the excision of the Madagascar Ridge has no appar-

a3 ent impact on the eddy field in the Agulhas Retroflection region. However, in the region

a4 south of Madagascar the profiles for the large anticyclonic eddy structures differ. The

s profile is flat in the control experiment, and exponential in the idealized experiment, fol-

446 lowing similar distribution to that of smaller eddies (Radii < 100 km).

aar The emergence of a flat plateau in the core of larger anticyclonic structures followed
418 by a sharp transition to an annulus of cyclonic vorticity is an indication of the presence
249 of a second class of anticyclonic eddies (Casteldo & Johns, 2011), commonly known as

450 anticyclonic Rings. Note that Madagascar Rings were formed south of Madagascar only
a1 in the control experiment (i.e. when the Ridge was present). Similar ring structures have
152 been observed in several ocean basins, as in the North Brazil Current (Casteldo & Johns,

453 2011), in the Gulf Stream (Olson, 1991), in the Agulhas Current (Duncombe Rae, 1991;
454 Pichevin et al., 1999), and in the Mozambique Channel (Halo et al., 2014a).

455 The ring properties for the different experiments and region can be further exam-
456 ined according to: (1) the capacity to trap material (a measure of nonlinearity) estimated
as7 from the ratio between the eddy rotational speed U,.,,s and the eddy translation speed
a5 Ceddy, Rf:gZZZZ (Chelton et al., 2011); (2) the Rossby number (a measure of the eddy

450 robustness), determined by the eddy relative vorticity ¢ normalized by the eddy plan-
460 etary vorticity f, R0:|§| (Graves et al., 2006; Kurian et al., 2011); (3) the lifetime; and

461 (4) estimation of the maximum distances traveled (Halo et al., 2014b). Their distribu-

162 tion per class of eddy radii is presented in the right panels of Figure 5.

463 In both experiments, the overall results (see Figure 5) suggest that the rings (Radii
464 > 100 km) were weakly nonlinear, unable to retain material in their core (Ry < 1, R,

465 < 0.01), in contrast to the classic eddy types (Radii < 100 km), (Figure 5-g,-h). The max-
466 imum travelled distance was 1003 km, and the maximum lifespan was 191 days (Figure 5-
467 i). This suggests the rings generated south of Madagascar are sufficiently energetic to

468 cross the Mozambique Basin, and interact with the oceanic environment in the vicini-

469 ties of the Agulhas Current. On the other hand, the rings may not notably contribute
410 to cross-basin material transports between the Mozambique and Natal Basins.
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component of relative vorticity (lower panels ¢) and f)) as function of their distance from the
eddies origin. Left panels represent eddies identified within the Madagascar Ridge domain (red
boxes in Figure 4-a), the middle panels represent the red box in the Agulhas Retroflection area
(Figure 4-a). Note that the vertical scales vary between the left and middle panels. The right
panel represent histograms of size distribution of those eddies identified south of Madagascar
region, as function of both eddy nonlinearity (Ry) and Rossby radius (R, )in the control (g) and
idealized experiment experiment (h), and lifetime (7) and maximum travelled distance (D) in the

control (i) and idealized experiment (j).
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4 Conclusion

In this study we have carried out numerical model experiments under two distinctly
different bathymetric configurations, characterized by the presence and absence of the
Madagascar Ridge. In doing so the extent to which the Ridge influences the variability
of the oceanic circulation in the greater Agulhas Current system has been examined lead-
ing to the following two main findings:

(1) The presence of the Madagascar Ridge controls volume transport with around
~ 10 Sv across the branches of the subtropical gyre of the southwestern Indian Ocean,
namely, the southern extension of the South East Madagascar Current, the Agulhas Cur-
rent, and the Agulhas Return Current.

(2) The presence of the Madagascar Ridge enhances the eddy formation in the re-
gion south of Madagascar, and excites the emergence of a secondary class of large (radii
> 100 km) anticyclonic eddies - "Madagascar rings”, in addition to the classic eddy types.
The Madagascar rings were formed south of Madagascar only in the control experiment
(when the Ridge was present).

This study complements previous research in the region, and strengthen the un-
derstanding of the role that Madagascar Ridge plays for the regional oceanography.

Considering that a modelling framework with at least 1/32° grid resolution is re-
quired to adequately produce baroclinic instability (Hogan & Hurlburt, 2000), the use
of nested grid configurations similar to that implemented in the Agulhas Current by Tedesco
et al. (2019), might be more appropriate for a more comprehensive assessment of the role
of Madagascar Ridge.
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