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LIST OF FIGURES

Figure 1.2 - A schematic representation of the ocean circulation in the South-West Indian
Ocean. In the figure the black circular features represent the rotating masses of water known
as eddies. The clockwise rotations portray cyclonic eddies and the anti-clockwise portray
anti-cyclonic eddies. Black arrows represent the oceanic currents. The gray shaded areas
represent the bathymetric features with less than 1000 m depth. The numbers represent the
depths of the bathymetric contours, intervals in kilometers. The broken line is a representation

of the Subtropical Convergence [after Lutjeharms, 2006].

Figure 1.3 — A one day composite of thermal infrared imagery, obtained from the NOAA -17
and NOAA -18 satellites. The Agulhas Current is represented by the continuous red-dark
colour off the southern African coast. A well developed Natal Pulse with cold water inside a

cyclonic movement in green colour is evident between Durban and Port Elizabeth.

Figure 1.4 — The bathymetry of the South-West Indian Ocean. The shallow bathymetry rises
to 2000 m at the Mozambique and Madagascar Ridges, with depths exceeding 5000 m
characterizing the abyssal plains [dark-blue colour]. The colour bar gives the varying depth of
this region with isobaths contouring spaced at 2000 m intervals. Bathymetric data have been
extracted from the global bathymetric dataset of two minutes latitude resolution, ETOPO2
fSandwell and Smith, 1997].

Figure 2.1 - Portrayal of the old concept about the ocean circulation in the Mozambique
Channel and around Madagascar. The final destination of the southern branch of the East
Madagascar Current after its separation from the continental shelf is presented in broken
lines, meaning an issue not well known. The dotted line to the north 12°S of the Mozambique
Channel and the horizontal broken line to the south 24°S represent the hydrographic stations
used by WOCEI2 and WOCEI4 in-situ observation programme [not used in this study]. The
bathymetric contours are in 1000 m intervals, and the solid arrows stand for the oceanic

currents with their description labelled in it [after DiMarco et al., 2002].

Figure 2.2 — Mozambique Ridge. The colours represent the depths of the ocean and the

contours are the isobaths with intervals of 1000 m.



Figure 2.3 - Madagascar Ridge. The colours represent the depth of the ocean, and the

contours are the isobaths with 1000 m intervals.

Figure 2.4 - Davie Ridge. The colours represent the depth of the ocean, and the contours are

the isobaths with 1000 m intervals.

Figure 4.2 — Schematic representation of the variables in the model, into the Arakawa C grid

[after Penven, 2000].

Figure 4.2.1 — Schematic representation of the vertical and horizontal discretization of the
model functioning [after Penven, 2000]. Note that the propagation of the variable in each cell

is perpendicular to the grid domain, in all directions.

Figure 4.2.2 — Schematic representation of the discretization of the model, following terrain

sigma coordinates [after Shchepetkin and MC-Williams, 2005].

Figure 4.2.5 — Snap-shot for 5 December of the modeled year 7. The Okubo-Weiss [s?]
parameter of the flow is used to portray the movement of eddies in the Mozambique Channel
and around Madagascar. Predominant anti-cyclonic eddies are shown to move southwards in
to the Agulhas region, at a rate and with a trajectory similar to the movement of eddies

identified by hydrographic and altimetric data.

Figure 4.2.5.1[a] - Eight year mean of the sea surface height [m], with a contour interval of

0.1 m, calculated from altimeter.

Figure 4.2.5.1[b] - Eight year mean of the sea surface height [m], with a contour interval of

0.1 m, calculated with the Model.

Figure 4.2.5.2[a] — Eight year mean of surface currents (arrows [ms']), retrieved from

altimeter. The colours indicate the intensity of the velocity field [ms™].

Figure 4.2.5.2[b] — Eight year mean of surface currents (arrows [ms™]), simulated with the

model. The colours indicate the intensity of the velocity field [ms™].

Figure 4.3.1 — ETOPO2 configuration of the South-West Indian Ocean [Case 1]. The colours
represent the depths of the ocean with contours in meters.
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Figure 4.3.2 — ETOPO2 configuration with removal of the Madagascar Ridge [Case 2]. The

colours represent the depths of the ocean with contours in meters.

Figure 4.3.3 — The capital letters in the figure represents the main fractures transecting the
Mozambique Ridge, termed gates A, B, and C. The colours represent the depths of the ocean

in meters, and the black lines are the bathymetric contours in 1000 m intervals.

Figure 5.1.1 — Eight year mean of the sea surface height [m], for the simulation in which no

modification of the bathymetry was made.

Figure 5.1.2 — Eight year mean of the sea surface height [m], for the simulation in which the

upper 4000 [m] of the Madagascar Ridge has been removed.

Figure 5.1.3 — Eight year mean of the surface currents [ms™'] for the simulation with no
modification of the Madagascar Ridge. The colours represent the depth of the ocean in

meters.

Figure 5.1.4 — Eight year mean of the surface currents [ms™'] for the simulation in which the

Madagascar Ridge has been removed. The colours represent the depth of the ocean in meters.

Figure 5.1.5 — RMS of the SSH with contours in meters, for the model simulation with no

modification of the Madagascar Ridge.

Figure 5.1.6 — RMS of the SSH with contours in meters, for the simulation with no

Madagascar Ridge.

Figure 5.1.7 — Eddy kinetic energy with contours [m’s”] for the model simulation with

Madagascar Ridge.

Figure 5.1.8 — Eddy kinetic energy with contours [m’s™] for the model simulation without

Madagascar Ridge.

Figure 5.2 — An altimetric tracking of 20 anti-cyclonic eddies [red dots] from Mozambique
Channel; 20 cyclonic [blue dots] and 20 anti-cyclonic eddies [red dots] from south of

Madagascar. The thin black lines give the bathymetric contours in 1000 m intervals.
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Figure 5.3.1 — Track of anti-cyclonic eddy2. The red line represents the pathway and the

black lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.1.1 — The upper panel shows the changes in sea surface height [red line] with the
bathymetry [blue line] and the lower panel shows the change of the eddy kinetic energy with

the bathymetry during the course of propagation of anti-cyclonic eddy?2.

Figure 5.3.1.2 — Track of anti-cyclonic eddy4. The red line represents the pathway and the

black lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.1.2.1 — The upper panel shows the changes of sea surface height [red line] with the
bathymetry [blue line] and the lower panel shows the change of the eddy kinetic energy with

the bathymetry during the course of propagation of anti-cyclonic eddy4.

Figure 5.3.2.1 — Track of anti-cyclonic eddyS. The red line represents the pathway and the

black lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.2.2 — The upper panel shows the variation of the sea surface height profile [red
line], and lower panel shows the variation of the eddy kinetic energy profile [red line], with
the bathymetric profile [blue line] on both panels during the course of propagation of anti-

cyclonic eddys5.

Figure 5.3.2.3 — Track of anti-cyclonic eddy6. The red line represents the pathway and the

black lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.2.4 — The upper panel shows the variation of the sea surface height profile {red
line], and the lower panel shows the variation of the eddy kinetic energy profile [red line],
with the bathymetric profile [blue line] on both panels during the course of propagation of

anti-cyclonic eddys6.

Figure 5.3.2.5 — Track of anti-cyclonic eddy7. The red line represents the pathway and the

black lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.2.6 — The upper panel shows the variation of the sea surface height profile [red
line] and the lower panel shows the variation of the eddy kinetic energy profile [red line],
with the bathymetric profile [blue line] on both panels during the course of propagation of

anti-cyclonic eddy7.



Figure 5.3.2.7 — Track of anti-cyclonic eddy9. The red line represents the pathway and the

black lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.2.8 — The upper panel shows the variation of the sea surface height [red line] and
the lower panel shows the variation of the eddy kinetic energy [red line] with the bathymetric

profile [blue line] on both panels during the course of propagation of anti-cyclonic eddy9.

Figure 5.3.2.9 — Track of anti-cyclonic eddyl6. The red line represents the pathway and the

black lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.2.10 — The upper panel shows the variation of the sea surface height {red line] and
the lower panel shows the variation of the eddy kinetic energy [red line] with the bathymetric

profile [blue line] on both panels during the course of propagation of anti-cyclonic eddy16.

Figure 5.3.3.1 — Track of cyclonic eddyS. The blue line represents the pathway and the black

lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.3.2 — The upper panel shows the variation of the sea surface height [red line] and
the lower panel shows the variation of the eddy kinetic energy profile [red line], with the
bathymetric profile [blue line] on both panels during the course of propagation of cyclonic

eddy?.

Figure 5.3.3.3 — Track of cyclonic eddy7. The blue line represents the pathway and the black

lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.3.4 — The upper panel shows the variation of the sea surface height [red line] and
the lower panel shows the variation of the eddy kinetic energy [red line] with the bathymetric

profile [blue line] on both panels during the course of propagation of cyclonic eddy7.

Figure 5.3.3.5 — Track of cyclonic eddyl0. The blue line represents the pathway and the

black lines are the bathymetric contours in 1000 m intervals.
Figure 5.3.3.6 — The upper panecl shows the variation of the sea surface height [red line] and
the lower panel shows the variation of the eddy kinetic energy [red line] with the bathymetric

profile [blue line] on both panels during the course of propagation of cyclonic eddyl0.
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Figure 5.3.3.7 — Track of cyclonic eddyll. The blue line represents the pathway and the

black lines are the bathymetric contours in 1000 m intervals.

Figure 5.3.3.8 — upper panel shows the variation of the sea surface height [red line] and the
lower panel shows the variation of the eddy kinetic energy [red line] with the bathymetric

profile [blue line] on both panels during the course of propagation of cyclonic eddyl1.

Figure 5.4.1 — Portrayal of the SST [°C] for the month of January of the model year 3. The
arrows indicate the position occupied by a mesoscale feature similar to a Natal Pulse. Note

the offshore anti-cyclonic eddy with which this perturbation is associated.

Figure 5.4.2 — Portrayal of the SST [°C] for the month of February of the model year 3. The
arrows indicate the position occupied by a mesoscale feature similar to a Natal Pulse. Note

the offshore anti-cyclonic eddy with which this perturbation is associated.

Figure 5.4.3 — Portrayal of the SST [*C] for the month of March of the model year 3. The
arrows indicate the position occupied by a mesoscale feature similar to a Natal Pulse. Note

the offshore anti-cyclonic eddy with which this perturbation is associated.

Figure 5.4.4 — Portrayal of the meridional velocities (v [ms™]) at 33°S for the month of
January in model year3. The negative values represent southward motion. This sequence may

be compared to that in Figure 5.4.1.

Figure 5.4.5 — Portrayal of the meridional velocities (v [ms™']) at 33°S for the month of
February in model year3. The negative values represent southward motion. This sequence

may be compared to that shown in Figure 5.4.2.

Figure 5.4.6 — Portrayal of the meridional velocities (v [ms']) at 33°S for the month of
March in model year3. The negative values represent southward motion. This sequence may

be compared to the contemporaneous one given in Figure 5.4.3.

Figure 5.4.7 — Oku-Weiss [s*] at 33°S for the month of January, model year3. The negative
values represent the rotation and the positives the deformation of the flow. This sequence may

be compared to that shown in Figures 5.4.1 and 5.4.4.



Figure 5.4.8 — Oku-Weiss [s?] at 33°S for the month of February, model year3. The negative
values represent the rotation and the positives the deformation of the flow. This sequence may
be compared to that shown in Figures 5.4.2 and 5.4.5.

Figure 5.4.9 — Oku-Weiss [s7] at 33°S for the month of March, model year3. The negative

values represent the rotation and the positives the deformation of the flow. This sequence may

be compared to that shown in Figures 5.4.3 and 5.4.6.

Figure 5.4.10 — Portrayal of the temperature in [*C] for the month of January in the model.

Figure 5.4.11 — Portrayal of the temperature in [°C] for the month of February in the model.

Figure 5.4.12 — Portrayal of the temperature in [*C] for the month of March in the model.
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Table 4.3 — Summary of the estimated positions and widths of the gates of the Mozambique
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Table 5.2 — Summary of the altimetrically identified eddies which went through the fractures
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Table 4.3.
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

1 INTRODUCTION

1.1 The ocean circulation in the South-West Iindian Ocean

The ocean circulation in the South-West Indian Ocean is influenced by the input of water
masses from the South Equatorial Current. This current is one of the dominant features of the
sub-gyre of the South Indian Ocean. The current derives from the northward flows of water
from the subtropical gyre, inflow of water from Indonesian Seas and from the North Indian
Ocean through the South-West Monsoon Current and Java Current [New et al., 2007; Stramma
and Lutjeharms, 1997]. The South Equatorial Current is shallow and flows in a westward
direction, lying in a zonal band over the width of the tropical Indian Ocean. It is not a single
broad current, rather it consist of several narrow jets that split and coalesce at locations marked

by steep topographic formations [Matano et al., 2002].

The path of the South Equatorial Current is very irregular due to the effect of the underlying
topography and Rossby waves [Schott and McCreary, 2001], and its zonal position varies
seasonally between the North-East Monsoon season and the South-West Monsoon season.
Such variability is generated east of 100°E by the annual cycle of the wind stress curl, and
propagates westward as a Rossby wave at speeds of 0.1 ms™ [Woodberry et al., 1989]. The total
westward volume transport of the current between 10 — 16°S has been calculated as 50 - 55 Sv
[New et al., 2007] and its highest volume transport is observed during the South-West

Monsoon.

On reaching the east coast of Madagascar at between 17 — 20°S the South Equatorial Current
bifurcates into a northward and southward flowing branch [Figurel.2]. Schott and McCreary
[2001] termed the northward branch the North-East Madagascar Current [NEMC], and the
southward branch the South-East Madagascar Current [SEMC]. The nature of this bifurcation
and the influence that the monsoon season has on its zonal position has to date not been
accurately resolved. However, these branches are important components to the background
ocean circulation of the South-West Indian Ocean region, including the influence on the

characteristic of the greater Agulhas Current system.

Oceanography Department, University of Cape Town - MSc Thesis



The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

1.2 The greater Agulhas Current system

The Agulhas Current system lies embedded in the larger scale circulation of the Indian Ocean,
and dominates the circulation of the South-West Indian Ocean [Lutjeharms et al., 2001]. The
northern part of the system is connected to the inflow waters from the Pacific Ocean [Stammer
et al., 2003] through the Indonesian Archipelago [Wyrtki, 1971; 1997; Gordon et al., 1997],
and to the south is exposed to water exchange with the Southern Ocean [Lutjeharms and

Ansorge, 2001].

The contribution of waters from both the Pacific Ocean and from the Southern Ocean into the
upper layers of the greater Agulhas Current system is relatively small [Lutjeharms, 2006]. For
this reason, Lutjeharms infers that the Agulhas Current system is largely influenced by aspects
of the Indian Ocean that are peculiar to the ocean itself. The system consists of three
interdependent components: The Agulhas Current proper; the Agulhas Retroflection; and the
Agulhas Return Current [Lutjeharms, 2001]. The Agulhas Current proper is characterized by a
northern and southern part. The flow of these parts, northern and southern, present distinctly
different characteristics. The northern part is very stable and its flow is tightly coupled to the
continental slope [De Ruijter et al.,, 1999]. By contrast, the path of the southern part is
considerably more unstable, comprising large meanders [Griindlingh, 1995; Harris et al., 1978],

possibly due to the wider and shallower bathymetry of the Agulhas Bank [Figure 1.2].

Oceanography Department, University of Cape Town - MSc Thesis
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1.2.1 The Agulhas Current proper

The Agulbus Current s a strong western boundary current [Quartly and Srokose, 2002, 2004;
Daoglicli et al, 2007]. It forms the western lmib of the wmd-dnven and unti-evelome circulation
of the Seuth Indiun Ocean | Schott and MeCreary, 2001]. The exact location where the Agulhas
Current starts along the south-gastern Africun shelf is no fully understood [Lutjeharms et al.,
2003], alshough myestigations have idemrified its northern part starting approximately a the

barder between Mozambigque and Sowth Africa [De Ruijter etal ., 19997,

The Agulhas Current 15 a narrow and fast Nowing cwrent, approximarely 100 km in width and
2000 m deep [De Rugjter ¢ al, 1999], with surface velocities exceeding 2 ms™ | Luyjcharms,

207, The currenr camies surface layers of warm Indian gopical and subtropical waters
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

southwards [Biastoch and Krauss, 1999]. The tropical water is characterized by a potential
temperature above of 20°C, and salinity ranging between 34.7 — 35.3 psu [practical salinity
unity]. The South Indian subtropical water is characterized by a potential temperature above

17°C, and a surface salinity of 35.6 psu [Valentine et al., 1993].

Due to the influence of the Agulhas Current on the global ocean circulation, many researchers
have been investigating the volume transport of the current, but this still remains the subject of
different opinions. Differences on the estimated volume transport of the current may be related
to the different methods applied, or quality of the data used for the calculation, or different

geographic locations chosen.

Beal and Bryden [1999], using hydrographic data, estimated a total volume transport of the
Agulhas Current of about 70 Sv. Stramma and Lutjeharms [1997] estimated a volume transport
of the current in the upper 1000 m of about 65 Sv. Gordon et al. [1987] estimated the transport
of the current south of Africa of about 95 Sv. A regional-near synoptic survey of the South-
West Indian Ocean carried out from May to July 1995 as a part of the World Ocean Circulation
Experiment Hydrographic program, determined the volume transport of the Agulhas Current in
the upper 2000 m, through a section at 25°S of about 76 Sv [Donohue and Toole, 2003]. Based
on an eddy permitting model Reason et al. [2003] suggest a seasonal variation of the volume
transport of the Agulhas Current through to inter-annual scales. The dynamical mechanisms
driving the variability of this volume transport remains largely unknown [Fetter et al., 2007].
Through a section at 35°S Reason et al. [2003] estimate a transport of 58 — 59 Sv during

summer-autumn and 64 — 65 Sv during the winter-spring seasons.

At about 35°S the Agulhas Current separates from the continental shelf, and at its termination
south of Africa the current makes an abrupt turn [Matano et al., 1998] and thus generates
another important component of the greater Agulhas Current system known as the Agulhas

Retroflection.

1.2.2 The Agulhas Retroflection

The southern component of the Agulhas Current is influenced by the wider shelf associated
with the Agulhas Bank [Schouten et al., 2000]. In this region the Agulhas Current undergoes a

series of meanders [Harris et al., 1978; Lutjeharms, 1981], with shear eddies and plumes of
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warm surface water developing along the shelf edge of the bank. Once the Agulhas Current has
passed the southern tip of the African continental shelf, it turns on itself in a tight loop, called
the Agulhas Retroflection [Lutjeharms and van Ballegooyen, 1988]. Such a retroflection has
been shown to be unstable, and at irregular intervals a loop occludes forming an independent

Agulhas ring [Figure 1.2] that moves off into the South Atlantic [Schouten et al., 2000].

The Agulhas rings carry warm and salty Indian Ocean water into the South Atlantic
[Grindlingh, 1995] and thus establish a major oceanic connection in the global overturning
circulation [De Ruijter et al., 2004]. Such oceanic connection is driven by the Agulhas Current
through the Agulhas rings, but also by Agulhas eddies and current filaments at the region of the
Agulhas Retroflection [Richardson et al., 2003].

Due to their significant influence on the global thermohaline circulation and climate, the
volume transport of Agulhas rings has been of substantial interest. Studies [De Ruijter et al.,
1999; 2004] suggest that the annual volume flux due to the shedding of Agulhas rings is about
10 Sv. The rings are characterized by a surface temperature up to 26°C and an average diameter
of about 300 — 400 km [Lutjeharms and van Ballegooyen, 1988] and extend through the full
water column, moving at a rate of about 5 — 8 km per day [Olson and Evans, 1986]. Based on
hydrographic data Griindlingh [1995] estimated an annual volume transport of Agulhas rings of
about 2 — 8 Sv. The frequency of these ring shedding events has been estimated by Schouten et
al. [2000] to be approx 4 — 5 times per year. Downstream of the Agulhas Current Retroflection
the meandering flow back into the Indian Ocean becomes the Agulhas Return Current

[Lutjeharms and Ansorge, 2001].

1.2.3 The Agulhas Return Current

The Agulhas Current introduces Indian Ocean water masses into the Retroflection region,
though this is limited to water mass less dense than sigma-6 of 27.5, shallower than 1500 or
2000 m [Gordon, 1986]. From this, the Agulhas Return Current is formed and flows along the
northern boundary of the Subtropical Convergence [Figure 1.2], at an average latitude of about
39.5°S, increasing to 44°30°S at 60°E [Lutjeharms and Ansorge, 2001]. The Agulhas Return
Current meanders between 38 - 40°S in a spatially and temporally continuous fashion and has a
core width of approximately 70 km. At the retroflection region the current has a depth of about
4000 m [Schmitz, 1996], and surface speed may exceed 2 ms™', decreasing eastwards to about

0.75 - 0.13 ms™ [Lutjeharms and Ansorge, 2001], with an associated volume transport of about
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4445 Sv in the upper 1000 m [Boebel et al., 2003]. Based on hydrographic data Lutjeharms and
Ansorge [2001] estimated the volume transport of the current to range from 54 Sv in the

retroflection region to 15 Sv at 76°E.

The Agulhas Return Current has its strongest kinematics expression on the northern edge of the
Agulhas Front in its western part, and is featured with a meandering pattern with three crests
and troughs [Boebel et al., 2003]. The meridional gradient property of both the Agulhas Return
Current and the Agulhas Front is high and instabilities in the current shear produce a range of
mesoscale eddies [Speich et al., 2006], which influence the pattern of the circulation in the
greater Agulhas Current system. Besides the Agulhas Return Current, Agulhas Retroflection
and the Agulhas Current proper, important components of the greater Agulhas Current system

are the sources of the Agulhas Current.

1.2.4 The sources of the Agulhas Current

The Agulhas Current is influenced by a forked pattern of enhanced variability from the
Mozambique Channel and from the coast of Madagascar [De Ruijter et al., 2004]. A number of
surveys during the World Ocean Circulation Experiment [WOCE] in the 1990s and the
Agulhas Current Source Experiment [ACSEX, 2000; 2001] were planned especially with the
aim of obtaining a better understanding of the nature of the Agulhas Current, its sources and its
role in the South-West Indian Ocean as a whole. These hydrographic surveys, and satellite
observations [Ridderinkhof and De Ruijter, 2003; Quartly and Srokosz., 2004; Schouten et al.,
2003], and model simulations [Biastoch and Krauss, 1999; Penven et al., 2006; Quartly et al.,
2006], strongly suggest that the Agulhas Current receives tributaries of water masses from three
different sources: The Mozambique Channel eddies, the southern Madagascar eddies and the
recirculation water masses from the sub-tropical gyre of the South-West Indian Ocean

[Stramma and Lutjeharms, 1997].

The Mozambique Channel eddies drift southwards along the full length of the channel, and
may have an intermittent contribution to the volume transport of the Agulhas Current
[Biastoch and Krauss, 1999; Schouten et al., 2002b; 2003; De Ruijter et al., 2002]. Such eddies
are probably related to the large scale climate anomalies over the central basin of the equatorial
Indian Ocean, near eastern boundary, propagating westward as baroclinic Rossby waves. These
climate anomalies reach the northern Mozambique Channel by water mass input from the

South Equatorial Current.
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At the southernmost tip of the Madagascar land mass the southern branch of the East
Madagascar Current separates from the continental shelf, originating a possible retroflection of
the current [Lutjeharms and Machu, 2000; Quartly et al., 2006]. Thus such a retroflection may
trigger anti-cyclonic ring shedding [De Ruijter et al., 2004]. Such rings may drift south-

westwards into the region of the Agulhas Current [Biastoch and Krauss, 1999].

Calculations of the mean dynamic sea surface height from the mean divergence of eddy
vorticity fluxes observed from altimetry, in the region close to the eastern African continent in
the South-West Indian Ocean, suggest a tight recirculation of water masses [Feron et al., 1998].
These water masses come mainly from the sub-tropical gyre of the South Indian Ocean from
east of Madagascar, and from the Agulhas Return Current, and from the Mozambique Channel
probably through the Indonesian throughflow [Gordon et al., 1997], via the South Equatorial
Current. Thus, the interaction of the water masses from these different sources of the Agulhas
Current, specifically the deep eddies [Penven et al., 2006], with the Agulhas Current itself may
cause a big meander on the core of the Agulhas Current, known as a Natal Pulse [Lutjeharms

and Roberts, 1988].

1.3 The Natal Pulse

One of the most intriguing aspects about the behaviour of the Agulhas Current has been its
occasional absence from the near coastal location where it normally is found [Lutjeharms,
2006]. Hydrographic measurements, and satellite observations suggest that the occasional
absence of the Agulhas Current is due to the presence of a large cyclonic meander embedded in
the northern sector of the current [Figure 1.3], termed the Natal Pulse [Lutjeharms and Roberts,
1988].

The Natal Pulse originates in the Natal Bight, between the South African cities of Durban and
Richards Bay [Lutjeharms et al., 2001]. The pulse moves downstream with the Agulhas Current
at a rate of about 20 km per day [Lutjeharms, 2006b]. The Pulse causes abrupt directional
change in the surface currents along the coast [Lutjecharms and Connell, 1989]. The generation
of a Natal Pulse precedes the shedding of an Agulhas ring at the Agulhas Retroflection a half
year later [Van Leeuwen et al., 2000]. The Pulse may also generate an upstream retroflection of
the Agulhas Current. Such an upstream retroflection prevents Agulhas water from reaching the

boundary zone between Atlantic and Indian Ocean water masses [Lutjeharms et al., 2001].
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The growing of a Natal Pulse in the Nulal Bight is due to barotropic instability of the flow
where the continental shelf is less steep |De Ruijter et al,, 19997, Lde Ruyter et al. [1999] state
that ar the Natal Bight the stable Apulhas Current becormes marginally stable, so that a shght
strenplhemng of sharpening of the cwrent can make the flow susceptible to barotropic
instahility, Therefore 1t 15 thought [Schouten et al., 2002a] that such 4 perturbation of the Oow
15 wenerated by the interaction of large anti-cyelonic cddies, originating an the Mozambigue
Channel and south of Madagascar, with the Agulhas Curnrent. Figure 1.3 shows a Natal Pulse

abserved from NOAA-Satellites on 17 June 2006,

Conrresy: [MRSLU]

Figure 1.3 & one day comnpasite of thennal infrared imagery, obtained from the NOAA =17 and NOAA
-18 satellices, The Agalhay Current i3 represented by the coninws red-dark colour off the southern
African coast A well developed Natal Pulse with cold water inside & vyclonic mevement in green colour

15 evident between Durbun und Porl Elizubeih,

In the greater Agulhas Correnl svstem Lhe circulation is strongly controlled by the bathymetric
structwre of the sea floor [Donohue et al, 19990 Thiy region has o variety of wopographic
feutures such as ocean ridges and ocean basins, The second part of ths introduction chapter

wives g short descriplion aboul the bathyvmetric characteristics of the region,
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1.4 The sea floor topography of the South-West Indian Ocean

One of the Mrst order of constraints on the oceanegraphic environment with regard to how the
inter-basin exchange and interaction of waler masses oocurs @ the nature of the sea floor
bathymetry [Parson and Evans, 2005]. Recent shservations from aldmeery indicate that the
profile of the bathyvmetry has a strong ifluence on occan arculation [Gile and Sandwell,
217, Since the oceun currents cunnot pass through barriers such as ridees or seamounts, the
curcents tend to steer around these barmiers and miy generate sieering flows such as vortives

and cddics. In cases of weak currents such interacrion may fully break down the flow,

The topography of the Indian (cean [Figure 1.4] is characterized by a complex pattern of
shallow mid-ocean ridges and deep abwssal plains, which m tum may influence the circulation
in this regiom [Donohue and Tocle, 2003]. The south-west sector of the Indian Ocean
encomprsses an amay of oceanic ndges such as South-West Indhan Ridge: Muscarene Ridge:
Duavies Ridee: Mosambigue Ridge; and Madagascar Ridge. The region also hosts a number of
deep oceanic basins such as: Muscarene Basing fitanskel Busing Mozambigue Hasin und
Mudagascar Busin, These complex hathymetric features are theught [Donchue and Toole,
2003] to impede the flow of deep water masses, although some exchange vecurs through the

dewp fracture vonues which transect each ridge system [Figure 1.4].

Saa P [-acogrshy o s sar Conr
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e

Figure 1.4 — The bathymelry ol the South-West Indian Ceean, The shallow bathvmercy rises to 2000 m at
the Mozambigue and Madagasear Ridges, with depths exceeding StHU m charactenziog the abyssal
plains dark-blue colowr|. The colour sar wives the vurving depth ol this region with isabaths concownng
spaced at 2000 m intervals, Balhymerrie daty bave been extracted from the glosal sathymetric datasel of

twn minutes latitude resolotion, ETOPO2 "Smith and Sandwell, [997].
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

2 CURRENT KNOWLEDGE

21 The ocean circulation and underlying bathymetry in the

Mozambique Channel and south of Madagascar

The Mozambique Channel and areas around the southern part of Madagascar lie embedded in
the South-West Indian Ocean region, and fall into the domain and influence of the Greater
Agulhas Current system. A dominant feature of this region is the mesoscale eddy variability
[Figure 1.2] propagating southwards [De Ruijter et al., 2002] along the full length of the
Mozambique Channel [Quartly and Srokosz, 2004; De Ruijter et al, 2005]. Previous
investigations about the ocean circulation in the Mozambique Channel, based on a limited
quantity and quality of hydrographic data, portrayed the flow in the channel as a warm
southwards current [Figure 2.1] termed the Mozambique Current [Setre and Da Silva, 1984;

Donguy and Piton, 1991; Richmond, 1997].

With the improvement of the instruments of sea observation such as satellites Altimeters and
ocean floats, as well as well designed in-situ observation programs such as [ACSEX], which
provided an array of data at useful scales of space and time, and also the development of high
resolution ocean models, the water flowing in the Mozambique Channel, and south of

Madagascar is now perceived with a new understanding.

The water flowing southward in the Mozambique Channel is now portrayed as an intermittent
propagation of mesoscale eddies [Figure 1.2], instead of a steady Mozambique Current
[Biastoch and Krauss, 1999; Schouten et al., 2003]. The nature of the formation, behaviour and
implication of such mesoscale eddies has been the subject of research among physical and
biological oceanographers, but still remains little understood. Nevertheless they all attribute the
existence of these eddies to anomalies generated by varying forces over the central basin or in
the equatorial regions, propagating westwards as baroclinic Rossby waves, through the South
Equatorial Current [De Ruijter et al., 2005]. Studies [Lutjeharms et al., 2001; Chapman et al.,
2003] suggest that on approaching the east coast of Madagascar between 17 — 20°S, the South
Equatorial Current bifurcates into a northward and southward flowing branch [Quartly and
Srokosz, 2004; De Ruijter et al., 2004]. At the northern tip of Madagascar the northward branch
is deflected westwards, where on reaching the east coast of Africa at about 11°S this current

divides into a northward and southward flowing branches [Schouten et al., 2003].
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Figure 2.1 - Portrayal of the old concept about the goean cirealation in the Mosmnbigue Chamel and
around Madagascar. The final destination of the southern hranch of the Fast Madagascar Current afler its
separation from the continental shelf is presented in broken lines. meaning an issue not well known, The
dotred line tw the nodh [12°%] of the Moesambigue Channel and the horizontal broken line to the south
[24°5] tepresent the hydropgraphic stations osed by WOCEDRZ and WOCER in-siw observuation
pragramnie [not used in this studv]. The bathvimetric gontours are in | 000 m intervals, angd the salid

atrowes stand for the oceunie currents with thew desceiption labeled |afier iMarco et al.. 20027,

The northward branch is termed the Cast African Coastal Current [Schott and MeCreary, 2001
and the southward branch deesn’t have a specilic name. It breaks up into the main ol eyclonic
and anti-cyclonic eddies mentioned above, with a trequency of 4 — 5 anti-cvelonic eddies per
year [Schouten et al, 2003; Quartly et al, 2006], These eddies can reach ahout 400 km in
diameter, and they have been observed to extend all the way through the water column to a
depth ol approxmuztely 2500 m [De Bugter et el., 2002], and they carry the deep luyers water

masses ineluding Red Sea Water,
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

The southward branch of the East Madagascar Current is a narrow current, about 100 km wide
and more than 1000 m deep. Its strongest core near the surface is about 50 m deep, moving
with a speed exceeding 1 ms™. This current separates from the continental shelf at the southern
tip of Madagascar. Previous research in this region, based on very limited hydrographic data,
led to different concepts among the physical oceanographers working in the South-West Indian
Ocean about the final destination of the East Madagascar Current after its separation from the
continental shelf [Figure 2.1]. Tchernia [1980] supported the possibility that after such
separation the East Madagascar Current flows northward along the west coast of Madagascar as
a West Madagascar Current, and that it joins the Mozambique Current in the Mozambique
Channel. Griindlingh [1988] and Lutjcharms [1988c] suggested a different possibility. Instead
of a West Madagascar Current they supported the idea of a net westward flowing crossing the
Mozambique Basin and feeding the Agulhas Current. Finally Lutjeharms [1988d] and DiMarco
et al. [2000] suggested that the remaining of the waters from the East Madagascar Current
couldn’t reach the African coast, instead it may retroflect at the vicinity of the Madagascar
Ridge [Figure 2.1]. Current investigations based on satellite observations and high resolution
models hint at a possible retroflection of the East Madagascar Current in its path after its
separation from the continental shelf [Lutjeharms, 1988; Quartly et al., 2006]. Such a
retroflection is thought [De Ruijter et al., 2004] to generate a south-westward movement of
bipolar vortices and eddies which have been shown from altimetric data and model simulations
to propagate into the Agulhas Current region [Schouten et al., 2002]. Recent investigation of
the flow to the south of Madagascar, based on hydrographic data (WOCE), and satellite
altimeters, add to the current knowledge the existence of a new current on the system of the
currents of the South-West Indian Ocean environment: the subtropical South Indian Ocean
Countercurrent (SICC)[Siedler et al. 2006]. This current propagates eastwards between 22° and
26° S [Siedler et al. 2006].

Similar to the flow from the East Madagascar Current, the train of eddies from the
Mozambique Channel move into the region of the Agulhas Current, and thus, eddies
originating from both the Mozambique Channel and the region south of Madagascar contribute
intermittently to the volume of the Agulhas Current [Quartly and Srokosz, 2004; Doglioli et al.,
2007], and to some extent occasionally affect the behaviour of this current, such as its
temporary absence from the continental shelf due the formation of a Natal Pulse, instability and
consequent earlier retroflection of the Agulhas Current. De Ruijter et al. [1999] have suggested
that an anti-cyclonic eddy interacting with the seaward edge of the Agulhas Current can

provide the positive transport anomaly needed to destabilize the Current near Durban, where
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the slope is less steep than clsewhere along the South Afrcan East coust. These interactons
cventually trigeer a Natal Pulse. Since such destabilization occurs occasionally |Lutjcharms,
2004, | then it seems that the strength and intensity of both the comrent und cddies, us well as the
poitt of interaction between the eddy and the current may play a crucial role. Such point of
intergetion may be determined by the roule of propagation that an eddy may follow alier

crossing the Mazambigue Ridge, stll there is no confirmation of such a hypothesis vet,

2.2 The Mozambique Ridge

The Maxambigue Ridge s an elongated feature Iying roughly parallel to the south-cast coast af
Africa |Figure 2.2 between 25 — 3575 and 34 36°E, with a north to south oricntation [Muia
and Recq., 19907, The ridge is bounded to the east by a deep 3000 m scarp, which descends
down to 3000 m inte the Morambigoe Busing The western {lank of the ndee drops wilh a
smooth slope inte the Transkel Basin [1ales and Nation, 1973: Chetty and Creen. 1977]. The
gastern cseurpment of the ridge s Unear, and it drops to creat depths along its 1300 km length

[Fisher and Goadwillic, |99].

Mozambigue Ficg:
Pty ) 3

Latiude |=|

T b o
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Pigure 2.2 — Mugonbigque Ridee, The colours represent the depths of the ncean and the contours are the
wobalhs with imtervuls ol 1000 m. The [actures over the nidecs allow the deep leakape of chenucal

physical and biclogical properlies betwecn the Morambigue Basin and the Matal Vallew.
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

The Mozambique Ridge blocks an exchange of zonal flow of the deep and bottom water
masses between the Natal Valley and the Mozambique Basin, beneath 2800 — 3000 m
respectively [Donohue and Toole, 2003]. The ridge also influences the propagation of cyclonic
eddies that move between a west and south-west direction [Quartly and Srokosz, 2002; De
Ruijter et al., 2004]. Griindlingh [1987] has suggested that the Mozambique Ridge is
responsible for the formation of eddies. Such formation was supposed to be due to an
interaction between a transient southward current flowing along the eastern side of the ridge.
Dimarco et al. [2002] have suggested that in many cases pairs of eddies at the Mozambique
Ridge are formed possibly related to the conservation of potential vorticity as the flow moves
into deeper waters. Subsequent studies [Schouten et al., 2003; De Ruijter et al., 2004] disagree
fully with such a possibility, and suggest that these eddies are not originated by or at the
Mozambican Ridge, instead that they come from the Mozambique Channel and from the east of
Madagascar. The latter of these eddies are generated by the interaction between a southward
flowing deep jet current to the east of Madagascar with the Madagascar Ridge [Schouten et al.,
2003].

2.3 The Madagascar Ridge

The Madagascar Ridge [Figure 2.3] is also an elongated aseismic plateau in the South-West
Indian Ocean, which separates two oceanic basins: the Mozambique Basin and the Madagascar
Basin. The ridge forms a region of shallow water, between 42 — 47°E, extending 400 km across
and southwards from Madagascar for a length of over 1300 km. The depth of the water ranges
between 2000 — 3000 m over most of the plateau [Sinha et al., 2008]. The ridge is a broad, and
over much of its area, flat-topped feature, covered by 0.5 — 1.0 km of undisturbed sediment
[Goslin et al., 1980]. A steep scarp on the western side of the ridge runs down into a 5000 m
deep Mozambique Basin, while the slope from the southern half of its eastern flank runs into a
5000 — 6000 m deep Madagascar Basin. To the north, the ridge abuts directly with the island of
Madagascar. To the south of the ridge the water depth increases rapidly to more than 3000 m,
and beyond this the 4000 m isobaths merge onto the flank of the South-West Indian Ridge
[Payet et al.,2004; Sinha et al., 2008].
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Figure 2.3 - Madngascar Ridze. The colours represent the depth of the ocean, and the contours are the
isphaths with 1000 m intervals. The fractures owver the ridge s2l the conal deep leakape of chemical

physical and biological properties between the Madapasear and the Mosambique Basins,

2.4 The Davie Ridge

The Davie Ridge 13 an important strugtural feaere of the Mozambigue Channel [Bassus,
19927, It runms NNW  through the Mozumbique Chamnel west of Madagascar and represents the
presumed extinet ansfiwm alang which Madagascar separated Trun Somalia between 160 —
117 million years ago, and from India [Dyvment, 1991; Kosky ¢t al, 206 According to
Bassias [1992], it represents the actual confleweation of an old fracture wone between Alrica
and Madagasear along which Madagascar drtfted southward duning Late Jurassic aod Early
Cretaceous times. The ridge probably disades the Mosambigue Channel inta 1w differcou
domains: the (st one, wesl of the nidee, churacterized by a thick crust, and the seeond oo, by
a thinner crust, between the Duvics Ridge und Mulagasy [Recy and Charvis, 2007]. It 15
thought [Raddeninkhof and De Ruyter, 2003], that this ndge may be responsible for the

steering flow and eddy gencration in the central part of the Mozambique Channel,
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Figure 2.4 - Davie Ridee The colours represent the depth of the ocean, and the comouss are the isobaths
with 1000 m intervals, It is thought that this ndge may be responsible lor generalion of eddies in the

ventral Morambique Channel.

The region contmns muny other topographic features which are also imporanl components 1o
understand the reeional vecan circulation system. Many of these have a similar physiograply to
the Mozambique and the Madagascar Ridges, Under the present study, attention 1s only given
to the Mozambigue and the Madapascar Ridges. From all the aseismic ridges in the Indiun
Ocean. the Mozambigue and the Madagascur Ridges have the most sinular morphulogy {Sinha
ct al., 2008]. They have a broad clevated topography especially on the southern half and fall
away steeply down into the Mozambique Basm. They are shurply tnmeated at ther southen
ends near the latitude 353°5 apd both Mozambique and Madapascar Ridges extend southward

conlinuously from continentu] blocks at depths of 1000 2000 m,

Strnlar 1o the Mozambique Ridge, the Mudugascar Ridge also blocks an exchange of a zanal
flow of the deep and bottom masses of water between the Madagascar and Mozambique
Basins. Investigations of combined satellite and  ip-situ observations  sugpest that by
comservation of potential vorticity, the botom topography ol the Madugascar Ridge and the
beta etfect generare anti-cyclonic eddies in the jet current of the East Madagascar Current |De
Ruijter et al., 2004 . Hence it stimulates a positive vortex formation which propagates into the

region of the Apulhas Current.
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

Investigations [Quartly and Srokosz, 2004; De Ruijter et al., 2004] on the ocean circulation in
the Mozambique Channel and southern part of Madagascar, have suggested that the interaction
between eddies in the region with the Agulhas Current, has a strong influence on the pathway
of this current and associated mesoscale features [Donohue and Toole, 2003]. Therefore to
understand better the contribution of such mesoscale features to the overall circulation of the

Agulhas region — the role of bathymetry on this ocean variability must be fully understood.

At the moment, the bathymetric influence of the Mozambique and the Madagascar Ridges on
the nature, formation and behaviour of the mesoscale eddies coming from the Mozambique
Channel and regions south of Madagascar that propagate into the region of the greater Agulhas
Current system is not well understood. Therefore these gaps of knowledge need to be bridged
to complement the available knowledge on the understanding of the ocean mesoscale
circulation in the region. Therefore, to improve our understanding on bathymetric control and
the extent it has in controlling the flow and behaviour of the eddies in the southern part of
Mozambique Channel and Madagascar, pertinent questions have been raised to be addressed if

the ocean circulation in the region is to be well understood.
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

3 SCIENTIFIC RESEARCH QUESTIONS

The literature survey on what currently is known about the circulation in the South-West Indian
Ocean has shown that there are some scientific questions that still remain unanswered with the
present knowledge of this dynamic system. Therefore such open questions tell us that much
more scientific research in the region, especially within the Mozambique Channel and southern
parts of Madagascar, still needs to be carried out, in order to complement our understanding on
the physical processes of the components of the greater Agulhas Current system. Thus the
present study will address some of such unknown issues, especially those related to bathymetric
influence, since the bathymetry in this region has a strong influence on the dynamics of the

overall ocean circulation.

In the greater Agulhas Current system the circulation is strongly controlled by the bathymetric
structure of the sea floor [Donohue et al., 1999; Quartly et al., 2006]. Buck [2003] has shown
that the ultimate destination of eddies in the East Madagascar Current varies, with some eddies
reaching the Agulhas Current, whereas others possibly recirculate in the sub-tropical gyre of
the South Indian Ocean. On their paths from the southern part of Madagascar, the propagating
eddies cross the Madagascar Ridge with which they may interact in unknown ways, so that the

question may be asked:

e How does the bathymetry, especially the shallow Madagascar Ridge influence the

mesoscale circulation propagating into the Agulhas Current region?

Studies have shown that once these eddies have survived the interaction with the Madagascar
Ridge, they propagate in a south-westerly direction, the cyclonic eddies being more dispersive
than the anti-cyclonic eddies and predominantly more drift southwards [De Ruijter et al., 2004].
During the course of their propagation they also interact with a southward flow from the
Mozambique Channel, thus they may split or enhance their surface signature [De Ruijter et al.,
2004]. On reaching the eastern side of the Mozambique Ridge these eddies undergo further
bathymetric interaction, and their path is reoriented. Thus we aim to answer the second research

question stated as follow:

e Do these eddies have a preferred routes of propagation through the fracture zones

transecting the Mozambique Ridge?
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

An important aspect to take into account when investigating the mesoscale variability within a
system of eddies is to look at their energy expression. Eddy energy may be exported from a
region where it is generated by advection by the background flow, or by radiative mechanisms.
As already mentioned, the Mozambique Channel and southern parts of Madagascar are regions
of enhanced mesoscale variability. Eddies propagating southwards within the Mozambique

Channel and south of Madagascar transport considerable amounts of heat.

Schouten et al., [2003], have investigated the variation of the mean sea surface height
anomalies of 25 eddies along the Mozambique Channel during the years 1995-2000. The
results of such investigation have suggested that the Mozambique Channel eddies increase their
expression of the mean sea surface height during the course of their propagation. To
complement such investigation with more extensive information about the characteristics of
eddies in the region, a cross correlation of variation of sea surface height and eddy kinetic
energy with variation of the bathymetric profile during the course of their propagation, in both
the Mozambique Channel and the southern parts of Madagascar was investigated under the

following research question:

¢ How does the kinetic energy of these eddies change during the course of their

propagation?

It is thought [De Ruijter et al., 1999] that the impact of eddies on the Agulhas Current perturbs
the flow of this current. An evident case is the generation of a Natal Pulse, along the

southeastern African coast, between Durban and Richards Bay.

Studies have suggested that it is the interaction between large anti-cyclonic eddies originating
in the Mozambique Channel and near the southern parts of Madagascar that occasionally
causes an instability of the Agulhas Current. Thus the current study also proposes to investigate

the physical mechanisms driving such perturbation by addressing the question:

e How do these eddies affect the stability of the Agulhas Current?
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4 METHODOLOGY

Due to the lack of hydrographic data within the region of interest, we have used altimetric
satellite observations. These provide data with a spatial and temporal covering ideal to address
mesoscale studies of the oceans. We also used a regional ocean circulation model termed
ROMS in order to simulate ideal situations which are impossible to perform in real life
observations, [i.e. removing the bathymetric configuration from the domain of the study]. Such

simulations are important because they allow us to understand the processes of the system.

4.1 Satellite Altimeters and data

The era of satellite oceanography have improved the ways in which we interpret the dynamics
of the oceans. To study the oceans, satellite Altimeters are designed to measure the sea level by
a combination of radar techniques, used to calculate the distance from the satellite to a
reflecting surface. This technique allows one to measure a very precise location of the satellite
on its orbit, and an accurate variation of the sea surface, with millimeters of precision [CNS,
CLS technical report, 1997-2008]. The combination of different satellites observations,
enhances higher precision of the altimeters to minimize the constrains of spatial and temporal
resolutions, found in an individual satellite measurement. We have used altimetry data, a
merged product processed by a reanalysis of altimeter products retrieved by the joint mission
satellites: TOPEX-Poseidon + ERS 1, 2; Jason; Envisat. The series is of 10 years duration
[1992-2002]. The satellite missions, provide an array of global data categorized in near real
time [NRT], and delayed time [DT]. The NRT are mostly used in operational oceanography,
and are distributed one week after the date of measurement. The DT are provided two months
after the measurement. In our study, we have used the DT gridded data with 1/3X1/3 grid
resolution on a Mercator grid. These data are used specially for studies of mesoscale circulation
of the oceans, and the climate of the Earth. The data are processed by the French agency:
National Center for Spatial Studies [CNES], and are distributed by AVISO, through
SSALTO/DUACS. The AVISO proposes several ways of accessing the data, such as FTP —
which is a data extracting tool that extracts the data from a global dataset, over a long period,
choosing a geographical region, and/or temporal period. Another data server is the LIVE
ACCESS SERVER [LVS] — which is a highly configurable Web server, designed to provide
flexible access to geo-referenced scientific data; OpenDap — which enables one to access

remote data sets through familiar data analysis and visualizations packages; and finally via
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media CD and VCD ROMs, free of charge according to the motivated request. Via FTP, the
data can be acquired following the link: ftp:/ftp.cls.fr/pub-occano AVISO .

As already mentioned in this chapter, another tool used in this study was a regional model of
ocean circulation. Thus the next section starts by providing a general overview about the model

design, and the basic equations on which the model functioning is based.

4.2 ROMS model

4.2.1 History and design of the model

The Regional Ocean Modelling System (ROMS) represents a new generation of ocean
circulation model [Shchepetkin and MC-Williams, 2005]. The model was developed in the
United States of America (USA), at Rutgers University, and at the University of California Los
Angeles (UCLA). The ROMS model stands as a successful improvement of the former Sigma
Coordinate Rutgers University Model (SCRUM) [Song and Haidvogel, 1994]. SCRUM, was an
improvement of the Semi-spectral Primitive Equation Model (SPEM) [Haidvogel et al., 2000].
ROMS is a free-surface, finite difference model, based on a nonlinear, terrain following
curvilinear coordinates [Shchepetkin and MC-Williams, 2005]. The model was designed with
important features such as: higher order advection schemes [Shchepetkin and MC-Williams,
1998]; predictor corrector time step algorithm, and parallelization. The first two features allow
the model to solve with greater accuracy the dynamics of the coastal processes. The last
mentioned feature make it possible to run the model on parallel computers. To date, ROMS has
three different versions: ROMS Rutgers, ROMS UCLA, and ROMS (UCLA-IRD). The latter
code has been termed by its developers, as, ROMS AGRIF
[http://www.brest.ird.fr/Roms_tools/]. The code was developed by a joint effort of modelling
researchers from UCLA, and from the Institute de Recherche pour la Development (IRD,
France). ROMS AGRIF is a three-dimensional ocean model intended for simulation of
currents, ecosystems, biogeochemical cycles and sediment movement in coastal regions, using
an AGRIF grid refinement procedure. As already mentioned, ROMS is built as a parallel code,
which can be allocated to different processors, in order to run in a shared memory (Open MPI),
or in a distributed memory (MPI) machine. Its functioning is based on the primitive equations

of the momentum conservation (4.2.1.1 — 4.2.1.2), mass conservation (4.2.1.7), heat and salt
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transport (4.2.1.3 - 4.2.1.4), and the equation of state of sea water (4.2.1.5), in an Earth’s
rotating frame, solved on a Arakawa C grid, under two main approximations: The Boussinesq
approximation, and the hydrostatic approximations. The Boussinesq approximation neglects
density variations in the momentum equations, except for the gravitational force (or
contributions to the buoyancy in the vertical momentum). The hydrostatic approximation,
assumes that the vertical gradient of pressure balances the buoyancy. It means that vertical
accelerations and Coriolis terms associated with the vertical velocities are neglected. These

assumptions require that a typical ocean depth be small compared to a typical ocean length.

4.2.2 The primitive equations of motion

The primitive equations of motion, taking into consideration the Boussinesq approximation,
and the hydrostatic approximation (4.2.1.6), can be represented in the Cartesian coordinate
system [Hedstrom, 1997] as follows:

ou  Ou Ou ou o¢

—=-u—-vVvV——-w—+ fyr———+F +D
- Yo v@y W v a7 T h D (4.2.2.1)

0
_:_u__v_—w—z—fu—g-f'F,ﬁ'D. (4.2.2.2)

_:_u——v——wa—+FT +DT (4223)

oS oS oS oS
E:—M-G;—Vg—Wg'*‘FS +DS (4224)

p=p(T,S,p) (4.2.2.5)
0 P8
=== 422.6
T, (42.2.6)
0 — a_u + @ + a_w
o % (4.2.2.7)
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In the above equations, (x, vy, z) [m] are the Cartesian coordinates, oriented to the east, north,

and upward directions respectively; and (u, v, w) [m.s"'] are the corresponding components of
the velocity vectors. f [S _1] is the Coriolis parameter, defined as: f=2Q Sin(6’ ); being (9 )
the latitude, and €2 [S 71] is the Earth’s radian rotation frequency. ¢ [mzs 72] is the
dynamic pressure. I’ [0 C] is the potential temperature of the ocean, S [P SU ] is its salinity,
and P [N 'm-z] is the total pressure. F, F, are the forcing terms for the horizontal velocities;
and £7.F5  are the forcing terms for temperature and salinity. D,,D, are the dissipating
terms for the horizontal velocities, and D7, Ds  are the dissipating terms for temperature and
salinity. © [kg.m‘3] is the density of the sea water, and Po is the mean density used for the

. o -2, . .
Boussinesq approximation. g [m.s ] is the acceleration of gravity.

The numerical solution techniques of the model, obey a vertical and horizontal discretization,

functioning in the C grid scheme, as illustrated:

u, (’F.S.li.f.p.é.!l)ll o
- e e [ J R

Figure 4.2 — Schematic representation of the variables in the model, into the Arakawa C grid [after

Penven, 2000].
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4.2.3 The boundary conditions

4.2.3.1 The vertical boundary conditions

The vertical boundary conditions encompass surface and bottom boundaries. The free-surface

is delimited by sea level elevation, i.e. (Z = 77). The boundary conditions at the surface are wind
stress, heat flux and fresh water fluxes. In our simulation, we have used surface fluxes from a

monthly climatology at 0.5 resolution derived from Da Silva et al. [1994].

[i] - Surface boundaries:

ky aTLi = Tour (4.2.3.1.1)
(94
Ky v T s (4.2.3.1.2)
Oz
or O
"o pC, (4.2.3.1.3)
as _(E-P)S
S (423.14)

2 -1 . . .
Where the terms Ky K7, K [m s ] are the coefficients of the vertical turbulent mixing of

5

. . x ¥ 2 -
the momentum, temperature and salinity respectively. Zswr and sy [m S ] are the zonal

=21 .
and meridional components of the wind stress at the sea surface, Or [W.m ] is the surface
. . -1] . .
heat flux, Cp [J.kg'.C"']is the specific heat of the sea water, E [cm-day ] is evaporation, and

P [cm.day _l] is the precipitation. The surface heat flux contains several terms that depends on
the sea surface temperature [SST], such as latent heat flux, sensible heat flux, and outgoing
infrared radiation. According to Barnier et al. [1998] this feedback process is parameterized in

the model as a restoring term at the sea surface. Such a term is obtained by a linearization of the
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thermal forcing around a climatological temperature. Thus the total surface heat flux takes the

form:

- SST,

0
Or =0, —Q(SST tim ) (4.2.3.1.5)

+
aSST mod el

clim

There is not such feedback for the salt flux. But, due to the poor quality of forcing data for
precipitation and evaporation, we kept a restoring term, to prevent an inertial drift of the model

[Marchesiello et al., 2003]. The salt flux is written as:

E-P)SSS._..
Salt flux = (B~ P)SSSm CIF (SSS st = SSS i) (4.2.3.1.6)

Po

Where SSSmoder and S5 im are the sea surface salinity in the model and in the climatology.
Y
CIf s the inversed time, kept equivalent to the same value of W (~ 30- 40 days).

At the surface (Z = 77), the vertical component of the velocit (W) is defined by:
y

W=—+u—+v—
o Vo (4.2.3.1.7)

[ii] - Bottom boundaries:
At the bottom (Z =-H ), vertical boundary conditions for the vertical component of the

velocity (W), is defined by the form:

W=-Uy——-v—
. (42.3.1.8)

In our simulation, we have defined this boundary with a global bathymetric dataset at 2 minute
resolution: Etopo2 [Smith and Sandwell, 1997]. At the bottom, the frictional effect on bottom

currents by the roughness of the seafloor is parameterized as a stress, with the forms
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ou .
Kyt == Thorom (4.2.3.1.9)
oz
ov ’
ks === Thoton (4.2.3.1.10)

2

x ¥ 2 - L.
Where Thowom and 7 posom [m s ] are the zonal and meridional components of the bottom

stress. The bottom stress is parameterized in a form of linear and quadratic terms of the bottom

currents, and is defined as:

T ottom =(71 + 7V’ +v2)4 4.23.1.11)

ot =(71 +y,Vu’? +v2)v (4.2.3.1.12)

Where 7191dY; are coefficients of linear and quadratic bottom stress respectively. Assuming
that there is no heat flux, neither salt flux, nor exchange between the water columns and the

bottom floor, these fluxes can be prescribed as null and represented with the forms:

ol
k =0
T 5, (4.2.3.1.13)
oS
kS:—:O (423114)
oz

4.2.3.2 The lateral and initial boundary conditions

A satisfactory prescription for open boundary conditions is crucial for the performance of a
regional ocean circulation model. As regards outward propagation, Roed and Cooper [1986],
have suggested that an open boundary should allow the perturbations generated inside of the
computational domain, to leave it without obstruction of the solution inside the model.

Marchesiello et al. [2001] have stressed that sometimes there is a competing requirement that
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important external information should be conveyed inside of the domain. Otherwise the system
may be under-specified. Thus, an active open boundary scheme was developed and
implemented in ROMS [Marchesiello et al., 2001]. This algorithm deals successfully with the
challenges of open boundary conditions encountered in several ocean circulation models. Such
challenges are associated with the incoming information into the model domain and the
radiation of the solution (i.e., the outgoing information) from the interior to the exterior of the
domain without generating reflections causing deteriorization of the solution inside the system,

and guarantee a realistic stable equilibrium state for long periods.

The active, open boundary scheme implemented in ROMS, estimates two horizontal phase
velocities, propagating as waves, close to the boundary. The following equations show the

derivation of open boundaries:

Op Op
o wee
x (%]24‘(%}2 (4.23.2.1)
Ox oy
Op Op
i
( o J2+ ( o0 Jz (4.2.3.2.2)
ox oy

- -1
Where €, [m s ] is a normal phase velocity and ¢ [m S ] is the tangential phase velocity.

? is any variable in the model, such as (T ,S,u, VJ?). The propagation of variable # in the

model domain takes a form of the equation below, known as a wave equation:

00, 00 00 _ Pun=¢

1 oy ¥ 6; . (42323)

out

When the propagation of the variable is towards the interior of the model domain, the variable
value is nudged towards the data, and the equation, takes the form:

Q(/l — ¢dala B ¢
ot T,

m

(4.2.3.2.4)
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Tins Cour [5 ] stand for inward and outward nudging time and ®aaa is a data variable. Puua could

be derived from a climatology observation, or from high resolution global models. For the

lateral boundaries, (U,V) are computed from WOA temperature and salinity using geostrophy.

For the geostrophy calculation we choose a level of no motion (Zref = —IOOO[m]).

The initial conditions for our simulation have been derived from the global monthly
climatology dataset at 1° resolution: World Ocean Atlas (WOA, 2001; Conkright et al., 2002).
In the model, the initial day of the climatological experiment is set as 1 January of the modeled
year 1. The external forcing is repeating a typical climatological year with cycle duration of

360 days [Penven and Tan, 2007].

4.2.4 The Mozambique Channel configuration

To perform our simulation, we have configured the model taking into account the topographic
and hydrodynamic features of the region. To preserve a good solution within the region of
interest, we extended the size of the domain to (20 - 60°E, 40 - 8°S). The horizontal grid

1
resolution was 6—0 (~17.5 km, at 19.00°S) containing 239x232 grid points on longitude and

latitude respectively. For a finer resolution at the surface layers, the sigma coordinates were set

to 32 vertical layers. The parameters for the vertical, sigma coordinate stretching, to the surface

was set to theta, =7; to the bottom theta), — 0; and the minimum depth P = 50[’”]. The

transition depth between the horizontal surface level and the bottom terrain- following levels

was set to /. = 10[’”]. The physical boundaries are open at every side [North, South, East, and
West]. The forcing fluxes are derived from monthly climatology at 0.5° resolution (Da Silva

[1994]). Our configuration was at first tested for a 30 days run. Afterwards a long-term

simulation (10[}’@‘"’ S ]) was performed. The model output is averaged and stored every 3 days

(a sufficient time scale to resolve mesoscale processes). The time step of the computation is

1800151, A diagnostic analysis revealed a spin up time of the simulation (equilibrium state)
after the first 2 years of run. A statistical MatLab toolbox, part of the Romstools, contains
different tools to aid the pre-processing of the data, visualization of the model results, and post-
processing of the data. It allowed us to perform the basic computation of the mean states

(MEAN), standard deviations (STD), and variances (MS) of the main variables. Several
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

As regard to the general ocean circulation in the region (Figures 4.1[b] — 4.2.5.2{b]), the model
correctly portrays the westward flow of the South Equatorial Current splitting into two
branches on the east coast of Madagascar. The northward flow, after reaching the northern tip
of Madagascar, propagates westward to the east coast of the African continent, where it splits
into two branches. The northward branch forms the East African Coastal Current and the
southward flow propagates into the Mozambique Channel. To the east coast of South-Africa,
the flow of the Agulhas Current, and of the Agulhas Return Current are also represented in our

simulation.

Also some limitations on the model results are clearly observed. The model did not reproduce
the meandering behaviour of the Agulhas Return Current. It could be associated with the
position in which the southern open boundary has been placed. In this region a very strong
variability of the flow is present. Therefore we would argue that the nudging of the solution at

this active boundary may have influenced the behaviour of the current.

There are limitations in comparing altimeter product with our model simulation. Such
limitations are due to the incapability of the altimeter to retrieve information close to the coast.
Nevertheless, from the available information, we see that the model reproduces the key

elements of the circulation patterns of the system.

4.3 |ldealized model simulations

Model simulations allow one to perform experiments that are not possible in real life. With
such simulations, we may learn more about a target system being investigated. We have
performed an idealized simulation to understand the influence of the sea floor topography on
the mesoscale circulation south of Madagascar. The idealized simulation consisted in removing

the upper 4000 m of the Madagascar Ridge, turning this bathymetric feature into a flat topped
topography.

The results of this simulation were compared with the reference model simulation performed
without modification of the bathymetry. Notice that both, the real and the idealized simulations
run under exactly the same set of configurations. We have termed the reference experiment
(Case-1), and the idealized experiment (Case-2). Figures 4.3.1 and 4.3.2 show these two

distinct scenarios.
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Another abjeetive ol this study was 1o venly 1l the movement of eddies coming trom both the
Mozambique Channel and south of Madagascar have preferred galeways through the
trunsecding fractures of the Mozambigque Ridge, Three such fractures were identified and
termed gates as shown in lgure 4.3.3 below, For this particular investigation a total of 60
eddies evident in the altimetry were tracked, being 20 cyclonic and 20 anti-cvclonie from south

of Madagascar, and 20 anti-gyvelonig eddies from the Mosatnbique Chunnel,
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lunes are the bathymetric contours in 1000 m intereals.

Fractures Latitude [S] | Longitude ['E] Width [km]

Gate - A 28.5-309 | 36.2-36.4 270.2

Gate -B 31.0-32.5 35.7 - 359 166.9 i
Gate- C . 33.3-342 338-347 128.7

Table 4.3 Summary of the estmated positions and widths of the gates of the Mosambigue Radge,
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4.4 Tracking of altimetric eddies

To track eddies from the altimetric data, we have made a few assumptions: first, an eddy could
be identified as having a negative height anomaly, greater than 0.1 m, and the anti-cyclonic
eddies with a positive height anomaly, greater than + 0.1 m. Second, such features should have
a life-time greater than 90 days (3 months). We have superimposed on these the distribution of
horizontal components of the geostrophic velocities, to access the clockwise and anti-clockwise
rotations of these eddies. A chronologic sequence of these images, animated in a move fashion,
provided information related to the propagation of these eddies. Using capabilities of a MatLab
function, termed (ginput), we have written a script, which allowed us to extract instantancous
information related to the eddy, such as: the height of the sea level anomalies, the intensity of
the horizontal components of geostrophic velocities, its geographical positions
(latitude/longitude), and the ocean depth at such a defined position. The depth was obtained by
overlaying the bathymetric data on the image at 2 minute resolution, ETOPO2. Our designed
script provides the information related at the eddy at each time that a click with the computer
mouse is performed within the eddy domain. For each eddy, we have performed 5 clicks. One
click in the core of the eddy, two clicks along the meridional direction, to the north and to the
south of the core of the eddy. The last two clicks were made along the zonal direction, to the
cast and to the west of the core of the eddy. The instantaneous speed of the eddy was estimated
as a mean of the velocities from every point along the zonal and meridional directions. We
have tracked a total of 60 eddies: 20 anti-cyclonic eddies along the Mozambique Channel, 20

anti-cyclonic and 20 cyclonic eddies in the south of Madagascar.

An investigation of several two-dimensional (2-D) plots of the sea surface height (SSH) and
eddy kinetic energy (EKE) profiles, both superimposed onto the depth of the seafloor
topography has also been performed. Such an investigation allows one to visualize how the
changes in both SSH and EKE at the surface of the eddy changes with the bathymetric
configuration of the sea floor topography during the course of propagation of an eddy. The
EKE was computed as a mean of every points at each time step, and the position of the eddy
was determined also as a mean of all the latitude and longitude positions obtained during the

extraction of the “’u’” and “’v’’ components. The findings of the investigation are presented and

discussed in the next chapter 5.
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5 RESULTS AND DISCUSSION

5.1 The influence of the Madagascar Ridge on the circulation

This chapter presents and discusses the findings of the current study, which has been motivated
by the aforementioned key research questions. Such questions were identified as gaps in the
current knowledge about the mesoscale ocean circulation in the Mozambique Channel and

south of the Madagascar.

The first key research question of this project is: How does the bathymetry, especially the
shallow Madagascar Ridge, influence the propagation of eddies into the Agulhas Current. To
address this, we have used an idealized model simulation which allowed us to remove the first
upper 4000 m of the Madagascar Ridge. Based on such simulation, we have investigated mean
states of the sea surface height (SSH) and its variability (i.c., mean square MS SSH), mean
surface currents (U) and their variability (i.e., eddy kinetic energy, EKE) from the eight years
of simulation in order to compare with the reference run, in which no modification of the
Madagascar Ridge was made. The results from these simulations are presented in {Figures 5.1.1

~5.1.8].
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Fogure 5.1.2 — Eight year mean of the sea surface height [m], for the simulation i which the upper 4000
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Figure 3.1.7 — Lddy kinetie enerey ot 100 'm] depth, with contours in s for the medel simalaaon with

Madagascar Ridge.

Figure 5.1.8  Fddy kinetic eperay at 100 [m) depth, with contoyrs in m's™ for the medel simulation

without Madagascar Ridae,
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

Comparing the mean patterns of the sea surface height [SSH] and its variability [MS_SSH], the
state of the surface currents [U] and the eddy kinetic energy [EKE] from both the simulations
some distinctions and some similarities are evident. The simulation in which no modification of
the bathymetry was made, is here termed the Reference simulation, and the simulation in which

the Madagascar Ridge has been removed, the Idealized simulation.

Looking at the annual mean SSH [Figures 5.1.1- 5.1.2], we notice that at the northern boundary
of the domain [i.e. to the north of the Madagascar and in the northern part of the Mozambique
Channel], the northemn part of the East Madagascar Current [NEMC] and its derived
components after reaching the east African coast, all these components were not sensitive to the
absence of the Madagascar Ridge [i.e., the mean SSH maintained the same profile in both the
simulations] varying between -0.2 and 0.1 m ([Figures 5.1.1-5.1.2], 18 — 5°S, 40 - 60°E). The
southern boundary of the domain also was insensible to the absence of the Madagascar Ridge.
Here the mean SSH has remained similar in both experiments, ranging between -0.3 to -0.1m
[38 —40°S, 20 - 50°E]. In this domain the mean SSH is possibly related to the eastward flow of
the Agulhas Return Current or the Subtropical Convergence that are driven by independent
forcing that one would not expect to be influenced strongly by the flow over the Madagascar

Ridge.

As a whole, the background mean circulation of the region in the both simulations is similar.
Nevertheless, localized differences related to the absence of the Madagascar Ridge can be
identified, evident in the distribution of the mean SSH [Figures 5.1.1 - 5.1.2]. For instance, a
negative cell of SSH with -0.1 [m] has been observed in the Mozambique Channel [around
18-27°S] in the idealized simulation, and a strong gradient of SSH over the continental shelf
compared to the simulation where the Madagascar Ridge had been removed [Figure 5.1.2]. To
the east of Madagascar [around 27-18°S, 50-60°E] a weakened recirculation evident in the
SSH [Figure 5.1.2] is observed. The SSH signals in this region are more likely related to the
westward flow of the South Equatorial Current [SEC]. Along the east coast of Madagascar such
signals may be associated with the southward flow of the East Madagascar Current [EMC]. The
semi-permanent anti-cyclonic cell of 0.2 m in the SSH south-east of Madagascar [around
23-25°S, 51-53°E], and the cyclonic cell with -0.2 m SSH [at about 35°S and 55°E] that are
evident in the reference simulation [Figure 5.1.1], completely vanished in the idealized
simulation [Figure 5.1.2]. In the latter simulation, the mean SSH with 0.1 m isolines runs
continuously from south of Madagascar, westerly along the 27°S, into the Agulhas Current

region. In the reference simulation [Figure 5.1.1], by contrast, the 0.1 m isolines are not

Oceanography Department, University of Cape Town - MSc Thesis

47



The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

continuous. Thus, the south-westerly link into the Agulhas Current is made by a mean SSH of 0
m isolines. Therefore these differences suggest that in the simulation in which the Madagascar
Ridge has been removed [Figure 5.1.2] the volume of water crossing into the Agulhas Current
region may be greater than in the reference simulation [Figure 5.1.1]. This may suggest that
either an eastward flow, possibly associated with the retroflection of the EMC is limited in the
idealized simulation, or that fewer eddies and more mean flow propagate into the Agulhas
Current region. To the west [Figure 5.1.2], high mean SSH [at about 27°S, 35°E] is observed in
the region of the Mozambique Ridge. At the south-eastern boundary, over the shelf adjacent to
the Agulhas Current [at about 37°S, 30°E], the highest mean SSH is observed, reaching 0.3 m
further downstream, close to the western boundary of the domain [Figure 5.1.2] which seems to

increase the recirculation of the Agulhas Current.

Looking at the Eulerian distribution of the mean surface currents [Figures 5.1.3 and 5.1.4], one
can also observe similarities and differences on the mesoscale circulation. The pathways and
the nature of the currents to the north-east of Madagascar and to the north of Mozambique
Channel remained largely similar [Figures 5.1.3 - 5.1.4]. Nevertheless changes such as the
absence of the semi-permanent anti-cyclonic eddy mentioned above, as well as an anti-
cyclonic eddy over the shallowest part of the Madagascar Ridge, and another possibly
bathymetrically trapped eddy [at about 32°S, 53°E (Figure 5.1.3)] were absent on removal of
the Madagascar Ridge [Figure 5.1.4]. In the reference run an anti-cyclonic eddy interacting
with the offshore edge of the Agulhas Current [at about 36°S, 30°E] is observed to draw water
from the current that then moves to the east [Figure 5.1.3]. In contrast to this idealized
simulation, such an anti-cyclonic eddy maintains its anti-clockwise rotation without any water
being drawn away to the east when the Madagascar Ridge has been removed [Figure 5.1.4].
These figures also show that there is less expression of the eastward flow south of Madagascar

in the simulation in which the Madagascar Ridge has been removed.

Comparing the MS_SSH between [Figures 5.1.5 - 5.1.6 (that represents the flow variability)]
one can observe a larger field of variability to the east of the Madagascar Ridge in the
stmulation with Madagascar [Figure 5.1.5]. When the Madagascar Ridge was removed [Figure
5.1.6], the field of vanability was largely moved to the west of the ridge. Strong signals are
observed reaching farther west to the region of the Mozambique Ridge, and along the path of
the Agulhas Current. A substantial increase is observed at downstream regions of the Agulhas

Current.
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

Both simulations shows that the regions with high values of EKE are concentrated in the
Mozambique Channel and adjacent to the continental shelf of south-eastern Africa, along the
path of the Agulhas Current, with the strongest signals manifested in the central Mozambique

Channel, varying between 0.1 — 0.3 m’s®.

The mean surface currents from the simulation in which the Madagascar Ridge has been
removed [Figure 5.1.4] shows a surprising feature in the mean circulation, located in the central
part of the Mozambique Channel [about 23 — 18°S and 40°E]. The absence of the Madagascar
Ridge generates a mean cyclonic circulation here which seems responsible for the strong signal
of the MS of the SSH observed [Figure 5.1.6], and a low mean SSH [Figure 5.1.2]. For its
geographical location [i.e., not being located in a direct downstream region of the Madagascar
Ridge], one would not expect changes in the mean circulation here since it would seem far
north of the ridge influence, and the dominant flow in the channel is south-westward. Besides
that, farther north of this point, the incoming flow from the South Equatorial Current (which on
reaching the east African coast at about 11°S splits and generates the southward flow through
the Mozambique Channel) remained similar in both simulations. In fact this peculiar result has

raised several questions such as the following:

e  Are the eddies passing through the Mozambique Channel so variable that they do not

affect the calculation of the mean state?

o Is the observed cyclonic feature in the channel and the western boundary current at the
Mozambican shelf related to the absence of the Madagascar Ridge, although the ridge

is not located upstream of the observed features?

e Does the inflow from the East Madagascar Current and from the South-East Indian
Ocean moving into the Agulhas Current region when there is no Madagascar Ridge
[Figure 5.1.2] strong enough to block and trap the eddies coming from the

Mozambique Channel, forcing them to a cyclonic rotation?

Though these questions are based on the idealized simulation, a closer look at these is
important to understand the hydrodynamics of the system. The questions require an answer if
the role of Madagascar Ridge on the regional mesoscale circulation is to be fully understood. A

proper analysis of other experiments would be needed to address these questions.
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

The above description of the simulations suggests that the absence of the Madagascar Ridge
increases the variability of the mesoscale circulation in downstream regions of the Agulhas
Current system and that it also affects the dynamics of the circulation to the south of
Madagascar. Thus it raises some other pertinent questions such as: Why is the MS of SSH
shifted to the west when the Madagascar Ridge is absent? And why is there an increase of the

variability at downstream regions?

As it is already known from the available literature, hydrographic data and satellite
observations have to date indicated that the nature of the flow to the south of the Madagascar is
characterized by eddy shedding events due to the separation of the southern branch of the EMC
from the continental shelf, generating a retroflection of the EMC, and due to the interaction
between deep jet currents and Rossby waves from the East Indian Ocean with the topography

of the Madagascar Ridge [Schouten et al., 2003].

Thus for the first question we may hypothesise that the large field of SSH variability to the east
of the Madagascar Ridge in the reference simulation is a result of the combined effect of the
separation of the EMC from the continental shelf and the interaction between currents from the
cast and Rossby wave features with the Madagascar Ridge which generates local eddies, as

some studies already suggest.

Thus, the Madagascar Ridge may trap mesoscale circulation features at its eastside, delaying
their propagation westward. In contrast, when the Madagascar Ridge is removed, such
mesoscale features may be generated simply as a result of the separation of the EMC from the

continental shelf, but not from the interaction between deep jets with the Madagascar Ridge.

For the second question we may explain the higher variability at downstream regions as a result
of the absence of the Madagascar Ridge which opens up a free gate for the incoming flow, from
the South and East Indian Ocean, allowing a considerable amount of water to have a direct link
into the region of the Agulhas Current system. The mesoscale circulating features may cross
faster to the west, reaching the African coast. Here eddies interact with the Mozambique Ridge,

increasing also the variability [Figure 5.1.6].
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The influence of ocean ridges on the circulation to the south of the Mozambigue Channel and Madagascar

5.2 The pathways of eddies through the Mozambique Ridge

To approach the second research question one has to track the pathways of propagation of
eddies in the region. This is not the first time that eddies in the Mozambique Channel and South
of Madagascar have been tracked. Altimetry studies [De Ruijter et al., 2004] as well as
hydrographic measurements [Schouten et al.,, 2003] and modelling studies [Quartly and
Srokosz, 2004] have shown that cyclonic eddies propagate in a southward direction and anti-

cyclonic eddies are predominantly propagating in a south-westwards direction.

Here we concentrate on establishing whether eddies formed in both the Mozambique Channel
and south of Madagascar move through the gaps or fractures of the Mozambique Ridge [Figure
2.2]. Such information is important to understand better the role of mesoscale eddies on the
path and behaviour of the Agulhas Current, such as its temporary absence from the shelf slope
by the formation of a Natal Pulse. Occasionally a Natal Pulse is triggered [Schouten et al.,
2002a] by the interaction of anti-cyclonic eddies from both the Mozambique Channel and
cyclonic and anti-cyclonic eddies from south of Madagascar with the Agulhas Current. This
happens only at the Natal Bight. Different pathways of propagation of these eddies through the
fractures of the Mozambique Ridge may lead to different points of interaction between such
eddies and the Agulhas Current and thus triggering of a Natal Pulse or not. Therefore to
establish whether these eddies have such preferred routes three fractures were identified and
termed gate-A, gate-B, and gate-C [Figure 4.3.3]. Sixty eddies over a period of ten years were
tracked by altimetry. From this collection, twenty anti-cyclonic eddies [red dots] moved the full
length of the Mozambique Channel; twenty cyclonic [blue dots] and twenty anti-cyclonic

eddies [red dots] moved westward from south of Madagascar [Figure 5.2].
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Filgore 5.2 — An altimetnie tracking of 20 anti-cyelonic eddies [red dots] from Morambique Chamnel: 20
cyvclonic [blue dots] and 20 anti-cyclonic eddies |red duts| lrom south of Madagascar, The thin black

lines pive the bashvenetiie contours in LOOG m itervals.

An investigation of all the anti-cvelonic eddies coming from the Mozambigue Chunnel shows
thal none of them passed through the pates of the Mozambique Ridpe. Some of these eddies
disintegrated at the ridge. possible duc to huthymetric interuction, and some were able o
survive such interaction: These ones moved poleward inwe the Agulhas Current region. A study
of the unti-cvclonic eddies coming trom the south of Madugascar shows thut ¢ighteen out of
twently anti-cvelonie eddics survived crossing both the Madapascar and the Mozambigue
Ridge. The remaining twa eddies did not survive, Out of the remaining eighteen, seven [3994]
crossed the Mozambigue Ridge withour passing through the pates, and cleven [61%] passad
through gate-A. This suggests a clear preference for these anti-cyclonic eddics to pass through

this gate,

Swdving the vwenty eyvclonic eddies coming from the south of Madagascar have shown thal
thirtcen of them [65%] survived crossing both the Mudagascar and the Mozambigue Ridpes.
COut of these thirtcen, six [40%] crossed the Mozambigue Ridge without passing throwgh the

ates, and the remaining seven [ 54%1

did pass through the pates. Out of these seven, two went

throupli the gawe-A, four went through the gate-B, and | went throual the gawe-C [Table 5.2].
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The influence of ocean ridges on the circulation to the south of the Mozambique Channel and Madagascar

Fractures \h Cyclonic eddies Anti-cyclonic eddies ‘

Gate - A 2 ‘ 1 |
Gate - B 5 4 ) 5
Gate - C 1 \ 4

Table 5.2 — Summary of the altimetrically identified eddies which went through the fractures of the

Mozambique Ridge. The position of the gates can be observed in Figure 4.3.3 and Table 4.3

The results of this investigation suggest that anti-cyclonic eddies are more resistant to possible
bathymetric interaction than cyclonic eddies. They also have a higher tendency of moving
through the gates of the Mozambique Ridge; especially through gate-A, the northernmost
fracture of the ridge. Such a tendency could possibly be related to conservation of the angular

momentum.

The track of the cyclonic eddies are more south-westward oriented than those of anti-cyclonic
eddies. By the conservation of angular momentum on their clockwise rotation, during the

course of propagation, these eddies drift to follow through gate-B of the ridge.

Another way to look at the dynamics of the eddy variability is to look at changes in their
expression of EKE. We also investigated how such variability might be related to the

topographic features of the sea floor bathymetry.
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5.3 The variation of the EKE relative to the bottom topography

A senies of 2-dimensional plots of the sea surfuee haighl ol the edidies that crossed bathymetrie
tealures combined with the depth ot the sea floor topagraphy in the Mozambigque Channel and
south of Madagisear were wsed 10 give answer L the thind rescarch question of this study: T

does the kinetic enertry of these eddics change during the course of their propapation?

We first bave siarred o investigate the relationship between the profiles of the sea surface
height und cddy kinetic cnerpey relative o the bollom toporraphy along the pathways of anti-
cyelonic eddies moving in the Mozambique Channel. Thercatier, a similar analysis was
performed vn eyclonie and anli-cycloniv eddies moving from the south of Madagascar into the

Agulhas Current region. The results of these investisatians are presented below.

5.3.1 EKE of anti-cyclonic in the Mozambique Channel

i L, IELY 8 T TR TEaZups

Figure 331 Track of anre-cyclonic eddyZ. The red line represents the pathway and the plack lines sre

(=1

the bathymetric cantones in W00 m intervals,
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Figure 5.3.1.2 - Track of anti-cvelonic eddvd. The red line represents the pathway and the black lines are

the Bathymetric contouts in D00 m intemvals
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Figure 53.1.2.0 — The upper panel shows the changes of sea surface height [red line] with the
bathymetry [Blue ling] and the lower panel shows the change of the eddy kinetic eneroy with the

hathymetry duning the course of propagation of anti-cvolonis eddvd,

The unt-evelone cddyd was first identified 1n the central par of the Mozambique Channel on

28 July 1993 and maintained its integrity for aboul a vear. Uhe eddy eroassed the Mull length of
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the Mozambigque Channel moved southward into the Agulbas Current region and dissipated on

R oAupusl 1993 in the Natal Valley |Figure 5.3.1.2.2).

The sew surface heipht [SSH| of amu-cyelonic eddy4 iz higher over the decpest parts of the
bathymetry and lowest over the northernmaost part of the topugraphy to the north |18°8]. The
full trend varration of the SSH indicates a southwards increase that seems versely related 1w
the battom topography. The highest peak of the eddy kinetic energy [EKE] is observed 1o the
rwrth [24°5] than in itz south part. Its full trend indicawes a profile that scoms unrelated to the

bowom wpography [Figure 5.3.1.2.1],
Mext we present tie variation of the eddy kinetic energy of the anti-cyclonic eddics which was

corresponded least to the bathymetry during the course of propagation, coming from the region

south of Madagascar.

5.3.2 EKE of anti-cyclonic eddies in the south of Madagascar
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Figure 3.3.2.1  Track of anu-cyelonie wldy5. The red line reprasents the pachisaw andd the black lines e

the hathwinetric contours i 1000 m iolwervals,
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Figure 5322  The upper panel shows the variation of the sea swrface height prolile |red line|. and
lower panel shows the variation of the cddy kimenie eneregy prolile [red line|, with the bathvmetrie profile

| blue line] on both panels during the course of propagation of anti-cyclonic eddvs,

The anu-cyelome eddyd was first identified to the east of the Mudapascar Ridge on 22 Jung
1994 and remained intact foc about 13 months, The cddy crossed the Madagascar Ridee and the
parallel 2875 o a south-westwards direction and then moved westwards along the full widih of
the Mozambigue Basin, and passed through gate-A_ Alter passing the gate 1t 1s dissipated in the
MNatul Valley [Figure 5.3.2.1| on 27 July 1995, The variation of its sea surface height [S5H] and
eddy kinetic energy [EKE] with the hotwom topography during the propagation is shown in the

Fibrs 533

The 55H of anti-cyclonic eddy® was highest over the Movambique Ridge up to 36°E. Higher
values of S8II are also obscrved ower the Madagascar Ridge at about 43°E and in the
Mozambigque Basin ut 40°E [Figure 5.3.2.2]. The lowest value of SSH 3 observed fur 1o the
west 34°E. The tull trend suggests an imgreasing profile that scems unrelated to the profile of
the bathymetry, The EKE of the eddy is highest where the SSH is lawest und a higher value is
abserved to the east of the Madagascar Ridee between 48-50°E [Figure5.3.2.2]. The full trend
af the EKE shows a decrcase thal seems inversely related to the botom topagraphy just to the

east 0 4271

Deeanngrapy Mepart nent, Uz varsity of Cape “ows - M2 Tresis

L




Tre ot Lesce st ocean ndages on th o cinculation fnotes scube ool Ve Mocambique Crarrei a~a Madagasca®

. Latree [2]
-4 5
T

"y

Figure 3.3.2.3 — T'rack of anti-cvelonic eddyfi, The red line reprosents the pudbway and the black lines are

the bulhwvmedne conlours in 100G m iotervals.,
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Firure 5.3.2.4 — The uppet panel shows the variation of the sea surface height profile red ling|, and Lhe
lewrr panel shows the varialion of the eddy kinetic energy peofile [red line|, with the buthwmetric profil

[blue line] on both pancls duting 1he course of propagzation of ant-cyclonic eddyé.
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The anti-gyelonic cddyt was obscrved 1o the south-cast side of Madagasear, in the Madagascur
Basin around 52°F on 23 November 1994 und was evident for ubout 8 months, This ediy
crossed the Madagascar Ridge and parallel 28°S in a south-wesoward direetion crossing the
Mozambigue Busin and passing through the gate-A o the Mozambique Ridpe. [t dissipated at
the: 2000 m 1sebaths around 3078 i the Natal Vallev on 12 July 1985 [Figure 3.3.2.3].

The vanution of the sea surface height [SS5H] (red line on the upper pancl) and eddy kinctic
energy |EKE| (red line on the lower punel) ol wnt-cyelome cddy® with the bottum topography
are shown above [Figure 53.2.4]. The 5511 is highest around 50°E. Tis profile is lower over
Both the Madagasear and the Morambigue Rudees. The full trend vanation suggests a

wislwards deercasiog profile that seems inversely related to the bathymetry.

The FKE is considerably low. except 1o the far west 34'F where 1 pouk hus been observed
[Figure 5.3 241 Even though s Tull trend sugeests a westwards decreasing profile that seems

unrelatid to the bottom topography.

ot
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Figure 5.3.2.5 - Track of anti-cvelonie edéy?. The red line represents the patkway and Lhe black lines are

the bathsyrnetric contours o LOGD 01 intervals,
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Fignre 5.3.2.6  The upper panc] shows the vartation of the sea surface height profile [red ling| and the
lower pans| shonws the vatsation of the eddy kinetic enetgy profile ted lie |, with the bathymetnie profils

[Blue line | an beth panels during the course of propagation of anti-eyvebonic eddy?.

The anti-eyelomie cddy? was Arst dentificd over the Madagascar Ridee, south of parallel 28°S
an 10 May 1995 and continued for about |1 months Cheer the ridee the eddy moved south-
westwirds and 1t cressed the Mozambigue Basin more likely 10 o nonth-westwards passing
through gate-A of the Mozambique Ridee. Subsequently the eddy moved south-westwards and
it dissipated 1o the cast ol the Agsulbias Bank [Figure 5.3.2.6] on 20 March 1996, The direction
of propagation of the anti-ovelonic eddy7 changed considerably from a westward to south-
wostward aler passing e Mogambigqoe Ridge [Figure 53.2.5)0 Such change secms to be

related to the ettects of the bathymetry.

The sea surface height [SSH] of anti-cyelome edidy? was highest over the Madagascar Ridae
A57F and decreased wostwards as i moved downstream into the Arulhas Current region, with a
peofile that seems to be inversely related o the bottom topogriphy. The cddy kinetic mergy
[EKE] decrcascd westwards from 45°E to the cast of 35°E. After passing 33°E the CKE

mereased significantly reaching highest values far west of 30°T [Figare 5.32.5].
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Figure 5.3.2.7  Track of anti-cyclonic eddv®, The red line represents the puthwuy and the black lines are

the barhvmetre contours in T o intervals.
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Figurs 3 3.2.8 — The upper panel shows the variaton of the sea surlbee height |red line] and the Lower
pacel shows the variaton of the eddy kinetic enerey [red ling] with the barthymetric profile [blue line] on

both panels duning the course of propagation ol aoti-cyclonic eddyd.
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The unti-cvelonic eddy® was identified far south-zast of Madagascar, 1n the deepest part of the
Madagascar Basin, on 13 September 1995 and could be followed for abour 1835 months. The
iy crossed the Madagascar Ridee north of 28°% in 2 nonth-westward direction. After crossing
the ridge 1t moved soulh-westwards, passing through the gate-A of the Morumbigue Ridee. and

went out of the domain of study, west of 20°0E [Fiygure 5.3.2.7] on 26 March 1997,

The sea surface height [SSH] of anti-cvelonic eddy9 was lowest over the Madagascar Ridge
between 45 — 48", and highest far west to 25 E. Trom the point where the sddy was first
identitied around 33°E, it moved wul its SSH inversely related to the bathymenuy until 35°F,
After thal the varnation of the 5511 seemed related to the bouom lopography, vxeept around
2UFE. The eddy kinetic energy [IRKE] 15 highest over bath the Madagascar and the Morumbiguy

Ridge. the prafile 15 Likely 10 be related to the botwom wopography [Figure 5.3.2.5].
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Figure 5.3.2.9 - Track of anti-cyelome eidyl6. The ted line represents the pachway and the black lines

dare the hathymerric contours m 1000 m intervals.
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Frgure 532,10 — The upper panel shows the variation of the sea surface height [red line] and the lower
panel shows the vanation of the eddy Kmetic energy |eed ling] wish the bathymetric profile [Flue line] on

both panels during the course ol propagation ol anti-vyelonie cddyl6,

Anti-evelome eddy 16 was first identificd sewth-gast of Madagascur, in the Miulagascar Basin,
on 26 August 1998 and remained evident for about a vear. The eddy crossed the Madagascar
Ridge at abour 28BS in a westward divection wnd moved wlong the full width of the
Mozambique Basin in a south-westward direction. This eddy passed through pate-A ol the

Mozambique Ridgre and disuppeared on 11 Aupgust 1999 in the Nawal Valley [Fipure 3.3.2.9].

The sea surfuce height [SSH] of anti-eyclonie cddyl6 wus highest in the Movambigue Basin
between 40 - 43°E and its profile scems roughly inversely related to the bottom topography.
The eddy kinetie energy [EKE| inereascd westwirds to 42°E, and afier this poine il decreased
reaching lowest values over the Mozambique Ridge [34 -34 E|. After passing 34°E, iI"s EKE
has inercased rapidly. The trend of the EKE scoms witilly unrchated o the bathymerry [Tiaure

$3.2.14,
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5.3.3 EKE of cyclonic eddies south of Madagascar
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Figure 5.3.3.1 — Track of cyvelonic eddy3. The hlue line represents the pathway and the hlack lines are the

hathymetric contours in [D0G m intervals.
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Figure 5.3.3.2 — The upper panel shows the vanation of the sea surface height [red ling] and the Lower
parie]l shows The varacdon of the cddy kinctic cnergy profils [red ling], with the bathymeric profile [blus

lire | v hoth pancls during the course of propagation of ¢yclome eddys,
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Cyclonic eddy5 was first identified to the cast of Mudyascar, between the Madagascar main
fundd urid Mauntius, at about 32°E and 2278 |Figure 5.3.3 1), en 6 Ocwober 1993, The eddy at
first mewed scuthwards along the 4000 m isobaths parallel o the cast coast of Madagascar, and
on reaching Z8'S over the Madagascar Ridge the cddy chanpod s direction. moving
westwards. Afier crossing the Mudugascar Ridpe it moved south-westwards and passed through

gate-B of the Mozambique Ridge. and dissipated in the Natal Villey around 32°8 and 32°E.

The sea surface height [S8H] of cvelonic eddyd was mghest over the Madagasear Ridge and
lowwest aver the Mozambigque Ridee The full wend of the 8811 shows a decreasing south-
wostward profile that scems related to the bathvmerry. Iy eddy kinene encrgy [EKE| seoms
inversely related 1o the bottom topography [Figure 5.3.3.2] The full trend of the EKE shows un

unclear pattem of variability.
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Figure 5.3 3.3 — Track of cyclonic cddy?. Uhe blue e represents the pathway and the black lines are the

bathymotric eentours in FOO0 m jnfervals.
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Figure 5.3.3.4 — The upper panel shows the vanaoon of the sea surface height ‘red line| and the lower
panel shaws the varianon of he eddy kinetic voeney | red Ime] with the bathvimetric protile [blue ling] on

botl panels durng the course of propamation of cyelonic eddy?.

Cyelonic eddy? was idenuficd 1o the south-cast of the Madagasear on 0] December 1993 and
remained evident in the aliimetric signal for about 7.5 months. The eddy moved south-
westwards passing through gate-B of the Mozambigue Fidge, and dissipated 10 the Natal

Valley [Figure 5.3.3.3] on 15 June 14%4,

The sea surface height [SSH] of cyelonic eddy? was highest aver the shallower parts of the
bathymetry, the Madapascar [44 — 48 E] and the Mozambigue Ridges [35 — 37°E]. which
therefore scems d-il'cél{;-,’ related o 1he bottom toporraphy. The full trend profile of the SSIT (s
nat clear, Its cddy kinetic energy [EKE] became lower during the [ull course of propagation

and seems unrelated 1o the batlymetry [Figure 5.3.3 .4
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Figure 5.3.3.5 — Track of vyelonic eddy 10, The bluc line represents the pathway and the black lines arc

the bathyrietric contours in |00 m intervals.
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Frgure 3.3.5.6 — The upper panel shows the vatiation of the seq surface heighl [red ling| and the kower
panel shows Lhie vanation of the eddy kietic eacrgy ted ling| with the bathymetme profile |bluc ling| on

both panels during the course of propagzation ol cyveloms eddy 1t

Cvelonie eddy 10 was identificd 1o the south-cast of Madagascar, in the Madagascar Basin at
about 32°E and 24 S on 23 August 1995, and could be identitied for aboutr 9 months. The

patlvvay shows that cyclonic eddyld moved sowth-westwards, crossing over both the
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Madagascar and the Mezambique Ridpes, and dissipated in the Natal Valley on 13 Muy 1996,
The pathway hus a westward dicection over the Madupascar Ridge and o sooth-westward
dircetion over the Madagascar Ridge |Figure 5.3.3.5 |, The sea surface height [S511] of cyelonic
eddyl0 was highest over the Madupuscar Ridge [45 — S0°E] and Far west 1 30°E n the Natal
Valley, The full trend of $5H vanation decreased westwards to about 37°E over the eastern
slope of the Mozunbigue Ridee. Aller this pout 2 increase in the S5H 1s observed up to the
cnil of the protile. The eddy kinetic energy has a lower variation and seems untelated to the
bottom topography. und is profile relatve w the ncreasing and deercasing tremd 15 unclear

[Figure 5.3.3.6].
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Figure 5.3.3.7  Track of exclome eddy11. The blue line represents the pathway and the black lines are

the hathymetric contonrs jn | OUC m Tnteryvals,
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Figure 5.3,3.8 - upper panel shows the vurbuiion of the sed surfuee heiaht red line] and the lower panel
shows the varanon of the eddy kineeie eneroy |red line] with the hathvimetric profile [Blue ling] on both

puncls during the course of propagation of cyclonic eddyl1,

Cyelome ¢ddy 11 was fivst identified to the south-east of Mudugascar, in the Madagascar Basin
on 6 Noverber 1996, The pathway shows that the eddy moved in a south-westward dircetion,
crossing buth the Madagascar and the Mozambique Ridges. Over the Madagascar Ridge it
crossed south of 2875 in g westward dircetion, and over the Mozambique Ridge 1t passed
through gaie-B and Msally dissipated in the Natal Valley o the south 368 and 10 the west 32°

[Figure 5.3.3.7].

The sea surtace height of cyclonic cddyll was mghest over buth the Mozambique and the
Mudapascar Radges, and the lowest 5511 was observed over the decpest parts of the bathvmetry
in the Mozambique Busin [37 — 43°K], The vanation of the 3511 seems directly related w the
botiom wpography [Figure 5.3.3.8). The eddy kigetic encrgy [EKE] ol ¢velonic cddy11 s very
liw exeept at small peaks observed between 48 and 30°F and far west to 32°C. Nevertheless,
the tull trend of CKE shows g wostward decrease that seems unrelated w the botiom

topagraphy [Tiguwe 5.3.3.8].
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