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In memory of
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1911-1972
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Preface

In 1977 Paul Tchernia, the world-renowned French physical oceanographer, wrote a now well-
known textbook on global descriptive oceanography! based on the lecture series that he had taught
for ten years to students of the University of Paris VI. It dealt with all major ocean basins, their
general circulation, hydrographic structure, water masses, the origin and formation of such water
masses, etc. In its treatment of the anticyclonic circulation of the North Atlantic Ocean, this com-
prehensive treatise includes seven pages of discussion on the western boundary current of that
basin, the Gulf Stream. The analogous current of the South Indian Ocean, the Agulhas Current,
as well as its sources, are by contrast dealt with in but two, brief paragraphs.

The reason for this gross disparity is immediately apparent if a comparison is made between what
was known about these two — otherwise comparable — currents at the time. Knowledge on the
Agulhas Current, as measured by the number of research articles that had been published in the
scientific literature, was in fact totally inadequate for more than the rather cursory discussion in
the Tchernia text (viz. Figure 1). Even including early papers dealing with the currents of the South
Indian Ocean in foto, papers on abyssal currents as well as atlases, not more than about 80 pub-
lications on the greater Agulhas Current system existed by the late 1970s.

This situation has, for a number of reasons, changed dramatically since then (Figure 1). Since
the early 1980s about 13 papers, on average, have been published annually on the physics and
chemistry of the Agulhas Current. These contributions have covered a wider range of disciplines
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Figure 1. The number of research papers that have appeared per year with, as subject, the Agulhas Current
or closely related topics (left ordinate). The continuous curve gives the accumulated total for these papers
from 1920 onwards (right ordinate). These numbers are based on a number of bibliographies on the
subject?™. Note the peak in the publication rate in the 1930s; a secondary, but smaller peak in the 1960s
due to the International Indian Ocean Expedition; and a noteworthy and persistent growth starting in the
1970s.
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than ever before and have come from a large number of countries, including South Africa, the
United States, Germany, the Netherlands, Britain, France, the Soviet Union, Mozambique and
Portugal. Major advances have thus been made in the understanding of the hydrography, the
kinematics, the dynamics and the chemistry of the current whilst numerical modelling of the
broader current system has developed rapidly and is showing increasing promise.

This enormous increase in knowledge of the Agulhas Current system is quite unparalleled when
compared to the contemporaneous growth in knowledge about analogous currents such as the Gulf
Stream in the North Atlantic and the Kuroshio in the North Pacific Ocean. However, the annual
number of publications concerning the western boundary currents of the northern hemisphere still
exceeds by far those on the currents of the southern hemisphere. An analysis, for instance, of all
publications that are represented in the Aquatic Sciences and Fisheries Abstracts and that include
the names of these currents in their abstracts, shows that during the period 1988 to 1993, for
example, 1074 papers had appeared on the Gulf Stream, 965 on the Kuroshio, 141 on the Agulhas
Current, 71 on the Brazil Current and 69 on the East Australia Current. Those on the Agulhas
Current were, however, from the lowest base by far. This implies that the actual growth in under-
standing of this current over the past two decades has probably exceeded any comparable growth
in knowledge on the other currents.

This spurt in new information has led to a number of eminent oceanographers proposing that
the time was ripe for a comprehensive, descriptive treatise on the greater Agulhas Current system.
Such a monograph, it was suggested, should bring together and synthesise what has been learnt;
particularly over these past few decades. More than this, it should be a user-friendly key to
unlocking the wealth of information scattered throughout the primary literature. These are the aims
of this book.
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1

Introduction

Firmly rooted in the practical needs of shipping and
navigation, the study of the ocean as an organised
enterprise has a history that precedes the scientific revo-
lution of the seventeenth century. It nevertheless comes
as a surprise that one of the very first deep-sea currents
described in some detail was the remote Agulhas Cur-
rent lying off the south-eastern coast of Africa.

In the diary of Admiral Vasco da Gama®, the first
European to have sailed from Europe to India, there is
an entry for 16 December 1497 that reads:

On Saturday we sailed past the last cross and we could see,
running on the beach, a couple of people as well as much
cattle. As we progressed so the land appeared to improve
with more and taller trees. That night we laid up off the Rio
do Infante. The following day we set off with following
winds until evening when the wind shifted eastwards and we
set an offshore tack. We tacked seawards and landwards
until Tuesday evening when the westerly wind returned and
we laid up offshore for the night to check our position the
following day. In the morning we closed on land and at
10 o’clock found ourselves off St Croix Island, 60 leagues
back from our last land fix. This was due to a very strong
current.

The same day we set off again and with a good following
wind which lasted four days, we broke through past the cur-
rent. We thought this current was going to prevent us achiev-
ing our wish [to reach India]. From that day on it pleased God
in his mercy that we should make good progress forwards and
not backwards and pray that it shall always remain so.

The last cross mentioned here was one planted by a
predecessor of Vasco da Gama, Bartholomew Dias, at
Kwaaihoek, about 100 km north-east of the present city
of Port Elizabeth. The Rio do Infante probably refers to
the present Kei River and St Croix Island, still so
named, is in Algoa Bay. To the best of our knowledge,
this is the first written account of an encounter with the
Agulhas Current.

Early investigations

This description by Da Gama of his navigational prob-
lems off south-eastern Africa demonstrates quite

vividly why a disproportionate interest would be shown
in this current for the next few centuries. The major
shipping route of that time lay around the southern tip
of Africa and once the Cape of Good Hope had been
passed, this intense south-westward flow of water
remained a major obstacle to be overcome in a passage
to India.

One of the very first scientific treatises written about
any major current therefore came to be published on the
Agulhas Current. Published posthumously, An Investi-
gation of the Currents of the Atlantic Ocean and Those
Which Prevail Between the Indian Ocean and the
Atlantic by Major James Rennell was a milestone in
1832, not only for a fuller understanding of this particu-
lar current, but also for ocean science as a whole’. The
ideas and concepts he put forward were received with
acclaim by the best scientific minds of the day®. Alex-
ander von Humboldt, the pre-eminent geographer of his
day, visited Rennell while on a diplomatic mission in
London, and subsequently adopted many of Rennell’s
concepts on ocean currents in general and on the role
of the Agulhas Current in particular. Unfortunately,
Von Humboldt’s major treatise on ocean currents was
never published®. It might have altered dramatically the
direction in which concepts on the Agulhas Current
developed.

Subsequent investigations were still, for a long time,
driven by the operational needs of commercial shipping
and such studies carried out by members of the Konink-
lijk Nederlandsch Meteorologisch Instituut' confirmed
and extended the work of Rennell. Nevertheless, inno-
vative research on other aspects of the Agulhas Current
was also being carried out by the Dutch at the time. The
possible influence of the Agulhas Current on local
winds'!, a modern topic that is receiving increasing
attention at presentlz*”, was one of these. Many of the
very early studies have been shown by recent investi-
gations to have been quite prescient in their con-
clusions, but much was subsequently lost to science and
only reclaimed recently'*.

Most of this initial work remained based on collec-



2 Introduction

As with so many place names that have an ancient deriva-
tion, there is uncertainty about the exact origin of the name
Agulhas Current.

Bartholomew Dias, the first European explorer to round
the Cape of Good Hope, gave up his attempt to reach India
at the Great Fish River on the south-eastern coast of South
Africa and shortly after reached the southern tip of Africa for
the first time, on his return journey. This probably occurred
on 16 May 1488, the name-day of the Irish monk, St Brendan,
since he called this promontory Ponto de S. Branddo. He was
unaware that this was the southernmost tip of Africa®3+=>.

This name for the southernmost cape of the African con-
tinent soon fell into disuse although it was employed to
denote the present Quoin Point for some time. A map of
1502 by Alberto Cantino, summarising the early Portuguese
cartography of the region®**, shows a Golfo das Agulhas
(Bay of Needles) directly to the east of the cape currently
called Cape Agulhas?3, and cartographers subsequently
started using variations on the name Cape Agulhas with
increasing frequency. So, for instance, Hen Hondio in 1631
designated this headland as C. d’ Angulas, 1. Covens and
C. Mortier (1660-1730) as Cap des Aiguilles, Gerardo and
Leonardo Valk (1650-1720) as C. das Agulhas and
D’Anville in 1763 as Kaap des Aiguilles.

Two possible origins for the concept “needles” have been
put forward: one, the resemblance of the jagged reefs oppo-
site the cape; two, the observation that the needles of com-
passes showed no magnetic declination at this point, i.e.

Origin of the name Agulhas

magnetic north and true north were identical at this time. The
latter origin is more likely, since, for example, authors such
as Jan Huijgens van Linschoten in his book Itinerario (1595)
have called this cape the Cape of Compasses or Needles of
the Compass. Particulary notable in this regard is the inscrip-
tion on a map of Mathia Hasio (probably redrawn from one
by Batiste Homan) of about 1750 describing the cape as
Prom. Acicularum [c declinatione magnet carentium (Cape
Needle, i.e. without magnetic declination).

The Agulhas Bank, Agulhas Current and the Agulhas
Plateau all take their names from the cape. Cartographers
I. Covens and C. Mortier (1660—1730) have called the con-
tinental shelf south of Africa Banc du Cap; by 1746 M. Belin
designated it as Banc des Equilles. When the name of the
cape was first transferred to the current is not entirely clear.
Kerhallet (1852)* has still indicated a Courant de Cap,
while Zimmermann (1865)%° has shown a Cap Lagullass
Stromung, suggesting the gradual equating of the name of
the cape and the current. Rennell in his 177827 map has
indicated the Bank of Lagullas, but has not named the cur-
rent; but fifty years later (18327) he clearly denoted it
Lagullas Current, as did Maury?® in 1855. By 1866 Findlay?’
called it, unequivocally, Agulhas Current, as did Kriimmel
(1882)%. Kriimmel (1911, p. 672)3! has in fact stated that
south of 30° S latitude the current along the south-eastern
coast of Africa is to be called the Agulhas Current, and so
it has remained since.

tions of ships’ drift obtained from the logbooks of mari-
ners and the occasional measurements of sea surface
temperatures by scientifically inclined ship captains.
During the subsequent age of global ocean exploration
many of the early cruises visited Cape Town such as,
for instance, those carried out from the vessels
Challenger' (1873), Gazelle'® (1874), Waterwich!”
(1894), Valdivia'® (1898; Figure 1.1), Gauss*° (1903),
Planer®' (1906) and Méwe?? (1913).

Many of these carried out a few observational stations
near Cape Town to measure hydrographic variables to
deep within the water column. During the Meteor
cruises®? of the 1920s, under the leadership of Defant,
and the Discovery cruises® of the same decade, lines
of stations were furthermore carried out from Cape
Town. By this combination of efforts an eclectic collec-
tion of deep measurements for the region south of
Africa was slowly built up.

Early scientific research

The first truly scientific investigation of the southern
Agulhas Current, making use of this fortuitous accu-

mulation of deep oceanographic measurements, was
carried out by Dietrich in 1935%°. Not only did he com-
prehensively describe the Agulhas Current and its
manifestations throughout the water column for the first
time, he also compared it to what was known about the
Gulf Stream*! and described what he considered to be
an Atlantic branch of the current*?. By this time the
science of oceanography had gone through a period of
rapid development and expansion, but the results of the
newer investigations were largely concentrated in the
northern hemisphere®. The scientific need for an
increased understanding of the Agulhas Current as a
geophysical system was not as acute as had better
information on the Agulhas Current as an opposing
drift at the sea surface previously been for shipping.
Nonetheless, the publications by Dietrich in the
1930s were supported by a considerable number of
other papers of German origin. Méller*? and Michaelis**
had reported on the circulation of the Indian Ocean in
general while Paech® had described the seasonal cur-
rents around Madagascar. Moller*® and Thomsen*’ had,
furthermore, contributed to an animated debate*® about
the deep circulation of the Indian Ocean. All these and



Early scientific research 3

James Rennell is, without any doubt, the pre-eminent
pioneer of research on the Agulhas Current.

Born on 3 December 1742 at Upcot in Devonshire,
England?, he lost his father at the age of four. With little
formal schooling, he secured an appointment as midshipman
in the Royal Navy at the age of fourteen. On his first ship,
the Brilliant, he was party to the capture of two French pri-
vateers. His modest share of the prize money was spent,
characteristically, largely on the purchase of books.

Having surveyed the Bay of St Cast, the chain of sand
banks that connect Ceylon and the Coromandel coast, as well
as various harbour approaches, he was recommended, at the
age of 21, to the Governor of Bengal, who was anxious to
have his province properly surveyed. During this survey,
which took many years under very difficult conditions,
Rennell was severely wounded by a tribesman on the Bhuton
border in 17663, From this injury he never fully recovered.
His fieldwork continued, however, notwithstanding recurrent
attacks of malaria and even having single-handedly to kill a
leopard with a bayonet after it had mauled six of his men.

At the age of 36, the survey completed, Rennell returned
to England. However, his previous employers, the British
East India Company, refused to defray the cost of publica-
tion of the Bengal Atlas. Publication eventually was made
possible by generous public subscription. He spent the rest
of his life working on a wide variety of geographical stud-
ies, including many on ocean currents’. As leading author-
ity on the ocean he was offered the post of First Hydrog-
rapher to the British Admiralty, but refused, as he was of the
opinion that those duties would have interfered unduly with
his research activities.

His first large work was the Chart of the Bank and the
Current of Cape Lagullas®’ which was published in 17783,
its style and format still largely used in Admiralty Current
Charts to this day”. In his many analyses and discussions he
exhibited an unusual understanding of the variability and

Major James Rennell

Major James Rennell, pioneer of the formal study of
the Agulhas Current®®

complexity of ocean currents, far in advance of thinking at
the time3®. He was the originator of the terms drift and
stream; the former he considered to be wind-driven, the
latter due to a head of water set up by the flow of a drift cur-
rent against a coast.

Rennell died on 29 March 1830 at the age of 87 and was
buried in Westminster Abbey, having received many hon-
ours during his long career’®. He had been Fellow of the
Royal Societies of both London and Edinburgh, member of
the Royal Institute of France, member of the Imperial
Academy at St Petersburg as well as member of the Royal
Society of Gottingen.

other results on the Indian Ocean were illuminated and
integrated in an admirable way by Schott in 1935 in his
monumental book Geographie des Indischen und
Stillen Ozeans®. It is one of the extraordinary facts of
oceanographic history that most of this German work
was subsequently either ignored and forgotten®!3, or
absorbed and subsumed in works by non-German
authors™,

The Second World War largely terminated the
German research on the Agulhas Current (viz. Figure
1, p. ix) and when this current again started attracting
substantial research interest in the 1970s, the collective
memory of these pre-war German publications seems
to have faded almost completely!%3.

Modern research interest

The remarkable new growth in scientific interest in the
Agulhas Current over the past thirty years has come
about due to a number of interrelated factors. First, the
very high horizontal temperature gradients of the cur-
rent, and of its attendant mesoscale eddies, has made it
an exceptionally suitable study area for the use of ther-
mal infrared radiance, as observed by orbiting satellite
instruments>®. This has led to a number of significant
discoveries®® that has highlighted the central role that
this current and its dynamics plays in the global inter-
change of water masses.



4 Introduction

Secondly, the growing concern about global climate
change, and the role the ocean may play in ameliorat-
ing this anthropogenic disturbance, has stimulated
oceanographic research that is not regionally restricted
but that has a global viewpoint. Since the Agulhas
Current seems to play a key role in inter-ocean
exchange®-8, increasing interest has focused on it.
Thirdly, components of the Agulhas Current system
have been shown to exhibit one of the largest slopes in
sea level® of any comparable features in the world
ocean. This has led to many studies in which users of
the new technology of satellite altimetry’** have con-
centrated their attention on this ocean region.

As a direct consequence of these and other factors,
the growth in publication rate on problems relating to

the Agulhas Current has been formidable (Figure 1,
p. ix) during the past three decades. What then are the
main characteristics of this current that have emerged
from this research and how do these compare to those
of similar currents in other parts of the world ocean?

South West Indian Ocean circulation

The Agulhas Current forms the western limb of the
wind-driven, anti-cyclonic circulation of the south
Indian Ocean, carrying warm tropical and subtropical
water southward®?. It is a relatively narrow current,
only about 100 km wide. Its water movement is swift;
measurements of up to 2.0 to 2.5 m/s having been made
on its landward border’>-°, from where the highest

John D.F. Gilchrist and the Agulhas Current

The history of the marine sciences in South Africa is highly
unusual in at least one respect. The roots of the subject are
not shrouded in the mists of time as in many other countries,
but a very specific commencement date can be identified.

In the 1890s the Department of Agriculture of the Cape
Colony decided to appoint a trained marine biologist to
establish the fisheries potential of the waters around this
coast. In 1896 Dr John Gilchrist arrived from Scotland to take
up this post’!, the first person in South Africa to take a defi-
nite scientific interest in the sea. This is therefore justifiably
considered the starting date of the subject in South Africa.

Gilchrist brought a trawler from abroad, renamed the
Pieter Faure, and proceeded to investigate the local waters.
Within a year he discovered the rich fishing grounds for sole
on the Agulhas Bank and commercial trawling commenced
shortly afterwards>'. Without doubt those that had appointed
him felt their own good judgement fully confirmed. Gilchrist
went on to lay the foundation for what was later to become
the Sea Fisheries Research Institute, the marine interest of
the South African Museum in Cape Town’2 as well as that
at the University of Cape Town. Failing health forced him
to retire as Professor from this university in 1926 and he died
in the same year.

Gilchrist strongly believed in the unity of the ocean
sciences and tried to integrate the results of his faunal dis-
coveries with environmental factors. In his presidential
address to the South African Association for the
Advancement of Science’, for instance, he emphatically
stressed the importance of physical oceanography to an un-
derstanding of the marine fauna. On cruises he insisted that
temperatures and salinities be measured at each trawling sta-
tion>* and he employed innovative methods to map currents
by means of drift bottles>. The potential therefore existed
for Gilchrist to have laid the foundation for physical ocea-
nography and a study of the Agulhas Current system in
South Africa. This, regrettably, did not occur®.

Many of the conclusions he reached on this system where

John Gilchrist, South African marine science pioneer

just plain wrong. Having completed a number of station lines
off South Africa’s east coast he came to the conclusion that
“the warm Mozambique [sic] current off this coast is of no
great depth and rather sharply marked off from the under-
lying strata” 57. He believed, notwithstanding his own drift
results, that the difference of water temperatures to either
side of the Cape Peninsula, south of Cape Town, was due to
a peeling off of cold water from the “southern drift cur-
rent”>8, Warm water from the Agulhas Current was thought
to enter False Bay, to the east, but not to round the Cape of
Good Hope. Fortunately these erroneous early concepts
seem to have had little effect on the future development of
physical oceanography in South Africa®®.
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Figure 1.1. During the age of heroic exploratory cruises the German research vessel Valdivia lies at anchor off Simon’s
Town in False Bay, near Cape Town, in November 1898 (from Chun, Aus den Tiefen des Weltmeeres, 1900%9). In
the accompanying text Chun has incorrectly ascribed the 4 °C to 6 °C difference in water temperature between False
Bay and Table Bay purely to the inflow of warm water, from the Agulhas Current, across the Agulhas Bank!? into

False Bay.

velocities have been reported. Its surface temperatures
range from 27 °C in summer to 22 °C in winter’’ and
usually exhibit an excess in temperature of about 6 °C
compared to its direct oceanic environment. At the sur-
face the salinity of the Agulhas Current is about 35.0
to 35.5. Its depth of vertical penetration increases
downstream to about the latitude of the Agulhas Bank.
Nomenclature on the Agulhas Current has varied, as has
the latitudinal extent of current that this name has had
to cover. At present it is generally accepted that the
current bordering the shelf edge south of 27° S (Fig-
ure 1.2), i.e. well south of the mouth of the Mozam-
bique Channel, is the Agulhas Current. It continues to
bear this name until it has drastically and permanently
altered its flow direction south of Africa. This current
forms a natural continuum in all its hydrographic and
hydrodynamic characteristics.

In early publications the current along the eastern
seaboard of southern Africa was sometimes called the
Mozambique Current?*”8, The continuity, at all times,
between the current that reputedly flows southward
through the Mozambique Channel and the Agulhas
Current has, however, been seriously called into doubt
once sufficient hydrographic measurements had been
made’®. Restricting the name Mozambique Current to
a southward flow in the Mozambique Channel therefore

seemed appropriate at the time. Nevertheless, as so
often happens in these cases, the incorrect name
Mozambique Current for the Agulhas Current has per-
sisted in that underworld of science: school textbooks
and popular scientific publications. This faulty nomen-
clature complicates an intelligible description of the
sources of the Agulhas Current proper.

Agulhas source currents

From the very first description of the surface flow of the
south-west Indian Ocean, it has been surmised that the
Agulhas Current is fed from two independent sources®,
the stronger being a Mozambique Current, through the
Mozambique Channel, with a smaller contribution
coming from east of Madagascar, the East Madagascar
Current. This portrayal, based largely on records of
ships’ drifts and sea surface measurements, has had to
be considerably modified in the light of more modern
observations.

The southward flow along the Mozambican coast
has been shown to be intermittent, in the form of eddies,
and not to form a continuum with the northern Agulhas
Current at all times”®. The East Madagascar Current is
a narrow, intense western boundary current of small
dimensions® that may retroflect south of Madagascar
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Figure 1.2. A conceptual portrayal of the Agulhas Current system as presently understood. Areas shallower than
3000 m are shaded. The edge of the continental shelf is circumscribed by a dotted line at the 500 m isobath. Intense
currents and their component parts are black; the general background circulation is indicated by open arrows. Cyclonic
eddies are open; anti-cyclonic rings and eddies black. Note the wind-driven coastal upwelling along the west coast
of southern Africa, the tight Agulhas retroflection and the Subtropical Convergence that forms the generic border

between the subtropical gyres and the Southern Ocean to the south.

over the shallow Madagascar Ridge (Figure 1.2). Con-
tributions from east of Madagascar may therefore, most
likely, be in the form of rings or eddies from the East
Madagascar Current as well as the general westward
flow of the South Indian subtropical gyre.

A third contributory to the water masses of the
Agulhas Current, as it turns out by far the largest, is a
sizeable degree of recirculation of water®'—3, particu-
larly at depth, in a South West Indian Ocean sub-gyre.
The core of this sub-gyre, judged on portrayals based
on all available hydrographic stations®*, lies over the
Agulhas Basin, mostly west of the Mozambique Plateau
(or Ridge, as in Figure 1.2). The volume flux of the
Agulhas Current, insofar as this is known, increases
monotonically downstream. In this it is similar to other
western boundary currents, such as the Brazil Current®>.
This increase may derive largely from the above-
mentioned recirculation in a South West Indian sub-
gyre that feeds the Agulhas Current along its full length.

Agulhas Current

Once it has been properly constituted, somewhere north
of the city of Durban, the Agulhas Current follows the
slope of the continental shelf closely®. In the interval
between Delagoa Bay (at Maputo) to the north (Figure
1.2) and the city of Port Elizabeth to the south, the con-
tinental shelf along the east coast of southern Africa is
quite narrow, never exceeding 25 km between the coast
and the 200 m isobath. The continental slope is on the
whole also very steep and uncomplicated here. This
continental slope topography stabilises the Agulhas
Current®” so that it shows no wide meanderings of the
type familiar in other boundary currents such as the
Gulf Stream and the Kuroshio.

Along this stretch of coastline there is only one
location where the shelf is markedly wider; at the
coastal offset between Richards Bay and Durban, that
is called the Natal Bight. This distinctive feature of
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coastline morphology is the locus of an infrequent per-
turbation on the Agulhas Current®?. This solitary
meander, the Natal Pulse, moves downstream with the
current and grows rapidly so that at the latitude of Port
Elizabeth the current core may be up to 200 km seaward
of its usual location. The Natal Pulse may cause a
number of major disruptions to the flow regime, includ-
ing upstream retroflections near Port Elizabeth® and
early shedding of Agulhas rings farther downstream.

On reaching the wide Agulhas Bank (Figure 1.2),
downstream of Port Elizabeth, the behaviour of the
landward edge of the Agulhas Current changes notice-
ably. Extensive meandering across its average path, the
growth of substantial shear-edge eddies®® and the trail-
ing of long warm plumes® are characteristic of the
current along this part of its south-westward path. The
interaction of the rapidly moving water of the current
with the comparatively stagnant water of the adjacent
expanse of continental shelf is complex and as yet
imperfectly understood.

Agulhas Retroflection

Having passed the Agulhas Bank, the Agulhas Current
overshoots the African continent and, in a convoluted
way, progrades into the South Atlantic Ocean. Here it
undergoes a dramatic change in direction®, retro-
flecting back into the South Indian Ocean®! as the
Agulhas Return Current®”. A major and climatolo-
gically important®® leakage of water from the Indian
Ocean to the South Atlantic occurs here. First, plumes
of surface water become detached from the current
proper and drift into the cold Benguela Current’%” (Fig-
ure 1.2) as Agulhas filaments®3. The major leakage,
however, comes about through a process of ring shed-
ding at the Agulhas retroflection®.

The westward progradation of the tight loop of
Agulhas water that forms the Agulhas retroflection is
a continuous process, with the warm Indian Ocean
water extending further and further into the South
Atlantic until the Agulhas Current and the flanking
Agulhas Return Current coalesce and a ring of the
Agulhas Current is occluded. These rings are the larg-
est of their kind observed to date®* and drift into the
South Atlantic Ocean carrying enormous amounts of
heat and salt with them. Their lifetimes have been
estimated to be more than two years®,

Agulhas Return Current

That part of the flow of the Agulhas Current that is not
lost to the South Atlantic Ocean through the process of

ring shedding flows eastwards from the retroflection as
the Agulhas Return Current®®. It usually, but not always,
lies in juxtaposition to the Subtropical Convergence®’
(Figure 1.2) in this region. As a result the meridional
property gradients of both systems are markedly in-
creased and instabilities in the very strong current shear
produce a range of mesoscale eddies®.

Through this mixing, as well as through an immense
loss of heat to the atmosphere98, the characteristics of
the water masses forming the Agulhas Return Current
are rapidly changed downstream. In its flow eastwards
the Agulhas Return Current crosses a number of major
features of bottom topography, including the Agulhas
Plateau and the extension of the Mozambique Plateau.
These deflect the deep-reaching current towards the
equator®. The meanders thus caused may, on occasion,
persist far to the east, gradually losing meridional
amplitude.

South Indian Ocean Current

Once it has accomplished its retroflection and has
become part of the deep ocean circulation of the South
Indian Ocean flowing eastwards, the remnant of the
Agulhas Return Current is often called the South Indian
Ocean Current'® (Figure 1.2), analogous to the South
Atlantic Current. There is as yet no clear consensus in
the literature on the exact longitude where this change
of name would be most appropriate.

Based on the characteristics of the flow along the
Subtropical Convergence in the South Indian Ocean,
the Kerguelen Plateau, at about 70° E, probably consti-
tutes the most suitable location from where one could
start calling the zonal flow the South Indian Ocean Cur-
rent. At this longitude the hydrographic influence of the
Agulhas Current'?! and its waters”® in the eastward flow
has all but been terminated. Most has been lost to
recirculation in a South West Indian Ocean sub-gyre.
With increasing distance from land, the number of
reliable oceanographic measurements also decreases, so
that less is known about the Agulhas Return Current as
well as the South Indian Ocean Current the further east
one focuses one’s attention. Nonetheless, wherever
meridional lines of oceanographic stations are carried
out across the Subtropical Convergence in the South
Indian Ocean, at about 40° S, a band of higher zonal
velocities is found north of this front!,

The Agulhas Current system, as briefly described
above, has all the main characteristics that define it as
a western boundary current. It also has some unusual
characteristics that distinguishs its uniqueness within
this family of currents.
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Western boundary currents

Western boundary currents come in a wide variety of
shapes and sizes. The most intensively studied and
therefore best known, the Gulf Stream, originates at a
well-defined aperture, the Florida Straits, of a regional
sea, the Gulf of Mexico. Here the Florida Current and
the Antilles Current join, so that at Cape Hatteras, the
Gulf Stream is fully constituted, about 120 km wide,
and with a surface speed of up to 2.5 m/s. The volume
flux of the current increases downstream and is esti-
mated at between 60 and 150 x 10° m3/s'92, Down-
stream of Cape Hatteras it meanders dramatically to
both sides of its mean path!?? shedding warm core rings
to the landward and cold core rings to its seaward
side!%-8, Downstream of the Grand Banks, off New-
foundland, at about 50° W, the Gulf Stream leaves the
shelf edge and moves into the deep North Atlantic
Ocean where it is known as the North Atlantic Current.
The counterpart of the Gulf Stream in the North Pacific
Ocean, the Kuroshio, has many similar current attrib-
utes, but also some distinctly different ones.

Kuroshio

The Kuroshio in the North West Pacific starts as a
rather shallow drift at about 29° N, between the islands
of Taiwan and Luzon, and leaves the continental bor-
der at about 35° N'¢, It is about 80 km wide, has a
volume transport of between 40 and 72 x 10° m3/s'7
and a surface speed of between 0.75 and 2.5 m/s!!8,
Along the Japanese coast it may exhibit very large
meanders. Unlike those of the Gulf Stream, these may
persist for many months in more or less the same loca-
tion and subsequently switch to a new, once more
quasi-stable configuration!'!?.

If this trajectorial bi-modality is unique to the
Kuroshio as a western boundary current, so is the
seasonality of the Somali Current in the North Indian
Ocean. During the North East Monsoon season the flow
along the coast of Somalia is in a generally south-west-
erly direction. During the South West Monsoon season,
from May to September, a well-developed anti-
cyclonic gyre has the Somali Current as its western
boundary, from about 0° to 7° N. It is only about 300 m
deep, but carries 65 x 10° m3/s with maximum surface
speeds of up to 2 m/s'20,

Western boundary currents of the southern
hemisphere

By contrast, the East Australian Current, off the Pacific
seaboard of Australia, is quite small, both in flux and

in lateral dimensions'®-1, It is thought to extend along
the eastern coast of Australia from about 23° to 34° S,
where it turns abruptly eastward along the Tasman
Front!!'!, In this process both cyclonic and anti-cyclonic
rings are formed with lateral dimensions of between
200-300 km!''2. Surface speeds of up to 2 m/s have
been measured in this current!!3,

By far the most diminutive, and least studied, west-
ern boundary current, even smaller than the East Aus-
tralian Current, is the East Madagascar Current. Its
inception is thought to occur where the South Equa-
torial Current of the Indian Ocean impinges on the
eastern coast of Madagascar, some of its waters sub-
sequently moving southward. The core of the southern
branch of the East Madagascar Current is only 50 km
wide, 50 m deep, with an estimated volume flux of
41 x 10° m%/s in the upper 1500 m®. South of Mada-
gascar it is thought at times to retroflect!'4, with most
of its water drifting back into the central areas of the
Indian Ocean.

The only remaining western boundary current of the
southern hemisphere is the Brazil Current. The south-
ern Brazil Current has an estimated maximum volume
flux of 68 x 10° m3/s!13; the flux as well as the depth
of the current increasing downstream. As a western
boundary current it is unique in meeting a current
moving in the opposite direction, the Falkland Current,
more or less head on. Both currents then move off in an
easterly direction with rings and eddies being shed by
both3%3,

The northern Brazil Current, on the other hand,
crosses the equator and therefore lies partially in the
northern hemisphere. It has®®’a mean transport of
16(+2) x 10° m?/s, but displays considerable variabil-
ity in this transport. It is a relatively shallow western
boundary current, extending only to a depth of about
500 m. In a way very similar to that of the termination
of the Agulhas Current, it retroflects. There is evi-
dence®® that there is a direct relation between the
intensity of the North Brazil Current, the latitude of
penetration of its retroflection loop and the number of
rings shed from this loop. These rings are much weaker
than Agulhas rings and few seem to last longer than
about four months®*. Once spawned, they move off at
about 13 km/day. On formation they are mostly ellip-
tical®®* with a mean major axis of about 126 km and a
minor axis of about 65 km. Direct observations have
however shown®? that some rings may have a diameter
of 390 km. Between three to eleven rings are shed per
year®86-088 with very strong seasonal variability in the
number of rings shed annually. Rings transport an
average of 8 X 10°m3/s. What triggers the shedding of
rings in this current? In a high resolution model it has
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been shown®®’ that the North Equatorial Current is
barotropically unstable, radiating Rossby waves. The
period of these waves in the model depend on the sta-
bility of the wind regime. These waves reflect at the
Brazilian coast and trigger the creation of about six or
seven rings per year.

Characteristics of western boundary currents

This family of currents may therefore be seen to have
a number of generic traits, but each current also has
some singular and unique characteristics. The Kuroshio
exhibits distinct meander modes; the southern Brazil
Current has a directly opposing current; the full Somali
Current occurs during one season of the year only. It
may therefore be expected that the Agulhas Current,
forming part of this family of currents, would have
certain basic traits similar to the other currents, but also
some special features.

Basic resemblances are many. First, but of primary
importance, is that western boundary currents are
narrow, intense, flow poleward and are driven by the
zonally integrated wind-stress curl of the adjacent
basins. In all of these the Agulhas Current conforms to
the norm, except that the extent of zonal integration
across the South Indian Ocean for its driving force is
unclear. The subtropical ocean gyre here is not a simple,
ocean-wide movement®3 as is to be found in the South
or North Atlantic Oceans, but is concentrated to the
west and interrupted by the land mass of Madagascar.

Aspects of the Agulhas Current circulation that are
unique are legion. Its source flow is interrupted by the
presence of the world’s largest island, Madagascar, and
may possibly be under the influence of a seasonally
varying surface flow in that part of the Equatorial and
Indian Ocean that is under the influence of the Monsoon
regime. The flow path of its upstream component is
extremely stabilised by the shelf topography, but its re-
turn flow may be destabilised by the unusual location of
submarine plateaux and ridges along its route®. But by
far its most unusual feature is tied to the limited pole-
ward extent of the African continent, and the opportu-
nity this presents for a transfer of warm Agulhas Current
water into the South Atlantic Ocean and that this occurs
on the eastern side of a subtropical gyre. Not only is this
a unique feature of the Agulhas as a western boundary
current; it also has global climate implications.

Global role of the Agulhas Current

Carrying vast amounts of heat southward, the Agulhas
Current would be expected to play a role in global
ocean heat fluxes, and also conceivably in the vertical

heat flux, and thus the linkage between ocean and
atmosphere. That this latter linkage role is a serious one
is immediately apparent from portrayals of the surface
energy fluxes over the Atlantic Ocean'?!-2, in which the
southern termination of the Agulhas Current is
especially prominent for its high heat fluxes to the
atmosphere.

In any study of the global ocean—atmosphere circu-
lation the role of the Agulhas Current would therefore
probably play a definite part. Such investigations and
modelling have become of great importance in order to
study, in particular, variations in the global circulation,
particularly with the expectation that a substantial vari-
ation in this ocean—atmosphere circulation may be
imminent and may be man-induced through the so-
called “green-house” effect!'>>=. One of the global
oceanic circulation processes that has received consid-
erable attention, as part of this new area of interest, has
been the concept of a global oceanic conveyor belt!2
(Figure 1.3). In this concept the Agulhas Current does
indeed play a key role. This conveyor belt consists of
a deep and a surface part.

Global thermohaline overturning

The surface waters of the northern Atlantic Ocean are
more saline by on average of 2.00 to 3.00 than those of
their counterparts in, for instance, the North Pacific!2¢
due to an excess of vapour loss from this ocean region.
On being cooled by the cold winter air masses from the
Arctic, these overly saline waters sink in the vicinity of
Iceland and the Labrador Sea and spread southward in
the depths of the Atlantic Ocean as the North Atlantic
Deep Water (NADW) with a mean temperature of 2 °C
and salinity of 34.93%. This wedge of highly saline
water, with a low nutrient content, centred at about
2000 m depth, overrides the northward moving Antarc-
tic Bottom Water.

On moving into the Southern Ocean at a latitude of
about 35° S (Figure 1.3) the NADW becomes part of
the circulation around the Antarctic continent, the Ant-
arctic Circumpolar Current. Here it is mixed with deep
water produced in the Weddell Sea and part of this
blend subsequently advects into the Indian and the
Pacific Ocean. In these two oceans, considerable up-
welling of this deep water occurs, the water of NADW
origin is heated and the return part of the conveyor belt
at the sea surface commences®. Some of the mixture
of water in the Southern Ocean is taken further east by
the Antarctic Circumpolar Current and re-enters the
South Atlantic in the upper layers through the Drake
Passage south of South America as a cold, shallow
return flow.
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Figure 1.3. Simplified portrayal of the so-called global oceanic conveyor belt, being the global structure of the
thermohaline circulation cell associated with North Atlantic Deep Water production. The open arrows describe the
route taken by the deep waters; the solid arrows the proposed return path for warmer, surface water®®.

The warm, shallow return flow passes north of Aus-
tralia through the Timor Sea region®” and the Indone-
sian archipelago and then moves zonally across the
tropical Indian Ocean at about 10° S latitude. It subse-
quently passes on both sides of Madagascar to be
advected south as part of the Agulhas Current. South of
Africa the leakage of Agulhas Current water into the
South Atlantic Ocean allows this warm saline water to
progress northwards, eventually to cross the equator. In
the North Atlantic Ocean this flux of heat is incorpo-
rated into the waters of the subtropical gyre® of that
ocean and carried northward by the Gulf Stream into
the ocean regions of Iceland where the cycle can
resume by the process induced by high evaporation
rates and the cooling of surface waters.

This role of the Agulhas Current in the global ther-
mohaline overturning can be studied most efficaciously
with numerical models or by analysing the climato-
logical signal contained in deep-sea sediments. Models
have indeed shown®-9%8-9 that the overturning circula-
tion of the Atlantic Ocean, a major part of the global
thermohaline circulation, is very sensitive to the inter-
ocean fluxes of heat and salt from the Indian Ocean.
Palaeoceanographic studies in the South Atlantic have
in turn shown conclusively that the exchanges between

the Indian and Atlantic Oceans have peaked at the end
of each of the last five glacial periods®’ and have been
coincident with the resumption of thermohaline circu-
lation in the Atlantic Ocean®® during deglaciation.
Tracing the global thermohaline overturning in large-
scale ocean circulation models’!> has demonstrated that
the absence of inter-ocean leakage south of Africa leads
to all manner of abnormal behaviour in the South
Atlantic Ocean. This aberrant performance can only be
avoided if such models are able to simulate the forma-
tion of Agulhas rings.

Inter-ocean leakage by rings

The leakage of Agulhas water into the South Atlantic,
although it may represent only a quarter of the return
flow!20 of the global conveyor belt, may nonetheless
play a critical role in the stability and the variability of
the global oceanic circulation. As described above, this
leakage occurs predominantly through the process of
ring shedding at the Agulhas retroflection!?’. The fre-
quency at which such rings are shed is not known with
great statistical precision’*?!, nor is the total inter-ocean
flux brought about by these rings'?%-°. Further, the
dynamical processes involved in the triggering
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processes for the formation of such rings remains a tan-
talising oceanologic problem.

A number of processes that may cause ring spawn-
ing events have been suggested; such as perturbation to
the fluxes in both the Agulhas and Agulhas Return
Currents®!, increases in the mass flux of the Agulhas
Current!3? or perturbations caused by the passage of
Natal Pulses!3!. Chassignet and Boudra have pin-
pointed the southward inertia/baroclinicity in the over-
shooting Agulhas Current!32. Some, if not all, of these
triggering processes may be substantially affected by
changes in wind-stress patterns over the South West
Indian Ocean'?3, thus possibly leading to complicated
feedback loops between ocean and atmosphere on the
climate time scale in this sensitive part of the global
oceanic conveyor belt.

The precise role of the Agulhas Current termination
in global climate has therefore as yet not been estab-
lished, but the preliminary findings to date do strongly
suggest that it is considerable.

Influence of the Agulhas Current on local climate
and weather

Apart from its role in global climate that is now emerg-
ing as possibly a central one, the Agulhas Current also
plays an important role in local atmospheric forcing®%.
It would not be unexpected to find that such a large
body of distinctly warmer water, maintained by a con-
tinuous inflow, has a measurable influence on the
weather and the climate of the adjacent continental land
mass®%°,

Rainfall teleconnections

Statistical studies'3*#18 by, e.g., Reason and Godfred-
Spenning®® have in fact demonstrated close associa-
tions between inter-annual variability of sea surface
temperatures within the Agulhas Current system,
including the Agulhas retroflection region, and summer
rainfall behaviour over southern Africa. When tempera-
tures are higher in the Agulhas Current region along the
east African coast and within the Agulhas retroflection
region, to the south of the continent, the summer rain-
fall has statistically been shown to be higher'3°. These
higher sea temperatures precede the higher rainfall'34,
suggesting a causative relationship, as well as a poten-
tial predictive capability. This also holds true for the
winter rainfall region of South Africa, for which it has
been shown®? that higher temperatures in the Agulhas
retroflection region may contribute to higher than nor-
mal rainfall. There is evidence, however, that these
associations between sea surface temperature in the

Indian Ocean and rainfall over the southern African
subcontinent are not necessarily stable®!”.

The geographic distribution of atmospheric pressure
cells with extremely low pressures near southern
Africa'®” furthermore exhibits a remarkable agreement
with that region in the ocean where the Agulhas Return
Current is best developed. This supports the general
concept of a close association of the greater Agulhas
Current system and the atmosphere. Numerous model-
ling activities have furthermore shown the sensitivity of
atmospheric, rain-bringing systems over southern
Africa to changes in sea surface temperatures in the
Indian Ocean'3>138,

Modelling teleconnections

An anomalous sea surface temperature of 2 °C over the
Agulhas retroflection region has, for instance, been
shown'?® to influence significantly modelled rainfall
over the subcontinent by reducing static stability over
the anomaly, thus affecting the structure of westerly
troughs in the atmosphere. Even relatively modest
anomalies in sea surface temperatures of the South
Indian Ocean inserted in models thus simulate appre-
ciable rainfall anomalies over southern Africa®s. Gen-
eral circulation models show that higher sea surface
temperatures in the South West Indian Ocean lead to
significantly wetter conditions over eastern and central
South Africa®”. In fact, on an intra-seasonal to an inter-
annual scale®!, warmer water in the Agulhas retro-
flection leads to rainfall enhancement of a significant
fraction of the annual total of many regions of south-
ern Africa. A positive anomaly in sea surface tempera-
ture imposed on a general circulation model'3® for the
central basin of the Indian Ocean by contrast simulated
significantly reduced continental rainfall. What mecha-
nisms would be responsible for such changes in rainfall?

Using a general circulation model®®? it has been
shown that a dipole in sea surface temperatures in the
South Indian Ocean, with a warmer region south of
Madagascar and a cooler region west of Australia, will
lead to increased evaporation over the warm region, the
stimulation of an atmospheric low and strengthened on-
shore flow of moist marine air for southern Africa as a
result. Such a scenario would indeed lead to increased
rainfall over southern Africa.

A further study®!® has suggested that the absence of
the warm Agulhas Current and its outflow in a model
leads to weaker extra-tropical cyclones, with more
southerly tracks. This is especially true in winter when
the contrast of sea surface temperatures between the
Agulhas system and the ambient waters is greatest.
How realistic is this? A study of a number of low
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pressure systems passing over the Agulhas retroflection
region during winter has shown®® that they undergo
substantial structural evolution. Those that have passed
over the warm surface water of the retroflection exhibit
a stronger baroclinic structure, stronger uplift, enhanced
zonal winds and higher moisture content compared to
those that have not.

The question then arises how these temperature
anomalies in the Agulhas system themselves come
about. If these rainfall predictors were themselves pre-
dictable, their forecasting ability could be substantially
extended and so make them much more useful in, for
instance, agricultural prognoses.

Some analyses!3>140-1 by Reason and others have
now suggested that on time scales up to the inter-annual
the anomalies in sea surface temperatures of the South
Indian Ocean may be forced largely by atmospheric
changes whereas over longer periods, large-scale ocean
dynamics may be more important for establishing such
anomalies. On decadal to multi-decadal scales a warmer
Agulhas Current retroflection will lead, according to
some models'*! to changes in surface winds that in turn
will lead to modifications to surface fluxes and thus
oppose the originally imposed anomaly. Multi-decadal
anomalies of sea surface temperature come about due
to local atmospheric changes whereas atmospheric
changes on multi-decadal scales in general circulation
models are manifestations of near-global modes®®?. In
fact, some model studies'?> have suggested that the
atmospheric response to positive anomalies in sea sur-
face temperatures would be favourable for enhance-
ment of the anomaly, but that at time scales exceeding
20 months dampening of the original anomaly may
become more likely®®. Over the wider Agulhas Current
region, models suggest®® that sea surface temperatures
are influenced most by wind anomalies whereas heat
fluxes at the ocean-atmosphere interface are more
important over the rest of the South Indian Ocean. In
order to understand these statistical correlations and
teleconnections, the processes involved need to be
adequately understood.

The details of the atmospheric linkages between the
Agulhas Current system and terrestrial climate over the
South African subcontinent therefore still require consid-
erable research, both observationally and in the develop-
ment of conceptual models. A number of pioneering stud-
ies have been carried out to measure directly the influence
of the Agulhas Current on the overlying atmosphere.

Ocean—atmosphere interaction

It has, for instance, been known for some time that
cumulus clouds tend to form over the Agulhas Current

during certain synoptic weather conditions. This is also
clearly evident from images in the thermal infrared part
of the spectrum produced by satellite remote sensing'42,
particularly if wind directions are parallel to the current.
Such cloud formation has also been observed over the
Gulf Stream®?® and under similarly appropriate wind
conditions over Agulhas Current filaments in the south-
eastern Atlantic Ocean'*3. A dedicated research pro-
gramme to investigate the influence of the Agulhas
Current on the overlying atmosphere!** has resulted in
a better understanding of the prevalent processes.

The atmospheric boundary layer is substantially
modified over the current wherever strong fluxes of
heat and moisture from the current pertain'*-6. Under
these conditions, thermodynamic considerations ad-
equately account for the formation of cumulus clouds.
The vertical extent of these clouds is limited by a sub-
sidence inversion. This suggests that the influence of
the warm Agulhas Current extends much deeper into
the atmospheric air column than purely the local bound-
ary layer. In the Agulhas retroflection region the effect
of strong thermal fronts in the ocean were in fact ob-
served to a height exceeding 2500 m”®. In general, the
heat fluxes from the ocean to the atmosphere are higher
in the retroflection region than in any other part of the
Agulhas Current system!#’, but further observational
projects by Jury and Walker!*® have demonstrated the
marked changes in atmospheric conditions on crossing
the landward border of the Agulhas Current at any
location. Observations of boundary layer fluxes that
have simultaneously included the Agulhas Current as
well as the adjacent land masses’! show, as would be
expected, that surface moisture fluxes from the Agulhas
Current to the atmosphere are double those found over
cold inshore waters and over the inland desert.

Heat fluxes over components of the southern
Agulhas system in general increase on moving pole-
wards. Fluxes of up to 1000 W/m? have been ob-
served*®® during storm conditions over an Agulhas eddy
adjacent to the Subtropical Convergence. Such fluxes
are of course strongly dependent on the weather con-
ditions during which they were measured. Observations
of sea-air fluxes over the Agulhas retroflection and over
the adjacent Agulhas Return Current’® give values of
total heat flux to the atmosphere (sensible plus latent)
of 360 W/m? during the presence of a high pressure
system and 630 W/m? during a cold air outbreak.

The fluxes of heat from the Agulhas Current to the
overlying atmosphere are in some respect similar to
those of other western boundary currents, but have
some notable characteristics of their own. A
climatological study®? has shown that the average
latent and sensible heat fluxes from the Gulf Stream are
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Figure 1.4. The influence of the Agulhas Current on coastal rainfall along the eastern seaboard of South Africa'*’.
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The abscissa gives distance upstream of Port Elizabeth; the ordinate standardised departures of coastal rainfall (squares)
and distance from the thermal core of the Agulhas Current as evident at the sea surface (triangles). The latter has been
inverted for comparison. At the Agulhas Bank and at the Natal Bight the current lies farther offshore and the summer

rainfall at the coast is commensurably reduced.

200-300 W/m?in winter and 50—-100 W/m? in summer.
The corresponding values for the Kuroshio are 50-100
W/m? and —15 to 15 W/m?. Estimated fluxes over the
Agulhas Current are by comparison smaller (e.g. 115-
180 W/m? in winter), but show considerably less sea-
sonal variation®94%20, These lower values for the
Agulhas Current are most probably due to the fact that
the air masses that are advected over the Agulhas Cur-
rent are essentially marine, and are less cold and dry
than the continental air moving over the Gulf Stream
and the Kuroshio. The values given here are climato-
logical averages; event-scale fluxes may be much
larger. As mentioned above, observations of sea-air
heat fluxes over an Agulhas eddy*°® have peaked at
1000 W/m?, comparable to similar measurements made
in the Gulf Stream®! and the Kuroshio®? during severe
storms.

Coastal weather

The Agulhas Current also has a measurable influence
on the weather and climate of its closest terrestrial
environment, the coastline from Delagoa Bay to Port
Elizabeth. It has been shown that summer rainfall along
the south-east coast of Africa is influenced by the prox-
imity and temperature of the core of the Agulhas Cur-
rent'*® (Figure 1.4). Alongshore gradients in rainfall
from north-east to south-west mirror gradients in the

surface temperatures of the current. It has been surmised
that a quasi-stationary mesoscale circulation system over
the Agulhas Current interacts with the synoptic weather
systems of the region to produce alongshore changes in
the rainfall gradient. It has subsequently been shown’°!
that during easterly winds the thin marine boundary
layer over the Agulhas Current is advected over the
adjacent land. Here it interacts with surface continen-
tal heating to form convective plumes over the coastal
escarpment. The resultant buoyant air with high mois-
ture content feeds developing cloud systems. Any sta-
tistically significant changes in the average location or
temperature of the core of the Agulhas Current could
therefore have a measurable effect on the rainfall over
the adjacent coastline!33.

In the cases of comparable western boundary cur-
rents it has been noted that the fluxes of heat and mois-
ture from these currents may have an important effect
on the intensity of storms. The severity of the infamous
Presidents’ Day Storm of 1979 over the eastern United
States has been linked directly to the influence of the
Gulf Stream®? and modelling studies®?* have con-
firmed the role of the Gulf Stream in the development
and potential intensification of winter storms along the
eastern seaboard of the US. To date only one, but an
instructive, study®'® has been undertaken to investigate
the role of the Agulhas Current in the formation of
exceptionally severe storms. Such a storm occurred in
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December 1998 near the south and near the south-west
coasts of South Africa. Rainfall over a two-day period,
representing between 150% and 500% of the average
rainfall for that calendar month, generated substantial
flooding and property damage at two widely separated
locations. Tornadoes further contributed to the damage.
Using, amongst other data, rainfall estimates from sat-
ellite remote sensing®® and backward trajectories of air
parcels it has been demonstrated that the low-level, on-
shore flow of moisture from the Agulhas Current
played a significant role in the storms’ evolution. The
inland penetration of moisture from the Agulhas Cur-
rent in fact determines whether subsequent convective
rain is limited to the coastal strip or extends wider over
the inland land mass’°!.

At present the role which the Agulhas Current sys-
tem plays in determining or influencing the weather and
climate of the adjacent subcontinent is still very imper-
fectly understood. Tantalising suggestions that its
effects may be significant will most probably be fol-
lowed up by further focused investigations to determine
this quantitatively. The exact coupling mechanisms that
link ocean and atmosphere in this particular system will
more than likely be difficult to establish. A better
understanding of the Agulhas system itself, its variabil-
ity and its driving mechanisms, would be an essential
prerequisite to rapid advances in our understanding of
how it influences local weather and climate.

Forming the physical base for a large proportion of
the SouthWest Indian Ocean as well as parts of the
SouthEast Atlantic, the Agulhas Current may have an
influence that also extends to the ecosystems of the
region.

Biological influence of the Agulhas Current

As would be expected from any major current that car-
ries a large body of essentially foreign water into a par-
ticular oceanic region, the Agulhas Current has a
marked influence on the distribution of a number of
pelagic species in the South West Indian and South
Atlantic Oceans. This biogeographical imprint may be
due to three basic mechanisms, or a combination of
these.

Advection

First, the current may carry immotile organisms such as
fish larvae”®-8%0 within its waters thus mechanically
skewing their distribution. This process naturally also
serves the distribution of flotsam such as plastic debris
and seaweeds. It has, for instance, been inferred from
a study of plastic particles at the sea surface off the

south-western coast of South Africa that the Agulhas
Current is a major source of these plastic pollutants!>°
The close proximity of this intense current to the coast
in places has been invoked®® as the reason why a
number of epipelagic siphonophore species, that gen-
erally have poor powers of locomotion, are not found
in shelf waters of the northern Agulhas Current, being
unable to penetrate against the reigning current.

Marine animals

Secondly, certain species may be evolutionary adapted
to the Agulhas Current system, using it purposefully as
a means of transportation during their particular life
cycles. The marine turtles that lay their eggs on the
sandy beaches of Tongaland, KwaZulu-Natal, are a
case in point. Leatherback sea turtles (Dermochelys
coriacea), have been observed to follow the trajectory
of the Agulhas Current closely® after depositing their
eggs. In fact, by fitting these animals with satellite
transmitters and comparing their subsequent tracks with
satellite altimetry® it is clear that they use the current
to minimize the energy required to swim. It has previ-
ously been surmised!>! that three basic circulatory cells
exist in the South Indian Ocean, with increasing peri-
ods of circulation depending on their dimensions, and
that marine turtles use these cells to circle the South
West Indian Ocean so as to arrive back at their nesting
sites at the correct time of year. This hypothesis remains
to be proven, but there does now exist sufficient evi-
dence that the Agulhas Current plays an important role
in the distribution of these animals'>2.

According to their movements, monitored by satel-
lite, loggerhead turtles (Caretta caretta) on the other
hand seem purposefully to avoid the Agulhas Current
and to use inshore currents to aid their trips northward
to their preferred feeding grounds. This is similar to the
movement of displaced African penguins'>3 on the
Agulhas Bank that also seem able to discriminate and
to utilise inshore currents. Apart from such use of the
currents, a third possible mechanism for Agulhas Cur-
rent influence on biota exists.

The hydrographic peculiarities of the Agulhas Cur-
rent, including water temperature, nutrient availability,
vertical stability of the water column as well as ad-
vection rate, may play a role in the distribution of or-
ganisms that find these characteristics either congenial
or not. This holds true, for instance, for the geographic
distribution of small cetaceans. Their distribution con-
sists, especially close to the coast, of distinct patterns
thought to be due to the wide range of zoogeographical
regimes created by the Agulhas system!4. It has been
observed in other systems®!-2 that foraging birds may
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feed preferentially at the edges of circulatory features
such as eddies. This also seems to hold true for Agulhas
rings®*? where Leach’s storm petrels are found at higher
densities at ring edges.

Pelagic species

Considerably more is known on the landward geo-
graphic distribution of many pelagic species than on
their deep-sea life cycles and how these life cycles may
be adapted to the present Agulhas Current system.
However, the paleoceanographic evidence presently
available from the sedimentary records of the South-
West Indian Ocean strongly suggest that a circulatory
system much like the present had been established from
at least the late Miocene, five million years'>® ago. It
would therefore not be unreasonable to expect some
pelagic species to have evolutionary adapted their life
cycles over this period to this persistent circulatory
pattern. Some very tentative hypotheses on the use that
juvenile fish and whales may make of coastal counter
currents, created by Natal Pulses, have for instance
been put forward, but this awaits much further investi-
gation.

Biogeographical distributions of copepods, chae-
tognaths, tunicates and myctophids all clearly reflect
the influence of the Agulhas Current. Surface sampling
of copepoda!®® over a total distance of 26 000 nautical
miles in the South Atlantic and South Indian Oceans
has demonstrated unequivocally that certain species are
only found in Agulhas water and may therefore be con-
sidered indicator species of this water type. Pelagic
tunicates similarly have specific indicator species such
as Thalia democratica and Doholum denticulatum®’.
No chaetognath species have to date been found to be
indicator species of particular water masses of the
Agulhas system in the somewhat uniform conditions
off Durban'8, but in the waters over the Agulhas Bank
and along the west coast of southern Africa typical
Indo-Pacific species such as Sagitta enflata have been
found'>? and these have been considered unambiguous
indicator species for the presence of Agulhas water.

Gibbons and co-workers have shown® that for
euphausiid species there is a very tight agreement be-
tween the circulation components of the Agulhas Cur-
rent system and their biogeography. This holds true for
a number of siphonophore species as well®*. These
results indicate that the strong gradients in water char-
acteristics that form an inherent part of the greater
Agulhas Current system are reflected in the geographic
distribution of many species, both pelagic and benthic.
This holds especially true for the Agulhas Return Cur-
rent. Flowing along — or parallel to — the Subtropical

Convergence, its path is characterised by intermittent
high levels of chlorophyll-a®%%-9. It has been assumed
that this is due to the juxtapositioning of subtropical
waters with high levels of stratification and waters rich
in nutrients south of the Subtropical Convergence. It is
instructive that the high levels of chlorophyll-a ob-
served at this front peter out where the influence of the
Agulhas Return Current terminates®. This also corre-
lates with an abrupt decrease in levels of mesoscale
turbulence. With a decrease in the number of eddies
there seems to be a concomitant decrease in chloro-
phyll-a corroborating the concept of eddy-induced
enhancement of primary production®. Recent combi-
nations of satellite remote sensing and modelling have
shown®®? that there is a seasonal element to the ob-
served chlorophyll at the Agulhas Return Current with
increased light in summer enhancing the levels of chlo-
rophyll. This seasonality is in opposite phase to the
chlorophyll presence found in the extensive subtropi-
cal gyre north of the Agulhas Return Current.

The leakage of tropical Indian Ocean water south of
Africa, with its attendant pelagic biota, may present an
unusual inter-ocean pathway for tropical species from
the Indian to the Atlantic Ocean; a pathway that,
according to Prell et al. 160, may have been more, or less,
accessible over geological time. This inter-ocean
exchange mechanism has been surmised, at least for
myctophids'®'. Myctophids are namely known to be
carried south in the Agulhas Current!¢2,

Shelf ecosystems

The influence of the warm Agulhas Current on organ-
isms inhabiting the coastline, be they benthic or pelagic,
is considerable®®3. This is due for the greater part to the
higher temperatures brought about by the current’s
proximity to the coast. A comparison between the total
number of organisms as well as the species composi-
tion at the same latitude on the south-east and south-
western coastlines of Africa partially demonstrate the
coastal influence of the Agulhas Current. The cold,
nutrient-rich, upwelled water along the south-western
coast naturally also plays a significant role in enhanc-
ing this longitudinal contrast.

In two very site-specific regions the effect of the
Agulhas Current on inshore ecological systems may be
particularly profound. These regions are located at the
northern tip of the Natal Bight!¢>*, the only area of
wide continental shelf off the South African east coast,
and at the far eastern part of the Agulhas Bank'%-, the
wide shelf south of Africa. At both locations the pass-
ing Agulhas Current is responsible for kinematically
driven upwelling!'®7 that brings cold, nutrient-rich water
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onto the shelf. It is thought that these upwelling cells
are in fact the sources of bottom water with high nutri-
ents for both shelf regions!%8-2_ It has been established
unequivocally that enhanced primary productivity and
higher chlorophyll-a values are to be found in both
06118164’170.

The specific role of the Agulhas Current in the ecol-
ogy of the coastal as well as deep ocean regimes in
general is, however, still insufficiently understood®?,
There are two simple but fundamental reasons for this.
First, the detailed dynamics and variability of the cir-
culation in the South West Indian Ocean is as yet poorly
known and, secondly, the distribution and life cycles of
most organisms in this ocean region have also been
inadequately studied.

The influence of the Agulhas Current on a particu-
lar phenomenon that, in contrast, has received focused
research attention and that, as a result, is now consid-
erably better understood, is the effect of the current on
the generation of what are popularly known as “monster”
waves.

“Giant” waves

Historically the general oceanic vicinity of the south-
ern tip of Africa has been very well known for its
extreme storminess and thus its hazards for shipping.
The large number of wrecks from the last four centu-
ries along the South African coastline creates an
archaeological treasure-trove, but also an eloquent
statement on the perils of sailing these waters.

In modern times, with larger and faster-moving
vessels, the dangers of giant waves to shipping have also
become increasingly apparent. By their nature and dimen-
sions these seemingly unpredictable waves have been
able to break large ships in two, to detach whole bow
sections and, in the more fortunate cases, only to seriously
damage the bows of vessels (see inset on page 105).

Using shipping reports, Mallory!”! has been the first
to indicate that these giant waves preferentially occur
in the core of the Agulhas Current and particularly on
its landward border. Theoretical studies'**!72, measure-
ment programmes and satellite remote sensing!734
have all been employed successfully to explore the
unique geographical configuration of current and wave
generation regions that is responsible for the relation-
ship between the Agulhas Current and these unusual
waves!”. Attempts are even now being made to use

real-time wind information from the Southern Ocean
and the position of the Agulhas Current to predict the
regions in which waves with strongly enhanced ampli-
tudes are to be expected.

Perspective

The African continent has a southerly termination that
lies much closer to the equator than does that of South
America or Australia; particularly when Tasmania and
New Zealand are considered part of the Australian con-
tinental land mass. This single fact, more than any
other, underlies the exceptional role which the Agulhas
Current system plays in global oceanic circulation by
linking the waters of the South Indian and South Atlan-
tic subtropical gyres.

This linkage depends predominantly, but not exclu-
sively, on the shedding of Agulhas rings at the western
termination of the Agulhas Current. The interbasin flux
of heat and salt that comes about through this mecha-
nism has obvious and important climatological impli-
cations. Little is as yet known about the factors that
control the process of ring shedding, but triggering
mechanisms that have been proposed would imply a
complex system of sub-mesocale interactions and even
— possibly — intricate feed-back loops. This suggests
that even relatively small changes in the wind-stress
patterns over the Indian Ocean may bring about sub-
stantial alterations in the inter-ocean exchange of water
and thus conceivably in oceanic climate.

The Agulhas Current has a marked effect on the cir-
culation of the South West Indian Ocean in general and
on the continental shelf of south-eastern Africa in
particular. This effect extends also to the overlying
atmosphere and thus to rainfall over the southern
African subcontinent and the south-eastern seaboard.
By its very nature the Agulhas Current must addition-
ally play a dominant role in the biogeography of not
only the South West Indian Ocean, but also further
afield. Since the Agulhas Current would seem to have
been in existence for at least four million years, it is
highly likely that the life histories of numerous
organisms are evolutionary adapted to its present
configuration.

All these areas of influence of the Agulhas Current,
either singly, but even more so in combination, make
this current system worthy of dedicated and focused
scientific scrutiny.
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Large-scale circulation of the South West

Indian Ocean

The Agulhas Current system lies imbedded in the larger
circulation of the South West Indian Ocean, the South
Indian Ocean and, of course, the Indian Ocean as a
whole. Even this is not a final, isolated unit but is
affected by the inflow of water from the Pacific through
the Indonesian archipelago!’® and exchanges with the
Southern Ocean to the south. It is probably true to say,
in general, that the farther the circulation scales of the
regions being considered are from one another, the
smaller the direct impact. For instance, the circulation
of the North Indian Ocean influences the large-scale
circulation of the South Indian Ocean, but its direct
impact on detail of the Agulhas Current seems to be
small. The behaviour of the greater Agulhas Current
system would conceivably be influenced by aspects of
the Indian Ocean that are peculiar to it.

The circulation of the Indian Ocean as a whole is
unique in this respect that the circulation patterns in its
northern and its southern parts are not rough mirror
images of one another, as in the Atlantic or the Pacific.
The wind-driven circulation of the North Indian Ocean
is forced by the seasonal changes in the monsoonal
winds and reverses radically with season (Figure 2.1).
This is unlike the South Indian Ocean where the con-
ventional anti-cyclonic, wind-driven circulation is per-
sistent throughout the year.

Monsoonal circulation

This unique monsoonal gyre, north of the equator, is
driven by the North East Monsoon winds from east to
west. This flow starts in the month of November and
subsides by April. Off Somalia this flow has to turn
south along the African coast and becomes the Equa-
torial Counter Current (Figure 2.1). This flow along
Somalia is strongest in December!’®. The Equatorial
Counter Current lies between 3° N to 5° S, but from
January to April it moves to 10° S. The general circu-
lation of the North East Monsoon period is rather

weakly developed. By contrast, the South West
Monsoon circulation reaches its greatest strength during
July and is more strongly developed. All flow in its
domain is eastward, including the counter current. Most
of the water of the South Equatorial Current now flows
northward along the African coast!’®. This intense,
wind-driven system only starts breaking down again in
October. Water motion in this ocean is also driven by
thermohaline forcing.

There are three regions of high salinity water forma-
tion in the North Indian Ocean: the Arabian Sea, the
Red Sea and the Persian Gulf. The formation processes
in all three seas are due to an excess of evaporation over
precipitation. It is the Red Sea Water which penetrates
farthest into the South West Indian Ocean at a depth of
about 1100 m.

The northern and southern wind-driven gyres of the
Indian Ocean are separated by a strong front at about
10° S'78, This boundary zone is particularly pro-
nounced below the surface layers. North of the front are
waters of low oxygen content and high nutrients; to the
south the reverse holds true!’8. At the surface the front
is marked by a salinity maximum stretching from
Sumatra to Africa.

Subtropical gyre of the South Indian Ocean

The subtropical, wind-driven, anti-cyclonic gyre of the
South Indian Ocean consists of the South Equatorial
Current, the Agulhas Current system and the South
Indian Ocean Current, with little evidence of a north-
ward, eastern boundary current off Australia. This gyre
differs substantially from its counterparts elsewhere in
that most of the water recirculates in the western and
central parts of the ocean basin'%!. The anti-cyclonic
flow penetrates to at least 1000 m depth in the South
West Indian Ocean sub-gyre, being particularly intense
and pronounced here. By contrast the flow on the east-
ern side of the basin is very weakly developed and,
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Figure 2.1. The surface circulation of the Indian Ocean during the calendar months February (North East Monsoon
season) and August (South West Monsoon season) derived from ships’ drift observations!”’. Seasonal changes in the
South Equatorial Current — between 10° and 20° S — may have an important effect on the circulation in the South West

Indian Ocean.

during the months of January to July, is in fact south-
Ward179—80.

From a biological perspective the subtropical gyre of
the South Indian Ocean has very low primary produc-
tivity®81-2, This is similar to most other subtropical sys-
tems, since the surface waters of these regions are as a
rule nutrient depleted. Modelling efforts by Machu and
others®®1-3 have shown that there nevertheless is a sea-

sonal signal of primary productivity in the gyre, being
higher during autumn and winter. During this season
stronger winds enhance deep mixing in the water col-
umn and thus the entrainment of deeper water, rich in
nutrients to the upper layers. These model simulations
agree with what has been observed with ocean colour
sensors from satellite®®!-2,

The South Equatorial Current forms the northern
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An analysis of the country of origin of publications on the
Agulhas Current system shows ! that over the past century
the contributions from individual countries have altered
remarkably.

During the first decade of the twentieth century scientists
from Britain and Germany were the major scientific partici-
pants in building up knowledge on this system. This was the
heroic age of extensive exploratory cruises. The results of
these undertakings usually were published over periods
spanning many years. This was accomplished in the form of
numerous volumes of a cruise report, such as, for instance,
those by Thomson and Murray!>!%7 on the Challenger voy-
age (50 volumes), by Chun on the results of the cruise of the
Valdivia (24 volumes) and the reports on the research cruise
of the Planet?! (five volumes).

From about 1910 to 1940 the research activities on the
South West Indian Ocean were concentrated in Germany!'%,
and more particularly, at the Institut fiir Meereskunde at the
University of Berlin. Between 1923 and 1941 at least 28
major papers appeared!'®°, describing in detail the seasonally
changing meteorological'®® and ocean current**-> conditions
(Figure 3.2), including sea surface temperatures?°*-! and
salinities?%2. Interest stretched from the Red Sea?* to the
Subtropical Convergence?**. Many of the publications of
this time?95-207 were based on the results of the Meteor cruise
in the South Atlantic33, which had included the region of the
southern Agulhas Current. In this heyday of geographical
studies of the oceans in Germany a great deal of this mate-
rial was masterfully combined by Georg Schott in such
major works?® as Geographie des Indischen und Stillen
Ozeans™.

Deeper hydrographic measurements were for the first
time becoming available in the 1920s and 1930s in quanti-

Pre-World War II German research on the Agulhas Current

ties that allowed their use for the interpretation of the move-
ment of deep*”2%-10 and bottom waters?!!~12. George Wiist
played a major part in these studies. Another person who was
very prominent in describing the circulation of the Indian
Ocean over its full depth was Lotte Moller*>®, Giinther
Dietrich, who became director of the Institut fiir Meeres-
kunde in Kiel after the buildings of the Institut fiir Meeres-
kunde in Berlin had been destroyed during the war, carried
out a descriptive hydrographic analysis of the Agulhas
Current for his doctoral dissertation that became the stand-
ard reference*®*2 on this current at the time. Little of this
work found any resonance in the embryonic marine science
establishment in South Africa?!3 that worked mainly on
fisheries related problems at the time.

The description of the Agulhas Current in the standard
oceanographic textbook The Oceans’, used by generations
of ocean scientists, was based on Dietrich’s work, and on
that of many of the other German scientists who had worked
in the region.

With very few exceptions, a notable one being Clowes?!#
— an Englishman working in South Africa at the time — this
benchmark in knowledge on the Agulhas Current system was
not referred to again after World War I11°%. Most of the
major German papers from this time were not referenced by
subsequent investigators®!215 or in reviews on the Agulhas
circulation?'®-17. This may have been due purely to igno-
rance, as the time interval since the German work had been
long; due to inability to read the original texts in German or,
possibly, due to a degree of scientific chauvinism!*®, What-
ever may have been the reason, most investigations from the
1970s onward started afresh and made no use of the German
research of the 1930s. For all intents and purposes it was lost
to science.

component of this South Indian Ocean gyre having
highest transports during the South West Monsoon. It
is strongly affected by the Mascarene Plateau that lies
directly in its path at 60° E (viz. Figure 2.2). Even at a
depth of 50 m the flow in the South Equatorial Current
is constrained to passing through two gaps in the pla-
teau’"* thus severely altering the distribution of the
meridional current structure downstream. At the east
coast of Madagascar this current splits, about two-thirds
going north, one-third proceeding southward along the
Madagascarine coastline!’®. The South Equatorial Cur-
rent thus contributes indirectly to the flow of the
Agulhas Current system that forms the pivot of this
whole gyre. Water that leaves this system as the South
Indian Ocean Current!?° flows eastwards along the
Subtropical Convergence at about 41° S latitude, con-
tinuously losing water to the gyre to the north along its
path. This frontal system is important for other reasons
as well.

The Subtropical Convergence

At the Subtropical Convergence a deep mixed layer
develops in winter when cooling leads to vertical con-
vection!®!, These thermostads with high oxygen content
constitute Subantarctic Mode Water and this subse-
quently spreads over the greater part of the subtropical
gyre. Over the gyre itself there is generally an excess
of evaporation over precipitation and subtropical sur-
face water of high salinity is formed. The band of high-
est salinity lies between 25° and 35° S latitude. The
subsurface salinity maximum of this water is found
throughout the entire subtropical anti-cyclonic gyre.
Near the equator this water is covered by a fresher layer
of tropical surface water.

Below the subtropical water a layer of high dissolved
oxygen is the product of water formed at the Subtropi-
cal Convergence!’®. Both it and the Antarctic Interme-
diate Water, characterised by a salinity minimum
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Figure 2.2. The general flow patterns of the South West Indian Ocean® for a: the sea surface, b: 500 decibar, ¢: 1000 decibar
and d: 2000 decibar; all relative to 3000 decibar. Values are given in dynamic centimetre. Velocities may be estimated by
using the insert showing speed versus distance between isobars. The depth penetration of the South West Indian Ocean sub-
gyre stands out as one of the main circulatory features.
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around 1000 m depth, circulate with the gyre, showing
the great depth of this gyre compared to the monsoonal
regime. However, the gyre of Antarctic Intermediate
Water has a less pronounced concentration to the west-
ern side of the basin!8? compared to the gyre of the
surface water'®!. Antarctic Intermediate Water in this
gyre slowly mixes upwards, north of 32° S. It has been
estimated!'?! that this upward movement is about
0.6 x 10° m%/s and is balanced by a downward mixing
of about the same magnitude south of 45° S.

Mesoscale variability in the Indian Ocean on the
whole is high!®3, but highest values are restricted to the
southern and south-western regions. Extending from
the centre of the Mozambique Channel, through the
Agulhas Current system, the high values then follow the
core of the Subtropical Convergence eastwards. This
mesoscale variability is — as will be seen — important for
the large-scale circulation systems and the feedbacks'!
of particularly the Agulhas Current system. It also has
biological impacts.

In intriguing contrast to the seasonality in primary

productivity in the subtropical gyre of the South Indian
Ocean, the highest values for primary productivity in
the Subtropical Convergence are found in spring—
summer and not in autumn—winter®!. Using the simu-
lations of a coupled physical-biological model®®?, it has
been inferred that this inverse seasonality is due to the
deeper mixing induced by winter winds. This mixing
removes a large proportion of the phytoplankton from
the euphotic zone, inhibiting growth.

Limitations

The short description of the main flow regimes of the
Indian Ocean that has been given here has a number of
serious shortcomings, most stemming from either a lack
of information or the geographically inhomogeneous
distribution of existing hydrographic observations. In
general, the North Indian Ocean and particularly the
domain of the Somali Current have been well served
with observations. The Agulhas Current has also been
fairly well-investigated, but regions such as the centre

The International Geophysical Year (IGY) was the first
successful, global geophysical programme that included a
large international presence in its conception, planning and
its observational phase. Most subsequent international pro-
grammes built on its success. One of these was the Interna-
tional Indian Ocean Expedition (IIOE) that took place from
1960 to 1965.

The International Scientific Committee on Oceanic
Research (SCOR) considered a proposal for such an expe-
dition in 19572%2, motivated by the fact that of all the ocean
basins the Indian had been least observed and was as a re-
sult the least known. UNESCO agreed to co-sponsor the ex-
pedition and, partially due to this new demand, established
its Intergovernmental Oceanographic Commission (I0C). In
South Africa a special oceanographic co-ordinating commit-
tee of interested parties was appointed under the aegis of the
Council for Scientific and Industrial Research.

Early attempts to have a pre-designed grid of stations for
the IIOE in order to survey the hydrography of the Indian
Ocean most efficaciously??? failed. Each of the 13 ship-
operating countries more or less carried out work of greatest
interest to its own scientists. The hydrographic data collected
during the IIOE, although therefore quite inhomogeneously
distributed, was assembled, analysed and published as a
monumental atlas®, largely achieving the original aims of
the project?23225,

An analyses of the annual number of publications on the
physical oceanography of the South West Indian Ocean!%®
clearly shows the sizeable effect of the IIOE (see Figure 1,
p- ix). From 1958 there was an increase in planning and
background documents, relating to the IIOE, that continued

Impact of the International Indian Ocean Expedition

up till 1964. In 1964/65 many cruise reports appeared while
research publications peaked only in 1967, increasing the
annual number of pre-IIOE publications five-fold.

Perhaps of greater importance to research on the Agulhas
Current has been the influence this expedition has had by
stimulating research in countries, such as South Africa, that
previously had shown only limited interest in the deep ocean.
In South Africa a number of deep-sea research cruises were
carried out, utilising — amongst others — the naval hydro-
graphic vessel S.A.S. Natal and the fisheries research vessel,
Africana I1.

It furthermore led to the formation of the predecessor to
the South African National Committee for Oceanographic
Research (SANCOR), that has played a leading role in guid-
ing and supporting marine science in this country to this day.
Shortly after the termination of the observational phase of
the IIOE, the first South African National Oceanographic
Symposium was held under the auspices of SANCOR??, Tt
has taken place at three-year intervals ever since.

The young scientists that became involved in ocean
science at this time, or shortly afterwards, were subsequently
responsible for the enormous increase in research articles??’
in international journals from South Africa. The bloom in
oceanographic research production that resulted was only
made manifest in the 1970s and 1980s%%%, but may in many
ways have originated in the energising effect of the Interna-
tional Indian Ocean Expedition in the early 1960s. South
African participation in subsequent large oceanic experi-
ments, such as the WOCE?2° (World Ocean Circulation
Experiment), has been politically more difficult, and scien-
tifically less rewarding®!“.
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Figure 2.3. The mean atmospheric pressure at sea level for the South Indian Ocean (full lines) with standard deviations
(broken lines), both in mbar!#, The upper panel represents the month of January; the lower panel July. The seasonal
shift of the centre of the atmospheric high pressure system substantially changes the wind stress patterns for this ocean

region over an annual cycle.

of the gyre, the Mozambique Channel and the region
south of Madagascar!8* have remained more or less
devoid of an adequate geographic distribution of high-
quality, modern measurements for a long time. During
the past decade some changes for the better have
occurred in this respect®%038, Nevertheless, to under-
stand the circulation better, more hydrographic obser-
vations, appropriately placed, are required. A more
solid knowledge of the wind patterns is also required.

The wind regime of the South West Indian Ocean

By all criteria of wind direction as well as precipitation
the South West Indian Ocean falls well outside the
monsoonal domain'®. The general air circulation over
this particular oceanic region is anti-cyclonal; stronger
in the austral summer than in winter (Figure 2.3) when
the centre of the anti-cyclonic high pressure system lies

further to the east!'®>. Surface winds are at a minimum
at about 35° S in summer. This minimum band moves
to about 30° S latitude in winter, but wind strengths in
the minimum remain about the same, the zonal geo-
strophic wind at sea level being slightly stronger in
winter!'80, From here average climatic wind strengths
increase both towards the equator and southwards
where they reach a maximum at about 50° S, or at the
Antarctic Polar Front. Whereas average zonal winds at
35° S in January are 2 m/s, at 50° S they will be
24 m/s'80,

The region of low wind strengths over the South
West Indian Ocean also represents an area of low wind
steadiness. Compared to the area in the Mozambique
Channel and near Madagascar where wind steadiness
of 50 to 75 per cent is evident year round, the centre of
the South West Indian Ocean has winds with a mean
steadiness of 25 per cent or less'®. South of the Sub-
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tropical Convergence the wind steadiness increases to
levels between 50 and 75 per cent. With a lighter wind,
it may be expected that the wind stress fields will fol-
low the same pattern and this is indeed the case!'®’.

In both seasons a zone of minimum wind stress
extends from Africa to Australia at about 35° S. In the
South East Indian Ocean this minimum becomes
slightly less pronounced in austral summer, but in the
South West Indian Ocean there is little seasonal varia-
tion. The wind stress curl is a positive maximum over
this region throughout the year'3”. The band of positive
wind stress curl for the South Indian Ocean extends
from about 20° S to 45° S latitudes. Estimates of the
divergence of the Ekman transports, based on the above
results, indicates that the South West Indian Ocean
should be a region of average downwelling of about
0 to 20 cm/day!'®7.

Along coastlines the large-scale wind patterns may
be considerably modified. This is particularly important
for a fuller understanding of the behaviour of western
boundary currents, such as the Agulhas Current and the
East Madagascar Current. Around the southern African
coast, coastally trapped waves are formed in the atmos-
phere!38 that propagate from west to east as coastal low
pressure systems in concert with passing synoptic pres-
sure systems to the south. Coastal winds therefore are
aligned with the coast!3%-90 for the greater part of south-
ern Africa and the Agulhas Current.

The general wind patterns over the South Indian
Ocean drive the major currents. This is evident from the
mass transport stream functions, calculated from the
Sverdrup relation for this ocean region'®”. The mass
transport stream functions clearly demonstrate the
wind-driven part of the ocean circulation. Thermo-
haline circulation creates some of the major water
masses involved in the wind-driven circulation of the
South West Indian Ocean, but as a process it is not of
major importance in the South West Indian Ocean it
self. What then are the major circulation patterns in this
ocean?

Flow patterns of the South West Indian Ocean

General flow patterns of the full South Indian Ocean,
and the South West Indian Ocean in particular, can be
found from essentially three sources: drift observations
at the sea surface, the historical hydrographic data and,
last, information gleaned from satellite observations.

Surface movement

First, the surface flow from statistical analyses of ships’
drift has been assembled in atlases such as those pro-

duced by the Naval Oceanographic Office!?!-3 of the
United States, by the German Hydrographic Office!”’
or by the hydrographic office of Great Britain'**. These
data and publications have to a large extent formed the
basis for the classical portrayal of the currents briefly
described above (Figure 2.1).

The second data set consists of the accumulated
hydrographic information that can be used to describe
the mean geostrophic flow or the movement of specific
water mass types along core layers. For the Indian
Ocean this has been done in the Oceanographic Atlas
of the International Indian Ocean Expedition®*. Unfor-
tunately the geographic data distribution for the pres-
entations in this atlas is very inhomogeneous for the
South Indian Ocean. On both the western and the east-
ern sides of the ocean the density of stations is probably
sufficient for a rough characterisation of the mean flow.
In the central part of the gyre there is a dearth of sta-
tions and the flow can only be described in the coars-
est of terms. Nevertheless, a number of consistent flow
patterns emerge for the region (Figure 2.2). Subsequent
analyses’'? have filled in some details, but have not
dramatically altered the key elements of the surface
circulation.

The first element that emerges is that the subtropi-
cal, anti-cyclonic gyre is not zonal, but shows a distinct
tendency to have its axis in a north-east—south-west
direction. This is not an artefact of the data distribution,
as is clear from Figure 2.2%4. Secondly, the pivotal point
of the circulation lies far to the west, more so than in
comparable basins such as the South Atlantic!'®.
Thirdly, the circulation shows a distinct tendency for a
clear recirculation gyre west of 70° E (viz. Figure 2.4)
with a strong sub-gyre west of 45° E. This is evident at
the sea surface but becomes increasingly clear at greater
depths”!%. At 500 decibar there is little evidence of the
anti-cyclonic gyre east of 95° E, at 1000 decibar it has
shrunk to 80° E8. It also lies increasingly southward
with increasing depth so that at 2000 decibar it is only
found between 30° and 40° S latitude.

The South West Indian Ocean therefore plays an in-
creasingly important role in the anti-cyclonic circula-
tion of the South Indian Ocean with increasing depth.
Between 0 m and 300 m it is roughly responsible for
about 40 per cent of the total anti-cyclonic mass trans-
port in the gyre; for the interval O m to 3000 m it car-
ries about 50 per cent of the total flux3*.

Hydrographic results

An analysis of carefully selected hydrographic station
lines!%! (Figure 2.4) has confirmed many of the above-
mentioned results on the flow patterns of the South
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Figure 2.4. The baroclinic volume flux field of the South Indian Ocean'®

lover the upper 1000 m. Transport values

are in 10° m?/s; thin lines indicate the geographic location of station lines used. Of particular importance here is the
concentration of the recirculation west of the 70° E meridian.

West Indian Ocean. Donohue and Toole’®® have used
a comprehensive, near-synoptic data set in the general
vicinity of Madagascar and derived very comparable
results to those shown in Figure 2.4, giving some con-
fidence in the robustness of that portrayal. It demon-
strates that for the upper 1000 m the flow in the South
Indian Ocean is concentrated in a South West Indian
Ocean sub-gyre and that, as a result, the gyral circula-
tion east of 70° E is particularly weak. Flow along the
Subtropical Convergence in the Agulhas Return Cur-
rent is therefore rapidly diminished as its waters move
eastwards. This flow forms the poleward border to the
subtropical gyre in the South Indian Ocean.

A general flow feature of the South Indian Ocean
that becomes clear from Figure 2.2 is the rather invari-
ant location of this southern border to the subtropical
gyre. This is seen by a bunching of isolines at about
40° S south of Africa with a southward tendency on
proceeding eastwards. South of Perth, on the west coast
of Australia, it lies at about 45° S, This geographic
location is found for all depths shown in Figure 2.2.

Altimetric results

The third available data set, in addition to those derived
from ships’ drift and from hydrographic data, is alti-
metric data from satellite. The results from a number of
these latter data sets seem internally consistent’*® and
are, furthermore, in substantial agreements with those
derived from hydrographic data®'8. Comparisons of the
sea level height from altimetric observations with in situ
pressure gauges has successfully validated the alti-
metric portrayals?'®. The correlation between float

velocities at intermediate depths and geostrophic ve-
locities derived from altimetric observations’#” has been
shown to fall between 0.8 and 0.9. All these results give
solid evidence for the reliability of altimetric products
to accurately depict oceanic motion. The mean dynamic
topography for the South Indian Ocean derived from
such altimetric data is shown in Figure 2.5.

The broad expanse of the Antarctic Circumpolar
Current is clearly evident, its northern border lying
between 49° and 45° S latitude, depending on longi-
tude. The well-developed sub-gyre of the South West
Indian Ocean is recognisable. Detail of the flow in the
Mozambique Channel, east of Madagascar and of the
Agulhas Current cannot be easily resolved with these
data. An important conclusion from this particular
analysis”!® has been that over this 18 month period of
altimetric observations there were no significant inter-
annual variations of the mean position and magnitude
of the major current systems in the South Indian Ocean.
Another analysis218, also based on altimetric data, has
presented conflicting results. It suggests that there is a
strengthening of the anti-cyclonic gyre in March and a
weakening in June and December. The limited contem-
poraneous hydrographic data on the mass fluxes do not
support this latter result directly.

Of substantial importance in assessing the flow
patterns of the South West Indian Ocean is an under-
standing of the geographic distribution of mesoscale
turbulence. Reliable estimates of this kind have only be-
come available with the advent of satellite alti-
metry’?*749_ The distribution of sea height anomalies
produced by such measurements give an indication
where high variability in ocean circulation can be
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Figure 2.5. The mean dynamic topography for the South Indian Ocean and the Indian sector of the Southern Ocean
as derived from altimetric measurements made by the TOPEX/Poseidon satellite?!®. Units are in metre and the two
thick, zonal lines represent roughly the outer borders of the Antarctic Circumpolar Current. Regions shallower than

3000 m have been shaded.

expected. The patterns for the Indian Ocean overall are
particularly instructive. A region that stands out for its
high levels of variability on a global scale is coincident
with the location of the Agulhas Current retroflection
and the Agulhas Return Current!83713724, Correlation
length scales of movement differ within the system*!4
and do not necessarily agree with the Rossby radius of
deformation’. Secondary regions of high variability,
evident in satellite altimetry, include most of the South
West Indian Ocean and, in particular, the Mozambique
Channel’**. Unique to the Indian Ocean are two zonal
bands of slightly higher variability extending across the
subtropical Indian Ocean, one at about 15° S and
another at about 25° S7?4, It is interesting to note that a
high resolution model of the global ocean circulation
does not simulate either of these bands, nor the high
variability in the Mozambique Channel’?*, The sources

of this high variability and their important role in the
general circulation of the South West Indian Ocean are
discussed in some detail in subsequent chapters.

Putting aside the variability for now, it is clear®'8 that
the average geostrophic flow patterns derived from
both hydrographic and altimetric data (Figure 2.5) show
that the anti-cyclonic gyre of the South Indian Ocean
is weakly developed in the east and that this is increas-
ingly true at greater depths. The circulation is reduced
at depth to a sub-gyre in the south-west. The location
of the southern border to the gyre, formed by the adja-
cent flow of the Antarctic Circumpolar Current, by
contrast, remains fairly constant at all depths.

Some of these conclusions are also evident when one
inspects a line of hydrographic stations carried out
roughly through the core of the subtropical gyre in the
Indian Ocean, i.e. at 32° S (Figure 2.6). The dynamic



26

Large-scale circulation of the South West Indian Ocean

20° 40° 60° 80° 100°

120°  14Q0°E

\

NN

30° 0° 45c> 50° 55° 60° 65° 70O 75O 80°E
1 0
§ /q
- 100
L 200 £
<
300 &
a
Station 12 L 400
ositions———13 11
p - I ! ! ! 1 ! ! ! 1 500
300
| 280 E
o
) — 260 5
Statllclm - 240 8
pOSltIOnSI | | | | | | | | | 220
30° 35° 40° 45° 50° 55° 60° 65° 70° 75° 80°E
| | | | | | | | | | |
0
/ / \’26.0/
26.0 - 100
26.2
- - 200 €
26.4 S
ey
v\/ - 300 B
(0]
a
Station \___’_/26.6 [~ 400
ositions
P 1 T 1 | | | | | | | 500

Figure 2.6. Results of a hydrographic section from Africa eastwards at the 32° S8 parallel. The dynamic topography
of the sea surface relative to 3000 decibar (centre panel) shows a strong slope to 65° E after which it flattens off.
Potential temperature over the upper 500 m is shown in the upper panel; potential density in the lowest panel.

The insert is a locational map of the line of stations.

topography declines steeply to about 65° E after which
it decreases considerably more slowly with distance
eastward. This represents water in the South West
Indian Ocean warmer than 16.5 °C and with a potential
density of less than 26. On this latitude water with these
characteristics is only found close to the west Austral-
ian coastline®. This portrayal confirms the concentra-
tion of the gyral flow in the western side of the basin.
It cannot indicate where this water is formed, what its
distribution is or how it is mixed with other water
masses.

Water masses of the South West Indian Ocean

The water masses of the South West Indian Ocean and,
in particular their volumes, are outlined®* in Figure 2.7.
For temperatures in excess of 15 °C there is a wide
range of salinities, representing waters from the sub-
antarctic at 40° S to the tropics at 10° S latitude. These
surface waters form a very small part of the total vol-
ume. The narrow band in the potential temperature—
salinity space between the surface and the intermediate
waters, the Central Water, constitutes only 14 per cent
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Figure 2.7. A volumetric inventory of water in the South West Indian Ocean, according to the potential temperature—
salinity relationships of the water masses®. Volumes are in units of 10> km?. The upper row shows the volumes per
salinity interval only; the right-hand column per potential temperature only. Isopleths are for sigma-t.

of the total water mass. The various water masses at
intermediate depths have a far greater volume, but it is
the Deep Waters that form the overwhelming part of the
total volume of the South West Indian Ocean. This may
be compared to the volumes of similar temperature
intervals for the world ocean??” and the Indian Ocean
as a whole®+22! (Table 2.1).

Compared to the world ocean the Indian Ocean has a
higher percentage identifiable bottom water (-2 °C to
2 °C). This may be due to the fact that the South Indian
Ocean lies just downstream of the Weddell Sea where

the major part of this water is formed. The South West
Indian Ocean, on the other hand, consists of a large
region in which the water is shallower than 4000 m due
to the presence of many mid-ocean ridges. As a result
there is a significant percentage reduction of bottom
water here. Lying in temperate to warm climatic zones,
it is to be expected that the South West Indian Ocean
waters would consist of a higher percentage of water
between 10 °C and 30 °C than the world ocean, and this
is observed (Table 2.1).

For the purposes of this volumetric calculation the
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Table 2.1. The percentage of the total water volume taken up by water masses of which the temperatures fall within certain tem-
perature intervals, for the world ocean as a whole, for the Indian Ocean as a whole and for the South West Indian Ocean??0-2!,

Temperature World Ocean Indian Ocean SW Indian Ocean
10°-30° 8% 9% 15%
4°-10° 16% 16% 18%
2°-4° 29% 22% 28%
—2°0-2° 47% 53% 39%

Indian Ocean included the Southern Ocean between
Africa and Tasmania®®. This explains the low percent-
age surface water and the high percentage bottom water
given in Table 2.1 for the Indian Ocean as a whole. All
comparable estimates??! have unfortunately also been
done in this way. The water masses represented in these
volumetric analyses can be identified by their potential
temperature—salinity relationships and their potential
temperature—oxygen relationships shown in Figures 2.8
and 2.9.

Surface and central waters

Near the equator there is an excess of precipitation over
evaporation leading to a freshening of surface water
warmer than 24 °C, i.e. north of 20° S longitude in
winter®!, thus forming Tropical Surface Water. Sub-
tropical Surface Water with a salinity of 35.5 or greater
is found further to the south in a band between about
28° and 38° S in the South West Indian Ocean, except
near the east coast of southern Africa where Tropical
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Figure 2.8. The potential temperature—salinity relationships for the western Indian Ocean?*. South Indian Central Water
is identified by SICW, Subantarctic Mode Water by SAMW, North Atlantic Deep Water by NADW, Antarctic Bottom Water
by AABW, Antarctic Intermediate Water by AAIW and Subantarctic Surface Water by SAASW.
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Surface Water of lower salinity predominates. Both are
saturated in dissolved oxygen. Subtropical Surface
Water is found as a shallow subsurface salinity maxi-
mum in regions to the north and west of its region of
formation. Subtropical Underwater is formed by a sub-
duction of saline, winter mixed layer water east of
90° E, but small parcels of it are advected into the South
West Indian Ocean as subsurface lenses’?!.

Tropical Thermocline Water can be distinguished
from Subtropical Surface Water, of the same tempera-
ture, by its much lower oxygen content (Figure 2.9). A
shallow oxygen minimum is found south of 10° S and is
of particular importance to an understanding of the
Agulhas Current water movement>! since it is charac-
teristic of its shoreward side and may be used as a tracer.

Two explanations for the existence of this oxygen
minimum have been given. First, it has been sug-
gested??? that it may be due to the effects of biologically

induced oxygen consumption. Secondly, it may be an
artifact of a layer of higher oxygen introduced at a
slightly greater depth as Subantarctic Mode Water
(Figure 2.9). As mentioned above, this water type is
formed along the southern edges of the subtropical gyre
due to winter cooling and convection'8!,

The oxygen, salinity and temperature range (Figure
2.8) of Subantarctic Mode Water falls directly within
that of South Indian Central Water. It can only be dif-
ferentiated from the latter by the characteristic thermo-
stad that it represents. This Central Water forms the
mixing product of the surface waters and the Interme-
diate Waters. Towards its cooler end (Figure 2.8) it is
strongly distorted by the presence of Red Sea Water.
This is particularly evident in the oxygen distributions
since Red Sea Water has a very low oxygen content
(Figure 2.9).
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Figure 2.9. The potential temperature—dissolved oxygen relatio

nships for the western Indian Ocean?*. South Indian Central

water is identified by SICW, Subantarctic Mode Water by SAMW, North Atlantic Deep Water by NADW, Antarctic Bottom

Water by AABW, Antarctic Surface Water by AASW, Antarcti

¢ Intermediate Water by AAIW, Subantarctic Surface Water

by SAASW, Lower Circumpolar Deep Water by LCDW and Upper Circumpolar Deep Water by UCDW.



30 Large-scale circulation of the South West Indian Ocean

Intermediate waters

This Red Sea Water derives its high salinities and thus
densities in the Red Sea and, partially, the Persian Gulf,
due to an excess of evaporation over precipitation and
moves directly poleward along the east coast of Africa
on leaving this region??3, It forms a salinity maximum
at depths of 1500 m to at least 22° S in the Mozambique
Channel®**. A tongue of low oxygen values suggests®
that it extends even further south. This has been con-
firmed by more recent measurements in the south-
western Indian Ocean?? and it has subsequently been
observed even as far south as the Agulhas Current
retroflection?3¢. The full geographical extent of its dis-
tribution has not yet been determined with any degree
of reliability. All present measurements®* suggest that
its influence is felt more specifically on the western side
of the South West Indian Ocean. Since it has a differ-
ent origin, the other water mass found at intermediate
depths in this ocean region — Antarctic Intermediate
Water — has a very different distribution.

The Antarctic Intermediate Water forms the high
oxygen (Figure 2.9) but low salinity member (Figure
2.8) at depths of 1000 m to 2000 m in the south-western
Indian Ocean. This water subducts between the Antarc-
tic Polar Front and the Subtropical Convergence. Its
thickness is about 500 m but may vary quite substan-
tially from place to place and probably also with time.
Both salinity and temperature in this core layer increase
slowly as this water mass proceeds northwards. Sub-
antarctic Surface Water may be considered to be its
purest end-member (Figures 2.8 and 2.9) with highest
oxygen values and lowest salinities and is, of course,
found south of the Subtropical Convergence?’. Below
the intermediate waters is the deep water, but it also
consists of different components.

Deep waters

Deep Water forming, as shown, by far the major pro-
portion of the water of the South West Indian Ocean by
volume, is present as two distinct water types??°, North
Atlantic Deep Water and Indian Deep Water. The
potential temperature—salinity relationships of these
two deep water types differ little (Figure 2.8), but their
oxygen characteristics are quite distinct (Figure 2.9).
North Atlantic Deep Water enters the South West
Indian Ocean around the southern tip of Africa at a
depth of between 2500 and 3200 m'7® with a weak
salinity maximum?33. It can be followed northwards in
the southern Indian Ocean beyond Madagascar. The
salinity and oxygen content decrease northwards, but

the already high nutrient content increases. Indian Deep
Water, on the other hand, is thought?* to originate in
low and northern latitudes and to flow south. These
water masses are not strongly hindered in their move-
ment by the bathymetry. The translation of bottom
waters is, by contrast, severely constrained by the
bathymetry.

Bottom waters

That part of the South West Indian Ocean that is deep
enough accommodates water of Antarctic Bottom
Water origin, but in a much diluted form. These water
masses are probably not directly involved in the
Agulhas Current system per se, but their movement
may affect the behaviour of currents higher up in the
water column'?” and they are therefore, if not for any
other reason, of importance here. It has been esti-
mated’?’ that the total northward flow of abyssal waters
into the Indian Ocean at a latitude of 32° S is
11.9 x 10°m?/s. Antarctic Bottom Water is found pole-
ward of the Atlantic—Indian Ridge south of Africa
where it has a potential temperature of —0.6 °C, a salin-
ity of less than 34.6623% (Figure 2.10) and a dissolved
oxygen content of more than 5.2 ml/1%*. Its trajectory
partially explains these values.

This water seems to leak northward through a gap in
the ridge system at depths greater than 4000 m. This
gap lies south-east of Africa. Bottom waters in the
basins to the north of here have potential temperatures
of 0.1 to 1.1 °C, salinities of 34.70 to 34.80 and oxy-
gen values of 5.0 to 4.8 ml/I®. Modern hydrographic
data in the southern part of the Agulhas Current sys-
tem?30:236 show no evidence of bottom water with tem-
peratures below 0 °C. The distinct basins formed by the
bathymetry are clearly evident in Figure 2.11. Between
the Madagascar Ridge — directly south of Madagascar
— and the central Indian ridge at about 70° E, there are
three basins: from south to north, the Crozet Basin, the
Mascarene Basin and the Somali Basin north of 10° S.
The leakage between these different basins has perhaps
been evaluated’?®714 best in the Amirante Passage that
is the only link at this depth between the Mascarene and
the Somali Basins. Estimates from geostrophy for bot-
tom flow in this passage vary from 1 to 4 x 10® m%/s.
These movements through narrow gaps help explain why
the Antarctic Bottom Water in the South West Indian
Ocean is already in a diluted form. This can clearly be
seen from a portrayal of the potential temperature at
4000 m depth in this ocean region (Figure 2.11).

These distributions also give an indication of the
time averaged movement of the waters at these depths.
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Figure 2.10. The distribution of salinity 40°
at the bottom of the South West Indian
Ocean?. Shading represents regions where
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Figure 2.11. Distribution of the potential temperature
of water masses at 4000 m depth in the South West Indian

Ocean®*. This shows the movement of bottom water in the
relatively small basins found between the ridges at this depth.
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Movement of water masses

The Antarctic Bottom Water seems, according to Fig-
ures 2.10 and 2.11, to enter the South West Indian
Ocean from the south and to be diluted in its northward
progression, more so to the west of Madagascar than to
the east. This has been confirmed by comparing bottom
potential temperatures, turbidity and sea-floor photog-
raphy?*? showing the major northward flow passing
through the gap between the Crozet and Kerguelen
Islands. This conclusion is entirely consistent with the
interpretation of modern hydrographic data for the
region?*!,

West of the mid-ocean ridge the coldest bottom wa-
ter is found south-east of the Agulhas Plateau?!>. There
is some indication of a gyral movement, as yet unsub-
stantiated, of this water in this region. Clearly at these
depths the configurations of the basins, as formed by
mid-ocean ridges, are a determining factor for water
movement>*2,

The bottom water in the Mozambique Basin, south of
the Mozambique Channel, in fact consists of two distinct
types, both originating in the Enderby Basin. Their dif-
ferent hydrographic characteristics are solely a function
of the different routes they have taken through the maze
of bottom obstructions at that depth??3, One type reaches
the Mozambique Basin via the eastern flank of the
Mozambique Plateau as well as by a contribution that
leaks northward along the eastern side of the Agulhas
Plateau, getting more diluted during this advective proc-
ess. The other type enters the Mozambique Basin
directly from the Enderby Basin through the Prince
Edward Fracture Zone. Warren>* has also demonstrated
the leakage of bottom water through fractures in the
South West Indian Ridge. Even the smaller-scale char-
acteristics of the ridges therefore play an important role.

Along the ridges, and along the continental shelves,
the theory of deep circulation predicts the presence of
a western boundary current at depths of 3000 m to
3500 m. Off the east coast of Madagascar such a cur-
rent has in fact been observed?** on more than one
occasion®®. The Madagascar Ridge seems to form an
impenetrable barrier to bottom flow?** so that the cir-
culation to the west and east of this ridge are uncon-
nected. The deep boundary current along the east coast
of Madagascar seems to derive all its water from that
which leaks through the South West Indian Ridge and
then moves across the Madagascar Basin?*® towards
Madagascar. A result of the existence of these bound-
ary currents is that the bottom water, as inferred from
geostrophic calculations’!?, has a cyclonic circulation
in the Agulhas Basin, in the Crozet Basin and in the
Mascarene Basin east of Madagascar.

Deep waters

Above the bottom waters are the very voluminous (viz.
Figure 2.7) deep waters. As has been seen, the major
water type of this kind in the South West Indian Ocean
is the North Atlantic Deep Water, formed in the North
Atlantic and moving predominantly southwards along
the east coast of South America!®>?%’. From there it
progresses eastwards and rounds the tip of Africa at a
depth of about 2800 m (Figure 2.12). A box model
using a perturbed inverse method and that has included
organic-decomposition®*® suggests an inflow of
11(%8) x 10° m?/s for North Atlantic Deep Water. An
investigation’?” using modern hydrographic data gives
a value of 11(+4) x 10° m3/s. Most of this water can be
traced back to passages south of 28° S in the Walvis
Ridge from where it moves across the Cape Basin. A
substantial part of this water moves in a boundary cur-
rent against the western continental slope of Africa
(Figure 2.13), but the intense deep flow of the Agulhas
Current takes its toll, detaches the flow from the bound-
ary and carries most of this water with it in the Agulhas
Return Current. A remnant carries on as a counter cur-
rent below the Agulhas Current itself (Figure 2.13).
This portrayal of water movement at depths of 3000 m
to 3500 m has been found by a number of other inves-
tigators'®>7!! as well and is therefore probably a fairly
accurate represention. The salinity maximum and dis-
solved oxygen of the North Atlantic Deep Water are
slowly eroded and become increasingly difficult to dis-
tinguish the farther eastwards one cares to look in the
South Indian Ocean®*, as well as northwards. One may
observe it north of Madagascar?’.

Using a zonal line of closely spaced hydrographic
stations at 32° S, Toole and Warren?*° have shown that
North Atlantic Deep Water is almost entirely confined
to the Mozambique and Natal Valley, i.e. west of the
Madagascar Ridge and south of the Mozambique Chan-
nel?’. The water that flows northward to the east of
here is considered to be Circumpolar Deep Water, not
directly derived from the North Atlantic. Others*?’ have
even considered all the deep water of the Indian Ocean
to consist of Circumpolar Deep Water. About
2 x 10°m¥/s from the upper half of the North Atlantic
Deep Water appears’!© to flow across the sill in the
Mozambique Channel (viz. Figure 2.12) into the
Somali Basin to the north.

A second type of deep water, Indian Deep Water, has
a much lower oxygen content (Figure 2.9). It does not
seem to penetrate far south in the Mozambique
Channel?*’, but it is found much further south, at
depths of 2500 m?3? along the east coast of Madagas-
car and even along the eastern side of the Madagascar
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Figure 2.12. Distribution of salinity

in the deep salinity maximum showing
the movement of North Atlantic Deep
Water into the South West Indian
Ocean®*. This is at a depth of between
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2750 m and 3000 m. The thick, broken line
denotes the equatorward limit of this water.
The outline of the bottom topography at this
depth is shown.
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Figure 2.13. Suggested movement of North Atlantic Deep Water (solid line) and Upper Circumpolar Deep Water (broken

line) in the south-eastern Atlantic Ocean, based on hydrographic measurements
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. The 3000 m isobath encompasses the

flow. Estimates of the volume flow in 10® m3/s is shown. Question marks denote regions in which the flow is uncertain.
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Figure 2.14. A suggested’!% circulation scheme for deep water in the South West Indian Ocean. The 2500 m isobath
gives the continental margins at the average depth of this water mass. Superimposed on the arrows is the distribution
of the salinity on an appropriate isopycnal surface, the thick isohaline at 34.77 being the approximate boundary between
the higher salinity North Atlantic Deep Water and the lower salinity North Indian Deep Water as well as the Lower

Circumpolar Deep Water.

Ridge®*. It leaks southward through the Amirante Pas-
sage, the only gap between the Somali and the
Mascarene basins, at a rate’!* of about 4-9 x 10° m3/s.

It has been shown?? that at 18° S, east of Madagas-
car, Circumpolar Deep Water forms a series of inde-
pendent gyres in the basins formed by the ridge systems
of that part of the Indian Ocean. In the Madagascar and
the Mascarene basins the flow of deep water is cyc-
lonic’!%, Deep waters formed at high latitudes tend to
move equatorward along the western edge, whereas
North Indian Deep Water flows poleward in the basins’
interior’%8, This movement is closely analogous to that
of the bottom water in these basins’!?. A comprehen-
sive portrayal of the circulation scheme for deep waters
of the South West Indian Ocean inferred from both
hydrographic data as well as current meter records is
shown in Figure 2.14. From this careful analysis by Van
Aken et al.”'®it seems clear that it is indeed mostly
North Atlantic Deep Water and North Indian Deep

Water that are dominant in the South West Indian
Ocean. The bottom topography clearly affects the
movement of these waters, but does not prevent it from
entering any of the basins in this ocean. The general
flow pattern portrayed in Figure 2.14 is contradicted by
an analysis’?? of hydrographic data on neutral surfaces.
According to this study the contribution of North
Atlantic Deep Water is largely limited to the South
West Indian Ocean. The northward flow of Circum-
polar Deep Water from the Southern Ocean is found
mainly in the western Crozet and Madagascar basins
between 2000 m and 3000 m depth. North Indian Deep
Water plays a role in the northern Indian Ocean’?! but
has a volume flux that limits its influence. Compared
to this relatively simple portrayal of the distribution and
movement of the deep waters of the South West Indian
Ocean, that of the intermediate waters is considerably
more complex (viz. Figure 2.8).
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Intermediate waters

To recapitulate, in the South West Indian Ocean there
are two major water types in the intermediate depth
range that are of importance, namely the Antarctic
Intermediate Water and the Red Sea Water. Indonesian
Intermediate Water is also present in the Indian

Ocean’?, but plays a minor role in the South West
Indian Ocean. This is visually apparent in Figure 2.15
where the percentage of each water type on a vertical
section along 60° E is shown. Temperature/salinity
scatter diagrams show (Figure 2.16) how the character-
istic T/S relationships of both the Antarctic Intermedi-
ate Water as well as the Red Sea Water are eroded as

Figure 2.15. The percentage water mass contributions along the 60° E meridian
in the western Indian Ocean’?°. The upper panel shows Antarctic Intermediate
Water; the central panel Indonesian Intermediate Water and the lower panel the con-
tribution by Red Sea Intermediate Water. Note that the depths shown extend from
500 to 1500 decibar. Black areas denote land masses.
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Figure 2.16. Scatter diagrams representing the temperature—salinity characteristics of five regions in the South West Indian
Ocean, shown in the map, and one in the tropical South Atlantic Ocean as reference*°. The greater degree of purity of
Antarctic Intermediate Water (AAIW) south of Africa (panel C) and of Red Sea Water (RSW) in the Mozambique Channel
(panel F) is clearly distinguishable.
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Figure 2.17. Distribution of
salinity in the salinity minimum
core layer representing Antarctic
Intermediate Water in the South
West Indian Ocean®. This lies at a
depth of between 800 m and 1200 m.
Heavy lines show the geographical lim-
its to the extent of this water mass. It is
clear that this water type does not, on
average, penetrate readily along the east
coast of southern Africa.
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observations are taken increasingly farther away from
their origins. Furthermore, the degree of erosion of the
salinity minimum that represents Antarctic Intermedi-
ate Water is greater along the east coast that the west
coast of southern Africa. To this end the T/S relation-
ships at similar latitudes may be compared (Figure
2.16). This would suggest that the Antarctic Interme-
diate Water does not penetrate the South West Indian
Ocean as easily as it does the South East Atlantic
Ocean. The inflow of Antarctic Intermediate Water in
fact creates scattered lenses of high potential vorticity
in the South Indian Ocean’?®.

As has been mentioned, recent measurements have
shown?332%0 that there may be considerable interleav-
ing, both vertically and laterally, between the two water
masses found at intermediate depths. To investigate the
motion of these water masses on the larger scale, mean
distributions on core layers (Figures 2.17 and 2.18) may
represent the major modes of distribution. For Red Sea
Water this distribution may have a seasonal component
since the initial southward spreading of this water type
along the African coast is intensified during the winter
monsoon’%,

Antarctic Intermediate Water in general lies at a
depth of between 800 m and 1200 m in the South West
Indian Ocean®, the greatest depths found in the centre
of the South West Indian Ocean sub-gyre (viz. Figures

N
343
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50°8

3.15 and 3.28). This shows that this water is already
part of the wind-driven subtropical gyre and this inclu-
sion has also been demonstrated by geostrophic calcu-
lations using a selection of hydrographic data’!?. Its
penetration into the South Indian Ocean, and the con-
comitant erosion of its characteristic salinity minimum
is zonally similar, except near the coast of Africa where
a tongue of higher salinity follows the path of the
Agulhas Current. The immediate temptation is to think
of this as remnants of Red Sea Water, but a careful
analysis of the movement of Antarctic Intermediate
Water around southern Africa'® suggests that this
tongue may possibly represent older, more saline water
that has circulated in the South West Indian Ocean. In
the Mozambique Channel the juxtaposition of Antarc-
tic Intermediate Water and Red Sea Water is dramatic
(Figure 2.19). Here Antarctic Intermediate Water is car-
ried equatorward by the Mozambique Undercurrent’?$
while Red Sea Water is carried poleward in Mozambique
eddies. The depth of Red Sea Water increases’” from
900 m to 1200 m along the channel. It has been demon-
strated® that these eddies may eventually be absorbed
by the Agulhas Current and that this may thus be one of
the possible sources of Red Sea Water in the Agulhas
Current.

Hence it should come as no surprise that in hydro-
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20°

Figure 2.18. The distribution of
salinity in the salinity maximum core
layer formed at intermediate depths
in the South West Indian Ocean by
Red Sea Water*. This core layer is
found at depths of 1000 to 1100 m in
this ocean region. The heavy line
shows the southern limit to the influ-
ence of this particular water mass,
much farther poleward in the Mozam-
bique Channel than elsewhere in this
ocean region.

Figure 2.19. The salinity field in a zonal section in
the Mozambique Channel at 24 °S7?8. Low salinity
(<34.6) Antarctic Intermediate Water at 1000 m
depth on the western side of the channel is juxta-
positioned to Red Sea Water in the centre of the
channel. The Antarctic Intermediate Water is trans-
ported equatorward by the Mozambique Under-
current while an eddy carries the Red Sea Water
poleward.

graphic data taken across the poleward flow along the
coast of southern Africa (Figure 2.20) there are a suf-
ficient number of higher salinity outliers at the inter-
mediate salinity minimum between 1000 m to 2000 m
firmly suggesting the presence of some Red Sea
Water?!3. Using all available hydrographic data for the
Indian Ocean, Beal et al.”% have shown that Red Sea
Water exhibits a preference for the poleward route
along the east coast of Africa (viz. Figure 2.18). His-
torical hydrographic data?** gives disparate indications,
the salinity showing no penetration of Red Sea Water

30° 40° 50° 60°E

20°

100

o°

109

20°

30°S

Stations

35.6
35.4
1 000 35.2
35.0
2000 34.8
34.6

34.4
3 000

50 100 150 200 250 km

through the Mozambique Channel beyond 20° S, but
the oxygen minimum extending much farther®*7%, The
distribution of salinity on the intermediate salinity
maximum that represents the core layer of Red Sea
Water (Figure 2.18) extends the indicated influence of
this water to the southern mouth of the Mozambique
Channel, but no farther south. This also holds true for
the oxygen minimum?®,

So what role does the Agulhas Current really play,
if at all, in the advection of Red Sea Water? Closely
spaced hydrographic sections across the South West
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Figure 2.20. Typical temperature—salinity relationships based on four lines of hydrographic stations carried out in the South
West Indian Ocean?" across the Agulhas Current and shown in the upper panel (see also Figure 5.2). Flow directions fol-
low the surface isotherms in °C. Depth ranges are shown by squares (50 m to 200 m), circles (temperature >2 °C; 200 m
to 1000 m), crosses (1000 m to 2000 m), dots (2000 m to 3000 m) and circles (temperatures <2 °C; deeper than 3000 m).
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Indian Ocean gyre?* show that the dissolved oxygen

maximum at intermediate depths, as well as the salin-
ity minimum of Antarctic Intermediate Water, substan-
tially disappear close to the south-eastern coast of
Africa. Toole and Warren?* have suggested that this
may be owing to the intermittent influx of Red Sea
Water.

As mentioned above, Red Sea Water is in fact found
in Mozambique eddies’?® in the Mozambique Channel,
carrying this water poleward in boluses. The low oxy-
gen concentrations that typify this water decrease
poleward”3? throughout the channel. Mozambique
eddies have been observed to eventually contribute
water to the Agulhas Current itself and thus it has been
shown indisputably that the Agulhas Current has car-
ries Red Sea Water southward’®. A detailed section
across the northern Agulhas Current has shown?8 that
about 6 x 10° m?/s of Red Sea Water was transported
by the Agulhas Current on this occasion. However, the
mechanism of eddy contributions is not necessarily the
only one and Red Sea Water is also found?* in other
forms than eddies in the South West Indian Ocean.
However, if the main source of Red Sea Water in the
Agulhas Current is Mozambique eddies, its presence
may be variable, intermittent and a large part of the
intermediate water off the coast of south-eastern Africa
may turn out to be recycled and substantially mixed
Antarctic Intermediate Water.

Investigations of the circulation of Antarctic Inter-
mediate Water in the South Indian Ocean utilising
chlorofluorocarbon?3? supports the concept of the
Agulhas Current impeding the northward advection of
fresh water of this type along the western boundary of
this basin. Major inputs are thought to occur farther to
the east. From an extensive hydrographic study’® it has
furthermore been concluded that all the Red Sea Water
produced in the Indian Ocean may eventually be
exported south of Africa in Agulhas rings. This implies
that Red Sea Water is the dominant component of the
salt budget for intermediate waters. A much more
extensive and detailed knowledge of water at inter-
mediate depths around southern Africa is required in
order to estimate the inter-basin exchanges of these
water masses and their contribution to the global
thermohaline circulation. To this end a major, multi-
institutional and multinational experiment was launched
during the late 19905253,

Central water

As seen in Figure 2.7, the Central Water — lying above
the intermediate waters — has a low volume contribu-
tion to the total water masses of the South West Indian

Ocean, and the South Indian Central Water forms a
linear connection on a potential temperature—salinity
diagram of data representing the waters of the South
Indian Ocean (Figure 2.8). Although there is little scat-
ter in such diagrams for the central waters, there are,
nonetheless, sufficient significant differences in salin-
ity (Figure 2.20) for fixed temperatures to suggest dif-
ferent origins?*® (viz. also Figure 6.12).

Emery and Meincke??” place South Indian Central
Water in the salinity range 34.6 to 35.8 and in the tem-
perature range 8.0 °C to 25.0 °C. South Atlantic Cen-
tral Water has 34.3 to 35.8 and 5.0 to 18.0 °C, therefore
very similar. South Indian Ocean Central Water extends
only to 15° S2%3 latitude where it meets Indian Equato-
rial Water. The change in temperature—salinity charac-
teristics across the front formed in this way is quite
abrupt??’,

In the South West Indian Ocean the South Indian
Central Water is found at depths between 200 m and
1000 m (Figure 2.20). At these depths the sub-gyre in
this ocean region is well developed (viz. Figure 2.2) and
the water circulates west of about 80° E. Plots of water
characteristics at these depths show no influence of
central water from the South Atlantic®*. There have
been suggestions®” that such water may move with the
flow along the Subtropical Convergence in a South
Atlantic—South Indian Ocean Current continuum and
join the circulation of the South West Indian Ocean in
this way. Since South Indian Central Water has its ori-
gin at the subduction zone of the Subtropical Conver-
gence? a continuous flow from the South Atlantic
Ocean to the South Indian Ocean would successfully
introduce South Atlantic Central Water into the South
West Indian Ocean.

A careful analysis of central water types in the Indian
Ocean? shows that in the South West Indian Ocean
the South Indian Central Water dominates, with a mini-
mum percentage volume contribution of 75 per cent
east of Madagascar. Red Sea Water’s contribution
never exceeds 5 per cent, whereas North Indian Central
Water may form 20 per cent of the central water in the
Mozambique Channel. You has shown?’ that turbulent
mixing at thermocline depths leads mainly to down-
ward dianeutral advection in the South Indian Ocean,
in contrast to the North Indian Ocean where it leads to
mainly upward advection of this type. His analyses are
consistent with the concept of Central Water formation
at the surface in late winter and its subsequent move-
ment equatorward along isopycnal surfaces. Hence,
Indian Central Water is subducted in latitudes 40° to
45° S, advected in the subtropical gyre and then finds
its way into the northern Indian Ocean through western
boundary currents along the G4 26.7 isopycnal surface.
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Surface waters

Above the central waters lie the surface waters. Both
tropical and subtropical types are found in the South
West Indian Ocean (Figures 2.8 and 2.9) and the char-
acteristics of both have already been described in some
detail. Their motion is largely that of the surface waters
of the subtropical sub-gyre (Figure 2.1). A number of
different water types can be identified in the main
thermocline’!. In the western Indian Ocean they are
Indian Central Water and North Indian Central Water;
the latter being an aged version of the former. Indian
Central Water has a temperature range of 7°-10° C and
a salinity range of 34.7-35.57%%; North Indian Central
Water 7.8°-15.7° C and 34.84-35.10%%. In Figure 2.15
the percentage distribution of these two water types is
given for the summer monsoon along a vertical transect
at 60° E. To a large extent it is these surface layers
which carry the greater part of the volume fluxes of this
ocean region, and this merits some attention.

50° S

Figure 2.21. The mass transport function between 0 m
and 3000 m relative to 3000 decibar for the South West
Indian Ocean®*. Values can be read off the set of curves
given for this purpose. The bottom topography outline at
this depth is shown. The South West Indian sub-gyre and
the Antarctic Circumpolar flow are the two main features
of the flow.

Transports in the South West Indian Ocean

The mass transport function for the waters in the upper
3000 m of the South West Indian Ocean is shown in
Figure 2.21. A volume greater than 65 x 10° m/s flows
along the Subtropical Convergence. Of this more than
half belongs to the circulation of the South West Indian
Ocean sub-gyre and recirculates with it, the full amount
eventually reaching the Agulhas Current. A more
detailed analysis, but only for the baroclinic flow field
of the upper 1000 m is given in Figure 2.4. This shows
how rapidly the flow along the Subtropical Conver-
gence diminishes with distance eastwards, dropping
from 60 x 10° m?/s at 30° E to 20 x 10° m?/s at 80° E.
Most of this water is drawn off into a South West Indian
Ocean sub-gyre and recirculates south of Madagas-
car!0l,

The flow reaching the Agulhas Current directly from
the South Equatorial Current is only about 20 x 10° m%/s,
while a trickle estimated at 5 x 10°® m3/s comes from the
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Figure 2.22. The volume transport in 10°m%/s across the narrows of the Mozambique Channel for a full year’*3, as
estimated from measurements made by a dense array of current meter moorings. Negative values indicate poleward
transport. The broken line represents a 20-day running mean. Note the semi-regular cycle in the transport.

Mozambique Channel. There are some conflicting
results on the flow through the Mozambique Channel.
By employing a hydrographic inverse geostrophic box
model, it has been shown’? that the flow through this
channel should be about 14(+6) x 10° m?3/s. Others’%8
have calculated 18 x 10° m3/s. Using two sections
across the Mozambique Channel’®°, based on modern
hydrographic data, the transport above 2500 m — the sill
depth — has been calculated as 29 x 10° m3/s and
6 x 10° m%/s. Needless to say, some enormous variabil-
ity in the flow has to be invoked to explain these large
discrepancies®. This will be dealt with in some detail
in the next chapter. For now, it is important to note that
all the foregoing estimates have been based on geo-
strophic calculations or on inverse box models. An
array of current meter moorings has now given the most
reliable and authoritative result’3? to date. It has been
shown that the temporal variability in the volume flux
through the narrows of the Mozambique Channel is
immense, changing rapidly and remarkably regularly
from 20 x 10° m3/s equatorward to even 60 x 10° m?/s
poleward (Figure 2.22). The mean volume transport
over a period of a year was 14 x 10® m%/s. There was
no seasonal variability to be found in these observa-
tions.

The differences between the flow into the southern
Agulhas Current (65 x 10° m3/s) and the outflow in the

Agulhas Return Current (60 x 10¢ m3/s; Figure 2.21)
represents the inter-basin leakage south of Africa in this
ocean layer. These portrayals integrate the baroclinic
flow over the upper 3000 m and 1000 m respectively
and do, therefore, not distinguish between the different
water masses being carried in the flow, nor the depth
distribution of the advection. A more discriminatory
portrayal of the flow is given in Figure 2.23.

In this diagram the shaded regions denote flow into
the greater Agulhas Current system’”. Estimates of the
geostrophic motion are based on sets of quasi-synoptic
hydrographic stations selected to straddle the currents
of interest. The South Equatorial Current is shown to be
most strongly developed in the upper 300 m. The East
African Current (also called the Zanzibar Current) does
not extend deeper than 700 m which agrees roughly
with findings of a total depth of 500 m for this cur-
rent?8, The northern part of the presumed Mozambique
Current has a substantially greater flow at depth, as has
the East Madagascar Current (Figure 2.23). The
Agulhas Current is by far the best developed current of
the South West Indian Ocean, extending to the refer-
ence level selected. By contrast the westerly flow south
of Madagascar is weak, as is that of the Agulhas Return
Current. Both estimates, but particularly the one for the
Agulhas Return Current, may be weaker than the true
values due to the wide station spacing. The Agulhas
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Figure 2.23. The geostrophic velocity, calculated relative to a depth of 2500 m, as well as the vertical profiles of salinity
over the same depth interval, for a number of hydrographic stations. These stations were selected for their probable description
of key components of the circulatory regime of the South West Indian Ocean’>. Shaded portions indicate flow into the
Agulhas Current region.
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Return Current is also fed by the South Atlantic Current
that borders the Subtropical Convergence in the South
Atlantic Ocean (not shown in Figure 2.23). According
to investigations by Mercier et al.” this current extends
only to the depth of the Intermediate Waters and has a
transport across 9° E of 10(x5) x 10° m3/s. Of particu-
lar interest are the salinities being carried by these cur-
rents and the water masses these characterise (Figure
2.23).

The shallow salinity minimum found in the South
Equatorial Current shows the presence of Tropical Sur-
face Water overlying the saltier Subtropical Surface
Water. In the East African Current and the flow in the
Mozambique Channel the tropical water already has a
higher salinity. There are remnants of the Tropical Sur-
face Water in the East Madagascar Current, but in the
westerly flow south of Madagascar and in the Agulhas
Current these have disappeared, at least on the scale and
the resolution used here. In following the flow south-
wards, the intermediate salinity minimum of Antarctic
Intermediate Water is evident in the East Madagascar
Current for the first time and then in the Agulhas Cur-
rent and the Agulhas Return Current.

Details of attempts to quantify the flow in each of
these components of the circulation regime of the South
West Indian Ocean will be given when discussing these
currents individually. It is important to note here that
some of these currents, particularly the less well-
developed ones, may undergo major changes in their
volume transports over time>°. This means that the por-
trayals using hydrographic data may be valuable to give
indications of the flow characteristics, but should not be
used uncritically as fixed values. Not only are there
interannual changes, not yet quantified, but there are
also seasonal changes that help form the thermal struc-
ture of the water column in the South West Indian
Ocean.

Thermal structure of the South West Indian
Ocean

The thermocline in the South Indian Ocean is ventilated
by the central waters?>® discussed above. Above the
thermocline the thermal structure of the surface waters
varies quite considerably from region to region. Figure
2.24 portrays the characteristic vertical temperature
structure over the top 500 m, how it changes seasonally,
the depth of the mixed layer as well as the maximum
temperature gradient for each region for each month?!.

The waters for most regions are warmest around
March except for the northern Mozambique Channel
and the Subtropical Convergence where the warmest
period is in May. There is evidence®® that the sea sur-

face temperatures in the southerly regions, between
20° and 40° S, peak in February whereas closer to the
equator this occurs in March. The minimum sea surface
temperature, on average, is to be found in August.
Weeks et al. have demonstrated?®! that seasonal
changes in sea surface temperature create stronger hori-
zontal gradients across the Subtropical Convergence in
winter than in summer. An average warming of the sea
surface of about 0.45 °C from 1910 to 1990 has been
observed?®.

The mixed layer depth increases with the onset of
winter winds and convection and is usually a maximum
in July or August (Figure 2.24). At the Subtropical Con-
vergence the reduced stratification and very severe
winds (viz. Figure 2.3) leads to mixed layer depths of
up to 300 m?%? thickness. A permanent very thick
thermocline, with hardly any seasonal variation is only
observed east of Madagascar in the tropics (Figure
2.24). A permanent but shallow thermocline is found in
all other parts of the South West Indian Ocean except
at the Subtropical Convergence. A summer thermocline
is formed throughout the region. An even more detailed
analysis of the seasonal temperature variation has been
carried out for the region directly seaward of the
Agulhas Current.

Griindlingh?¢? has shown (Figure 2.25) that at 25° S,
assumed to be consistently far away from major advec-
tional influences, the seasonal variation of the sea sur-
face temperature is 5.4 °C, decreasing to 4.7 °C at
35° S. The seasonal thermocline is confined to 100 m
to 150 m. Layers deeper than 150 m show variations
that are consistent to 400 m depth, but not seasonal. A
well-defined mixed layer appears after April when
there is a small mean increase in wind speed. A small
temperature minimum in the middle of summer may
extend to 300 m depth at 28° S, but remains unex-
plained?®3,

The changes in mixed layer depth have some signifi-
cant biological consequence, particularly in the tropical
zone to the east of Madagascar. Satellite observations
of ocean colour show a recurring seasonal bloom that
starts at the coast of Madagascar and then spreads in an
easterly direction during the period from February to
May®7*. It has been surmised that this is the result of the
annual change in the mixed layer depth that increases
from about 30 m to about 70 m depth®’®, allowing the
entrainment of nutrients into the euphotic zone.
Others®”> have modelled this as a plankton wave
where diffusion by eddies would play a greater role.
Sufficient numbers of in situ observations are lacking
to give a definitive explanation of this tantalising
problem.

As has been seen, a number of other aspects of the
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Figure 2.24. Annual variation of the thermal structure of the upper layers of the South West Indian Ocean?!. Seven
provinces with distinct and characteristic stratification types are given in the individual panels; the geographic regions
where these types are found are circumscribed in the accompanying map. Vertical bars in the lower part of each panel
show the maximum temperature gradient in the vertical for each bi-monthly period with standard deviation. The scale
is on the right ordinate. The broken line in each panel shows the mixed-layer depth. The thermal classification is as follows:
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P: permanent shallow thermocline T: permanent very thick thermocline
S: summer thermocline M: moderately deep winter mixed layer (80 to 100 m)
W: deep winter mixed layer (100 m or more).
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Figure 2.25. Seasonal variations of water temperature for depths between O m and 400 m and for the region in the

South West Indian Ocean shown in the inset2%3. Standard d
100 m.

water masses and their movements in the South West
Indian Ocean remain as yet unexplained as well. It will
be gratifying if numerical models of the flow could be
used to suggest solutions to these problems or indicate
the optimal locations for hydrographic measurements
to resolve them.

Modelling large-scale flows of the South West
Indian Ocean

There are only a few numerical models presently in
existence that have as their aim the simulation of spe-
cifically the movement in the South West Indian Ocean.

eviations are given for each month for depths greater than

Regional models

One quasi-geostrophic, closed-basin model with five
layers in the vertical and with a %4° x %4° grid resolu-
tion?%* has been constructed for this region®®. This
model successfully shows ring and eddy formation in
the South West Indian Ocean. It simulates a substantial
degree of recirculation in the South West Indian Ocean,
strong barotropicity for eddies and Agulhas rings over
the top 1500 m and an Agulhas Return or South Indian
Ocean Current substantially stronger at depth than the
Agulhas Current itself. It gives no further suggestions
on the flow of water of different water types.
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A non-linear, reduced gravity model driven by
observed winds has been used to study the movement
of only the surface layers?® for the region. It accurately
simulates the flow of the South Equatorial Current, the
southward flowing East Madagascar Current, the East
African Coastal Current and indicates a continuous
Mozambique Current. Of particular interest is the fact
that if the regions shallower than 200 m are taken as
impenetrable obstructions, a large current shadow is
formed downstream of the Cargados Carojos Shoals
that form a shallow part of the Seychelles-Mauritius
Ridge?®”. This forces the South Equatorial Current to
split at these shoals and not at the East Madagascar
coast. As a result, this model shows only a very weak
northward component of the East Madagascar Current.
The important potential influence of the ocean bottom
on this equatorial flow is thus demonstrated?®®. Of
growing interest have been observational results
suggesting seasonal variability in the overall flow
regime?!®-2% of the South West Indian Ocean. Attempts
have been made to model this as well>”°.

Matano et al. have used a multi-level model with
realistic bottom topography and coastlines?’?, driven by
seasonal wind stress, to investigate the effect of this
seasonal forcing on the volume transport of the Agulhas
Current. Two distinct geographic modes of variability
emerge for the South Indian Ocean, separated by the
Madagascar Ridge. On the western side the variability
is dominated by a maximum in spring—summer and a
minimum during autumn—winter; in the eastern part of
the basin the model indicates a marked decrease in cir-
culation in autumn with maxima in late summer and
late winter. This is not inconsistent with some recent
observations?!®. The model indicates that the presumed
seasonal adjustment in the South Indian Ocean is
accomplished largely by the westward propagation of
barotropic planetary waves. This propagation is inhib-
ited in the model by the Madagascar Ridge and the
South West Indian Ocean Ridge, isolating the Agulhas
Current from seasonal fluctuations in the subtropical
gyre farther east of the ridges. The large-scale forcing
of the seasonal cycle has subsequently been studied’?3
with a model with a %4° x %4° grid spacing and realistic
forcing fluxes. It has been shown that seasonal changes
in the volume transport of the Agulhas Current are
linked to the large scale circulation in the Indian Ocean
tropics (Figure 2.26). The simulated Agulhas Current
in this model’?? exhibits a maximum transport at the
start of austral spring and a minimum at the beginning
of austral autumn, but its seasonality is not linked to
that of the Indonesian throughflow (viz. Figure 2.26).
The modelled seasonal cycle in the western Indian
Ocean is the result of barotropic modes forced directly

by the wind. A comparable seasonal variation has also
been observed in a more directed model.

A regional model developed specifically for this
ocean regime is that by Biastoch?’!. It consists of a
nested system, with flow at the outer boundaries driven
by a global circulation model. Within the South Atlantic
and South Indian Ocean parts of the model there is an
increase in spatial resolution for the greater Agulhas
Current to 1/3° x 1/3°. It has 29 layers, with over half of
these concentrated in the upper 1500 m. It successfully
models both adjacent oceans but is, not unexpectedly
since it has higher spatial resolution here, particularly
successful in simulating the flow regime of the greater
Agulhas Current (Figure 2.27). The flux through the
Mozambique Channel is low, whereas the mesoscale
variability is high. The Subtropical Convergence,
meanders of this front and eddy shedding are particu-
larly well simulated.

Large-scale models

Models covering much larger parts of the world
ocean®’?, or the whole world ocean?”>~, have in many
cases also simulated the circulation in the South West
Indian Ocean very successfully. The model by Semtner
and Chervin?’ has 20 vertical levels and a %° latitude
by ¥2° longitude grid spacing. It and other similar mod-
els?’> simulate regions of high mesoscale variability,
such as in the Agulhas retroflection and along the Sub-
tropical Convergence with a high degree of verisimili-
tude (viz. Figure 6.3). It also shows the role of the South
Equatorial-East Madagascar—Agulhas Current con-
tinuum as part of the global thermohaline circulation
cell. Because the initial versions of this model did not
have a Mozambique Channel the flow from the South
Equatorial Current for these versions is highly simpli-
fied. This has been corrected in subsequent models in
which a seasonal throughflow is indicated for the
Mozambique Channel.

The initial model of this series gives no indication of
a strong recirculation in a South West Indian Ocean
sub-gyre or in a South Indian recirculation at about
70° E!O1, At depths below 3300 m the flow in the region
west of the Madagascar Ridge is very vigorous. In the
region east of here less so, and along the eastern coast
of Madagascar it is very quiescent. Other large-scale
models have given somewhat different results.

One of the larger-scale models that has shown sub-
stantial success to date in simulating the circulation in
the South West Indian Ocean is the FRAM (Fine Reso-
lution Antarctic Model?’%). This is a primitive equation
numerical model of the ocean south of 24° S. It has a
resolution of %2° longitude by %4° latitude, 32 vertical
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Figure 2.26. The seasonality in volume transport anomalies from a model for the South West Indian Ocean’?3. The
location where this record was obtained in the four currents is given in the insets. Anomalies are in 10° m?/s.

levels and is forced by steady annual mean winds!'®’.

The FRAM simulates a range of mesoscale features and
processes of the region very well. These include the
shedding of Agulhas rings (Figure 6.44) and the sub-
sequent movement of such rings across the South
Atlantic Ocean (Figure 6.45) as well as eddy shedding
across the Subtropical Convergence (Figure 7.20). The
FRAM also simulates known large-scale components
of the general flow regime well.

The recirculation of water in a South West Indian
Ocean sub-gyre is shown in Figure 2.28. The wider
inflow south of Madagascar, the concentration of flow
lines along the south-east coast of Africa and the major
zonal outflow eastwards are all portrayed quite ad-
equately. A serious lack of hydrographic data south of
Madagascar'®* has forced the drawing of broken lines
here (Figure 2.28, lower panel), denoting uncertainty.
The model results may in this case actually be more
representative of the actual flow. For further compari-

son, the observed as well as simulated flow at depth is
shown in Figure 2.29.

The flow patterns in this figure are along hydro-
graphic sections across part of the South West Indian
Ocean. The surface temperatures and the surface
salinities are close to those observed?”’, but the inten-
sity of the flow, as signified by slopes in the isotherms,
is underestimated in the FRAM model. As a result the
cross-sectional dimensions of the Agulhas Current are
too large and the velocities too low. The salinity
maxima at about 1000 m of the Antarctic Intermediate
Water as well as the salinity maximum of the North
Atlantic Deep Water are both well simulated. Since the
FRAM does not extend into the tropics, the salinity
minimum representing Antarctic Intermediate Water is
found in the simulated Agulhas Current, but no evi-
dence for the presence of Red Sea Water. On the whole
the FRAM therefore gives a first indication of the very
useful developments in ocean modelling that can be
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Figure 2.27. An instantaneous view of currents and potential temperature simulated by a numerical model designed
especially for the greater Agulhas Current system?’!. Shown are the velocity vectors for all speeds greater than 2 cm/s.
Enhanced inflow south of Madagascar, contrasted to hardly any consistent flow through the Mozambique Channel,
is evident. Mesoscale turbulence in that channel, in the termination of the Agulhas Current and along the route of the
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Figure 2.28. The extent and intensity of the sub-gyre in the South West Indian Ocean according to historical
hydrographic data (left-hand panel) and according to the Fine Resolution Antarctic Model (FRAM; right-hand
panel)?”’. The FRAM simulation shows stream functions, being the vertically integrated baroclinic as well as barotropic
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Figure 2.29. A comparison between the results of a line of hydrographic stations from Durban south-eastwards across
the Agulhas Current and the simulation for a similar line by the Fine Resolution Antarctic Model (FRAM)?”7. The
upper panels show the temperature fields to 3500 m; the model results are on the left. The middle panels show the
salinity fields. The lowest panel (left) indicates the velocity component at right angles to the section; solid lines being
flow south-westwards, i.e. out of the plane of the drawing. Speeds are in cm/s. The lowest panel (right) indicates the
geographic locations of the FRAM section (broken line) and of the hydrographic section with stations?’® (solid line).

expected for the South West Indian Ocean as the qual-
ity of model results increase.

Increased understanding of the long-term variations
in the flow characteristics of the South West Indian
Ocean, due to changes in the atmospheric circulation,
is of singular value at a time of climate change. Reliable
data sets on the inter-decadal changes in local winds and
remote wind forcing are available and these have been
used to force a global ocean general circulation model
to investigate the sensitivity of the ocean circulation and
temperature fields to these changes?’-%, The dominant
effect is shown as changes in the sea surface tempera-
ture field in the region of the Agulhas retroflection and
outflow zones. These sea surface temperature anoma-

lies in the model are of the correct sign compared to the
observations, but are smaller in both magnitude and
areal extent. However, the sea surface temperature
anomalies are larger, geographically more extensive
and bear a greater resemblance to those observed under
a scenario where the Indonesian throughflow is in-
creased by stronger winds in the Pacific Ocean. The
modulation of the southern Indian Ocean gyre by the
Indonesian throughflow is therefore substantial, accord-
ing to this model®”°.

The unremitting increase in spatial resolution in
models, their temporal resolution as well as the incor-
poration of realistic forcing by wind fields observed
from satellite is continuously enhancing the accuracy
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with which numerical models are simulating the flow
in the South West Indian Ocean, as elsewhere. The
assimilation of altimetric observations as well as the
increasingly dense array of profiling float measure-
ments is rapidly changing the field of modelling to an
extent unimagined before. It can be expected that this
process will continue for some time.

Conclusions

The circulation in the Indian Ocean is unique in a
number of respects. First, the monsoonal wind regimes
cause a dramatic seasonality in the wind driven cur-
rents; a seasonality not seen elsewhere in the world
ocean on this scale or of this intensity. Furthermore,
there is a significant input of newly formed, very saline
water from marginal seas into the North Indian Ocean.
One would expect that the unusual wind conditions
experienced over this part of the Indian Ocean — and the
attendant shifts in current patterns and strengths —
would make themselves felt throughout the whole
ocean, but this seems not to be the case. In some regions
there is a lack of adequate data to identify any possible
annual cycle. Notwithstanding this, current information
suggests that to some extent the South Indian Ocean
seems to be isolated from the North Indian Ocean in the
surface layers where most of the seasonality takes
place.

By contrast to the North Indian Ocean, the anti-
cyclonic, wind-driven gyre of the South Indian Ocean
bears a much stronger resemblance to that of compara-
ble ocean basins elsewhere. There now is ample evidence

that this gyre is unusually concentrated in the western
part of the basin and that this zonal shift is particularly
marked at depth.

The water masses of the South West Indian Ocean
are also not unlike those found at similar depths in
many other oceans, except for the presence of Red Sea
Water. This water mass interacts at intermediate depths
with the inflowing Antarctic Intermediate Water in
ways that are as yet incompletely understood. More-
over, there is less bottom water in the South West
Indian Ocean than in most other basins of its kind. This
is a direct consequence of the prevalence of many mid-
ocean ridges. These ridges force Antarctic Bottom
Water to take very circuitous routes in order to reach
certain sub-basins, getting significantly mixed in the
process.

The surface circulation of the South West Indian
Ocean is similarly affected by the geometry of the
region, particularly the presence of the island of Mada-
gascar as a large obstruction in the source regions of the
Agulhas Current. This complication is exacerbated by
the dearth of good hydrographic data in many ocean
sectors around Madagascar that are crucial for a better
understanding of the flow patterns in the South West
Indian Ocean. Numerical models are increasingly
successful in modelling the known aspects of the
circulation in the whole region, but cannot be properly
verified in many critical regions due to the above-
mentioned lack of appropriate data.

This is particularly true for the source regions of the
Agulhas Current.
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Sources of the Agulhas Current

Western boundary currents in the ocean are generated
by the wind stress patterns over the subtropical basins
as a whole and close off the anti-cyclonic circulations
of all these basins. In other words, the sources of the
energy and motion of these currents are distributed over
the whole subtropical gyre. Nonetheless, the origin of
the water found in such currents is more specific since
it is not an ill-defined mixture of waters from the full
gyre that is forced, funnel-like, through the western
boundary currents.

The source regions of individual western boundary
currents are quite different in their coastal dispositions
and morphology. In the case of the Gulf Stream, as was
seen above, the water passing through the Florida
Straits from the Gulf of Mexico and that passing north-
east of the Caribbean islands form the sources of the
Gulf Stream. In the South Atlantic, on the other hand,
a small southward leakage escapes from the South
Equatorial Current where it impinges on the South
American continent. This then grows in depth and vol-
ume flux along its path to become a fully developed
Brazil Current further downstream. In the case of the
South Indian Ocean, the presence of the island of
Madagascar constitutes a huge obstruction to the circu-
lation in the source regions of the western boundary
regime of this ocean. A highly unusual circulation is
therefore to be expected for the head waters of the
Agulhas Current.

Surface flows

As in all ocean currents, the earliest measurements in
the regions of probably tributaries to the Agulhas Cur-
rent were ships’ drifts and sea surface temperatures.
These suggested a southward water movement through
the Mozambique Channel, a southward drift east of
Madagascar and a westward drift south of Madagascar.
The source waters of the Agulhas Current were thus
easily explained. Unfortunately, these simple and par-
tially erroneous portrayals have persisted in many
geography textbooks and atlases, notwithstanding more

modern findings. It is therefore important to scrutinise
the origins of these early concepts with some extra care
in order to judge their validity.

Early portrayals

Early shipping routes crossed two important possible
source regions of the Agulhas Current. After rounding
the Cape of Good Hope some ships sailed north through
the Mozambique Channel on the way to India. Another
route lay past the southern tip of Madagascar on the
way to the Far East. From a very early stage it was
therefore shown in charts of ocean circulation® that the
currents experienced in the Mozambique Channel are
southwards and those south of Madagascar westwards.
Berghaus, in his authoritative atlas of 1845%8!, has for
instance shown a divergence in the westward flow of
the tropical Indian Ocean, roughly south of India at
80° E, part of it moving south-eastward past the south-
ern tip of Madagascar, the other branch funnelling
water around the northern tip of Madagascar where it
is joined by water from the north to flow into the
Agulhas Current via a Mozambique Current.

Kerhallet?8? repeated this portrayal, perhaps in a
more elegant way: the two tributaries to the Agulhas
Current only joining south of Africa. Zimmerman?®’
(1865) allowed a more northerly convergence of waters
from the two sources, while the influential Kriimmel
(18823°,19113") was the only person to portray the flow
of water from east of Madagascar as not joining the
Agulhas Current?®. Petermann, also a producer of influ-
ential atlases (e.g. 18502%3), to some extent combined
these somewhat conflicting portrayals (18652%%) to
show only part of the water from east of Madagascar
joining the Agulhas Current (Figure 3.1). Nomenclature
on the currents was still in a state of flux2%>; the flow
from east of Madagascar being variously called the
Branche SO du Courant Equatorial and the
Madagaskar Strom®*.

Perhaps of greatest importance in interpreting these
portrayals is to realise that both inflows to the Agulhas
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Current that are suggested by the nineteenth century
charts lie along the main traffic routes of the time. It is
highly likely that the inhomogeneous distribution of
observations that thus came about substantially influ-
enced and biased the portrayals that were given in the
contemporary atlases. Scientifically and statistically
more reliable analyses were only carried out during the
1920s and 1930s.

Drift analyses

Using all the possible data sources available, George
Michaelis from the Institut fiir Meereskunde of the
University of Berlin showed in 1923** (Figure 3.2) that
the South Equatorial Current would only start to di-
verge near the islands of Mauritius and Réunion, that
a substantial part of the flow rounding southern Mada-
gascar would then flow northwards into the eastern side
of the Mozambique Channel and that only part of the
northern branch of the South Equatorial Current would
feed into the western side of the Mozambique Channel,
the rest flowing northwards. Michaelis carried out this
analysis for only two calendar months of the year, Janu-

ary and July. Paech*® did the same for the region around
Madagascar, but for every calendar month. Consider-
able detail was thus added to the portrayal of sea sur-
face currents, but the two major tributaries to the
Agulhas Current were still thought to be the Mozam-
bique Current and a flow from east of Madagascar.
Major studies using a large data base of ships’ drift
were more or less simultaneously undertaken by
Barlow?80-2!l in the Marine Division of the British
Hydrographic Office. Once again, a strong Mozam-
bique Current was inferred as flowing directly into the
Agulhas Current and being joined at the latitude of 28°
to 30° S by a current which had set south-westwards
round the southern end of Madagascar?80. Of this
500 mile wide current coming from the east, the main
part, he stated, proceeds across the ocean to join the
Agulhas Current near Durban, a considerable portion
breaking off while crossing to Africa and setting south-
ward. Of particular interest are Barlow’s attempts to
calculate the annual variations in velocity of the vari-
ous currents and thus to establish their relationships’!.
His results show that the East African Coastal Cur-
rent has a maximum northward velocity in the month
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Figure 3.1. An early portrayal of the Agulhas Current system from a 1865 chart by Petermann?®*. It shows two source
currents for the Agulhas Current; one from the north — through the Mozambique Channel — and one from the north-east,
converging off Algoa Bay. Not all the water from east of Madagascar joins the Agulhas, most rejoining the subtropical gyre

before reaching the African coast?®>.
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of June. This peak precedes a drop in southward veloc-
ity of the Mozambique as well as the Agulhas Current
by one month. The suggested implication is that more
northward flow of Equatorial water in the East African
Coastal Current would deprive the Mozambique, and in
turn the Agulhas, of its water supply, thus slowing it
down. Modern studies have not been able to confirm
these results?®?.

Recent analyses

Present day atlases of the surface currents!”!=3 in this

ocean region differ only in detail from the earlier por-
trayals and atlases. A modern investigation using all
available ships’ drift observations has shown?*3 that the
southern branch of the East Madagascar Current ex-

tends from 17° S to just south of the southern tip of
Madagascar. There is no evidence of any connection
between it and the Agulhas Current. The mean speed of
the current lies between 0.20 and 0.90 m/s. What can
one therefore learn from these results?

Surface drift is wind-driven except in regions where
very strong currents, such as the Agulhas Current,
dominate the flow. Surface currents also give little in-
formation on deeper currents and how they are related
by their exchange of water masses. Furthermore, cur-
rent arrows, portraying average surface drifts over a
regular grid, are often linked together in flow portray-
als to give a field of isolines then erroneously inter-
preted as akin to streamlines*>2**, Nonetheless, in the
absence of alternative data, these representations have
a strong tendency to become firmly fixed in the general
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Figure 3.2. A portrayal of sea surface currents in the South Indian Ocean during the month of January. The number of arrow
points indicate the speed in nautical miles per day, shaft thicknesses of the arrows the directional stability, and the number
of white dots on arrows the decrease in reliability due to scarcity of data**. A distinct Mozambique Current has been inferred
from these data. The inflow from east of Madagascar is more dispersed.
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perception that holds sway in oceanographic thinking.
They are only uprooted with difficulty. This phenom-
enon has especially hampered the case for new con-
cepts on the flow into the Agulhas Current of water
from east of Madagascar.

Flow from east of Madagascar

In the atlas based on the results of the International
Indian Ocean Expedition84, Wiyrtki has calculated the
geopotential topography for this ocean on different
levels. However, he has broken up the data set for the

40°

upper layers of the ocean into groupings of two calen-
dar months each, leading to a reduction in data that
causes enormous differences in data distribution be-
tween the periods and thus in contouring. When suffi-
cient data are available for this specific region, the flow
of water east of Madagascar and south of 20° S is al-
ways southward, but detail of this flow is not clear.
Combining these data into three-month bins’ gives a
slightly better data coverage and hence more credible
portrayal (Figure 3.3). It suggests a strong and intense
southward flow east of Madagascar.
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Figure 3.3. The dynamic topography (in dynamic cm) of the sea surface relative to 1000 decibar for the regions surrounding
Madagascar. They are for the periods December—January (a), and March-May (b). Dots indicate station positions’>. Note
that the flow in the Mozambique Channel can be altered dramatically by different, but still legitimate, contouring.
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The East Madagascar Current

This detailed analysis of the data set from the Interna-
tional Indian Ocean Expedition®* shows a transport for
the East Madagascar Current of between 20 and
24 x 10° m¥/s relative to 1000 decibar. This represents
an estimated 80 per cent of the total flow. Using instead
1170 decibar as a reference level at a synoptic section
across the current a value of 20.6 x 10° m%/s has been
found?. This value for the geostrophic flow has been
closely calibrated with current meter records and is the
best estimate of the flux presently available. The sec-
tion on which this value was measured extended a dis-
tance of 110 km offshore. Estimates of the total flux up
to a distance of 240 km offshore give a value of about
41 x 10° m3/s78. These results suggest that the current
is narrow and that most of the flow is confined to a strip
close to the narrow continental shelf. Duncan’ has in
fact predicted that later results would show that the East
Madagascar Current forms a small western boundary
current system, and this has proven to be the case.

No detailed, dedicated cruise to describe the full
extent of the East Madagascar Current has as yet been
carried out. By fitting together the results from historic
data, a few hydrographic sections and some current
meter moorings, a tolerably comprehensive portrayal of
this current system may be built up.

40°

50° i?O" 7IO°

Sources of the East Madagascar Current

First, the South Equatorial Current impinges on the
coast of eastern Madagascar at about 15° S¥2. This one
can roughly estimate from the geostrophic flow patterns
portrayed in Figure 3.3 and inferred in Figure 3.15.
Large data sets of ships’ drift>*® show that surface drifts
in excess of 1 m/s may occasionally be found close to
this entire coast, but that drifts greater than 1.5 m/s are
only observed at the southern and northern ends of this
coastline. Results of the movement of floats at interme-
diate depths’3? give speed values of 8.5 cm/s southward
and 7.7 cm/s northward. Speeds past Cape Amber, at
the northern tip of Madagascar, were about 11 cm/s.
This information does not help in establishing the exact
point of divergence between the two branches of the
East Madagascar Current, but it does suggest that cur-
rent speeds increase both southward and northward
along the coastline from some central spot. On average
the bifurcation point seems to lie at about 17° S,
Studies of the movement of intermediate water’3? only
suggest a separation point at about 19° S, but do show
that this bifurcation extends to at least intermediate
depths.

A high-resolution, reduced-gravity model of the
wind-driven flow of water®” (Figure 3.4) suggests that
the point of separation should lie at 18° S. This model

80°E
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e

Figure 3.4. Flow and current simulations for part of the western Indian Ocean from a wind-driven, reduced gravity model®’;
left-hand panel: deviations of the initial model interface in 10 m intervals; right-hand panel: current vectors (the scale is
given), vector lengths for speeds greater than 0.7 m/s having been truncated. The South Equatorial Current, the two branches
of the East Madagascar Current and the circulation in the Mozambique Channel are clearly circumscribed.
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is forced by seasonally changing winds'®” and has been

used to calculate the Sverdrup mass transport function
from the zonal wind stress curl. A different numerical
model?®®, with realistic geometry and forced by the
same monthly, mean climatological winds, by contrast
shows a distinct bifurcation of the flow in the upper
200 m2°7 at the Nazareth Bank, well to the east of
Madagascar (Figure 3.5). The northern limb of the
South Equatorial Current in this model continues zon-
ally westward in the model, past the northern tip of
Madagascar. The southern branch also travels zonally
to reach the east coast of Madagascar at a latitude of
20° S. In the lee of the Nazareth Bank the flow is nearly
totally quiescent. This model suggests that the southern
branch of the East Madagascar Current is much
stronger than the northern branch. By contrast the glo-
bal circulation model OCCAM® shows that at inter-
mediate depths (Figure 3.6) the point of bifurcation on
the east coast of Madagascar undergoes a seasonal shift.
In austral summer it lies at 19° S; in winter at 21° S732,

Ship’s drift observed by a research vessel working
in the region in 1984?% implies that the separation point
between these two branches of the current might lie at
about 17° S. These drift data clearly demonstrate the
increase in the speeds of both branches on progressing
downstream. Current measurements from on board
ship?®® show the fork in the currents to lie at 16° S

I

(Figure 3.16). It has therefore not been established
unequivocally where this bifurcation takes place and
whether its geographic position changes seasonally. In
fact, little seasonality in the overall flow has been
observed.

Seasonality

Geostrophic transports based on the historic hydro-
graphic data set’”” show a maximum in autumn, but so
few data are available that this conclusion is not very
reliable. Modern analyses of ships’ drift suggest??
highest speeds in spring and a minimum in summer.
Based on historic surface currents Swallow??> could
find no distinct seasonal pattern, nor was this observed
in directly recorded currents below 200 m. In this upper
layer other historical data suggest a seasonal amplitude
in transport of approximately 0.3 x 10® m3/s>%>, prob-
ably well within the experimental error. A significant
annual cycle can therefore not be detected in the
moored current and transport time series for the East
Madagascar Current, despite substantial seasonal vari-
ations in the wind forcing over the subtropical Indian
Ocean. A reduced-gravity model?®?, driven by season-
ally varying winds, has also simulated insignificant
seasonal variations in the volume transport of the East
Madagascar Current, as has a high-resolution primitive
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Figure 3.5. The wind-driven ocean currents in the west equatorial Indian Ocean according to a numerical model?¢”. Con-
tinental shelf regions shallower than 200 m have been darkened; a velocity scale for the current arrows is given. Note the
dramatic influence of the Nazareth Bank at 60° E on the flow of the South Equatorial Current, bringing water from the east.
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Figure 3.6. The mean currents around Madagascar at a depth of about 850 m in the OCCAM model’?2. This simulated
circulation is for the winter months of June to August.
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equation model?’!, driven by realistic winds>?.

It is of interest that the current records show very
energetic transport variations in the 40-55 day period
band for the northern branch of the East Madagascar
Current. This was measured where this branch passes
Cape Amber, the northern tip of Madagascar. The vari-
ations in this band contribute about 40 per cent to the
total transport variance here. Geostrophic velocities at
the sea surface have been estimated to be in excess of
0.6 m/s% within the core of the current that itself is
about 500 m deep. For the southern branch, the variabil-
ity was less than 16 per cent. Nevertheless, studies on
anomalies in the sea surface height indicate®”® that there
are disturbances to the flow of the southern limb of the
East Madagascar Current that travel downstream at a
range of speeds and durations.

Southern branch of the East Madagascar Current

Nonetheless, most results suggest that the southern
branch of the East Madagascar Current has a very sta-
ble trajectory and flux. The very narrow continental
shelf and steep continental slope would tend strongly
to stabilise a boundary current of this kind®’. All
hydrographic sections that have been carried out across
this current to date show it to be narrow, intense and,
in fact, to hug the continental shelf edge®*>* (Figure
3.7). An investigation of sea height anomalies®’® has
shown that deep sea eddies coming from the east may

join the East Madagascar Current at a latitudinal inter-
val between 22° and 24° S. This would be analogous to
deep sea eddies joining the Agulhas Current proper®3?,
In the latter case such absorption could induce instabili-
ties in the trajectory of the current. To date this has not
been observed in the East Madagascar Current except
in some models and in one current meter record. In the
latter the reversal in current direction at the shelf edge
was of short duration.

Some high-resolution models*?1-¢7° have simulated
the formation of eddies in the East Madagascar Current.
A comparison®’! between the flow variability in such
a model (viz. Figure 3.20) and that calculated from
altimetric observations indicates that this eddy creation
by the model for the upstream part of the East Mada-
gascar Current is almost certainly wrong. The models
indicate a band of high variability along the shelf edge
of south-eastern Madagascar where these simulated
eddies move poleward. The altimetric observations
show no such band. With such a narrow shelf and steep
shelf slope, the constraints on the path of the current
would be substantial®” giving extra credence to the in-
dication from altimetry that there are no eddies formed.

Swallow et al.>®> have assembled all the hydro-
graphic data collected at 23° S, a latitude downstream
of where the southern limb of the East Madagascar
Current can be expected to be well developed. They
have found an average maximum speed at the sea sur-
face of 0.66 m/s about 50 km from the coast. The
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Figure 3.7. Computed geostrophic speeds® in cm/s for the East Madagascar Current at 23° S (inset). Shading indicates
northward flow. The core of the current is less than 80 km wide and hugs the shelf edge.
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Figure 3.8. The distribution of chlorophyll-a at the location where the southern branch of the East Madagascar Current
leaves the coast. White patches denote clouds. The location of the inshore upwelling cell off south-eastern Madagascar
is clearly delineated, as is the landward border of the East Madagascar Current®**. The location of the retroflection
of the East Madagascar Current on this occasion is also evident from the chlorophyll-a that was advected along the
edge of the current. This image is from MODIS AQUA for 23 September 2005.

0.50 m/s isotach was confined to within 74 km of the
coast and extended no deeper than 200 m. At about
74 km from the coast there is a sharp horizontal gradi-
ent in current speeds. Standard deviations to the main
geostrophic current field is typically +£12 cm/s in the
upper 100 m; 6 cm/s at 500 m?>*>. Mean current pro-
files from geostrophy, current waters and ADCP
(Acoustic Doppler Current Profiler) measurements
were all very comparable. As mentioned above, aver-
age speeds at intermediate depths of 8.5 cm/s have been
observed in this current. These results therefore indicate
that this current is indeed very stable in both location
and speed.

A line of very closely spaced stations at 23° S8 (Fig-
ure 3.7), to establish the detail of the flow, has also
established that the width of the East Madagascar Cur-
rent as shown by the 0.60 m/s isotach was 79 km. The
0.50 cm/s isotach extended to 300 m depth. These
results compare so well with the mean values set out
above that one may assume with some confidence that
Figure 3.7 gives an accurate portrayal of the current
dimension and speeds of the fully developed southern
branch of the East Madagascar Current.

Temperature—salinity characteristics

The temperature—salinity characteristics of the water in
the current along this coastline are typical for this
region. Water in the upper 50 m has a temperature
greater than 23 °C and a salinity of less than 35; 34.5
at the sea surface®. This is Tropical Surface Water.
This is in contrast to adjacent surface water of which the
salinity is greater than 35.3, thus more nearly Subtropi-
cal Surface Water. In the general region, salinities of
35.75 are usually representative of water at the sea sur-
face302. The saline surface characteristics of the current
are therefore distinctly different from those of its sur-
roundings.

A subsurface salinity maximum is found at a depth
of about 250 m; 200 m in the current itself. Its salinity
is greater than 35.6 and therefore consists of Subtropi-
cal Surface Water. In the current this maximum does
not reach 35.5, and is coincident with a dissolved oxy-
gen minimum of less than 4.0 ml/lI, more intense than
further offshore. Antarctic Intermediate Water of 4 °C
to 6 °C lies between 800 m to 1200 m depth with a
salinity of less than 34.62%>, The water characteristics
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of the northern branch are similar, with weaker
extremes. The contrast to the ambient water masses of
the monsoonal regime in general is higher.

What is perhaps of paramount importance here is to
realise that the East Madagascar Current is a narrow,
intense western boundary current with clearly distin-
guishable water mass characteristics. Recognising this,
the name is no longer applied to the general, wider
southward drift in this region.

Upwelling inshore of the southern limb of the East
Madagascar Current

The bathymetric disposition of the southern limb of the
East Madagascar Current, moving from a narrow shelf
east of Madagascar to a much wider one south of Mada-

0 20 40 60 80

gascar, is very similar to that of the Agulhas Current
flowing past St Lucia (viz. Figure 4.18) and past Port
Alfred (viz. Figure 5.12). In both those cases there is
consistent evidence for upwelling inshore of the pass-
ing current'319_One would therefore expect the same
to be evident off south-eastern Madagascar.
Hydrographic observations on the shelf off eastern
Madagascar show® the temperature/salinity character-
istics to be expected in the subtropics of the Indian
Ocean (viz. Figure 4.14). Surface temperatures (in
June) are 24 °C and surface salinities 35.3. Both Tropi-
cal and Subtropical Surface Waters are evident in the
temperature/salinity values. The Tropical Surface
Water extends from the surface to about 100 m depth.
The Subtropical Surface Water, below that, extends to
about 250 m. A well-developed subsurface oxygen
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Figure 3.9. Expressions of the upwelling cell at the south-eastern corner of Madagascar®®. The upper panel shows the
simultaneous, underway observations of temperature and chlorophyll at the sea surface across the feature; the solid line
representing the temperature. The inverse relationship between these two variables is clear. The lower panel gives the
chlorophyll-a, as expressed by fluorescence, with depth at a number of stations in the upwelling cell. The locations of these
stations relative to the upwelling cell are shown in the upper panel. A chlorophyll maximum is evident at a depth of about 50 m.
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minimum is to be found at a depth of 80 m to 200 m.
By contrast to the shelf waters off eastern Madagascar,
satellite observations of the sea surface temperatures as
well as of the chlorophyll-a of the waters over the
south-eastern part of the shelf show3%4%4¢ persistent
patches of colder, greener water (Figure 3.8). Some of
this nutrient enhanced water is dragged along the edge
of the current (viz. Figure 3.8), but probably has little
effect on its flux or on its T—S characteristics.

This image and others like it®-%5! suggests the pres-
ence of the expected upwelling cell near the town of
Andriamanao, driven by the passing East Madagascar
Current. This water, rich in chlorophyll-a, has been
observed® to be drawn off the shelf region by passing
eddies in the form of plumes. The question remains
whether these remotely sensed suggestions of up-
welling may not be due to runoff from land. The few
available observations of in situ surface salinities and
temperatures do all, however, support this contention
of an upwelling cell.

During the very first extensive cruise over this shelf
region, in June 1983943, the temperatures at the coast
were 2 °C lower than those further offshore. The salin-
ities were up to 35.6, indicating upwelled Subtropical
Surface Water. Hydrographic evidence, specifically
collected during a cruise® dedicated to ascertaining
the possible existence of an upwelling cell at this loca-
tion®’, has recently shown unequivocally that there is
indeed upwelling at this location®*%. This was made
apparent by lower temperatures and coincident higher
values of chlorophyll-a (Figure 3.9). Peaks in fluores-
cence (Figure 3.9) were found®*® between depths of
40 m and 100 m, the shallower peaks found closer to
the coast. Concentrations of nitrate, nitrite and phos-
phate within the upwelling cell were up to six times

Station positions

higher than at the same depth outside the upwelling
cell® indicating that the water in the upwelling cell had
come from a depth of at least 200 m.

At first glance, this upwelling does not seem to be
strictly related to wind patterns3**, However, there is
some preliminary evidence that the chlorophyll-a con-
centration at this location has a seasonal pattern with the
highest concentrations found in the austral winter and
in December, with some inter-annual variability®!,
This seasonal signal is not dominant. Major winds at
this location are from the east in winter, from the north-
east in summer?*? suggesting winds more favourable
for upwelling along the full south coast of Madagascar
in winter; at the south-eastern corner in summer. The
extent of the water from this upwelling cell also seems
to have a seasonal behaviour®. During austral winter
a plume of green water extends far to the south-west;
during summer there is no evidence of such a feature.
The question concerning the importance of the wind
compared to the current in driving this upwelling there-
fore remains unanswered.

The biological implications of the existence of this
unusual upwelling cell are intriguing, but have to date
not been properly quantified. Apart from the remotely
sensed chlorophyll-a, surveys of fish stocks®* have
shown slightly higher concentrations of demersal fish
on the southern shelf than off the adjacent, eastern
shelf. Mackerel numbers were higher on the southern
shelf, but scad lower. In general fish were found with
such a very scattered distribution on this shelf that no
firm conclusions can currently be reached on their bio-
geography.

It is important now to establish what happens to this
water once it has passed the end of the meridional part
of the continental shelf.
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Figure 3.10. Computed geostrophic velocities® in cm/s for a hydrographic section south of Madagascar (see inset). Shading
indicates flow towards the east. Current values in the regions of weak flow are probably not precise. There is no evidence

in this section of the East Madagascar Current.
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Termination of the southern limb of the
East Madagascar Current

Satellite imagery with high spatial resolution shows®!
that once the East Madagascar Current has left the con-
straints of the narrow shelf off eastern Madagascar, it
rapidly develops shear edge features, characteristic of
all western boundary currents. These waves on the
western side of the current propagate in the direction of
the water movement, reaching a peak velocity about
60-100 km south of the upwelling cell. This is in gen-
eral agreement with the theory for shear waves®!.
Where does this water in the East Madagascar Current
then move to?

One of the few lines of stations that have been car-
ried out to date to clarify this question has shown that
south of Madagascar, in the upper 300 m next to the
shelf, the flow was in fact eastwards on that occasion®”
(Figure 3.10). Below this there was a very weak flow.
Of a strong westward setting branch of the East Mada-
gascar Current there was no sign.

Analysis of historic hydrographic data®” has likewise
shown that water from east of Madagascar may only
round Cape St Marie, the southern tip of the island, at

a depth of about 500 m. This portrayal is in some con-
trast to what has been inferred previously from ships’
drift (e.g. Figure 3.2) although the dynamic topography,
based on historical data, does allow such an interpre-
tation (Figure 3.3). It is interesting to note, however,
that modern interpretations of ships’ drift>*>2% indicate
a current with high speeds off the south-eastern tip of
Madagascar, but not extending westward around the
island. The dearth of hydrographic data forces one to
investigate various possibilities and other data sets to
perhaps find the answer to the behaviour of the current
south of Madagascar.

Drift tracks of floats at intermediate depths’*? indi-
cate that those that had been part of the southern limb
of the East Madagascar Current showed no tendency to
move equatorward into the Mozambique Channel.
Most moved westwards. Their trajectories also give no
clear indication of either a retroflection or direct inflow
to the Agulhas Current. Satellite imagery in the thermal
infrared has been a very effective tool for interpreting
the flow in the Agulhas Current system as a whole®,
but temperature contrasts between the East Madagas-
car Current and its general environment are small
making this method less efficacious for this component

The National Research Institute for Oceanology

The CSIR (Council for Scientific and Industrial Research)
was, over a period of many years, one of the key contribu-
tors to research on the South West Indian Ocean. Established
in South Africa in 1945, it started some marine activities as
early as 1954312, Work on the South African east coast only
came into its own when a Physical Oceanography Division
of the then National Physical Research Laboratory3!? was
established in Durban. Although research interest initially
was mostly coastal®'* and related to marine pollution3!?, it
soon became apparent that these near-shore investigations
could not be carried out in isolation and studies on the
adjacent Agulhas Current started’!® in greater earnestness.

By 1974 the marine research activities of the CSIR, dis-
tributed over a number of laboratories country-wide, had
grown to such an extent that it was decided to amalgamate
them all into a new National Research Institute for Oceanol-
ogy (NRIO), to be located at Stellenbosch near Cape Town.
Professor Eric Simpson, renowned marine geologist and
later president of SCOR (Scientific Committee on Oceanic
Research), was appointed as first director. With its own
research vessel’!”, an extraordinary large wave flume and an
extensive model hall for coastal engineering, a branch labo-
ratory in Durban, well-equipped workshops as well as
libraries, the NRIO seemed set to make a major and lasting
scientific and coastal engineering contribution.

From a slow start, with some hiccups, this eventually
came about3!8-1° and the number of published contributions

from the NRIO grew apace?$®320, Information, particularly
on the northern Agulhas Current and the waters offshore of
KwaZulu-Natal, was probably the single most important
oceanographic contribution??7-32! emanating from this
research institute during this period.

By 1986 politicians in the central government started
questioning the appropriateness of the CSIR carrying out
basic research and, shortly after, processes were set in mo-
tion to change the culture and functioning of the CSIR to that
of a commercial and industrial consultancy3?2. A dramatic
transformation of the whole establishment was achieved in
record time and as part of this reorganisation the NRIO was
dissolved and its workers taken up in a Division for Earth,
Marine and Atmospheric Science and Technology
(EMATEK), subsequently into an even larger and even more
amorphous unit called Environmentek.

For South African research on the Agulhas Current these
changes have been little short of disastrous. The research
vessel of the CSIR3!7 — the Meiring Naudé — was sold, active
oceanographic research groups broken up and their members
redeployed, while a substantial number of oceanographers
left the employ of the CSIR. Publications by CSIR scientists
based on previously collected data on the Agulhas Current
continued to appear for a while, but at a much reduced and
ever dwindling rate. By 1994 even this vestigial trickle had
dried up??? and the contribution of the South African CSIR
to Agulhas Current research had finally ceased.
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Figure 3.11. The influence of a cyclonic offshore eddy on the waters of the adjacent shelf waters on the eastern side
of the Mozambique Channel®®. The panels show the chlorophyll-a distribution as observed by satellite for four
consecutive six-day periods starting with 29 November 2000 in the left-most panel. Filaments of shelf water with high
concentrations of chlorophyll are drawn around eddies, demarcating the extent of the eddies.

of the system. Nonetheless, an image presented by
Harris et al.’® has shown a filament of slightly warmer
water from east of Madagascar drifting into the north-
ern Natal Valley. By contrast, an image obtained at a
different period!!'* clearly shows the ribbon of warmer
water of the East Madagascar Current retroflecting
south of Madagascar and subsequently heading east-
wards. Analysis of satellite altimetry moreover has sug-
gested??? that this eastward flow may extend up to
60° E at 28° S latitude. On many occasions the south-
ern part of the current is delineated by a tendril of water
with high chlorophyll-a content that has been dragged
along on its landward side3*+%47, This water character-
istic is in strong contrast to that of the waters of the East
Madagascar Current itself that has very low chloro-
phyll-a values. This greenish water originates in the
Andreamanao upwelling cell discussed above and has
the advantage that as a tracer it is much more durable
than contrasting sea surface temperatures. A compari-
son of ocean colour images that suggest retroflection of
the southern limb of the East Madagascar Current with
concurrent portrayals of anomalies in sea surface height
has lead®™ to the concept of no permanent retroflection
of this current. Rather, it is thought that the seeming
retroflective behaviour is an artifact of water from the
East Madagascar Current being dragged around a pass-
ing anti-cyclonic eddy leading to strands of chlorophyll-
rich waters extending up to 500 km or more eastward.
The retroflective behaviour of the current therefore
remains somewhat of an enigma.

Eddies from the southern limb of the
East Madagascar Current

One of the obvious inferences that could be made from
a retroflection of the East Madagascar Current to the

south of this island would be that it could shed rings in
a way analogous to that occurring at the Agulhas retro-
flection”!. This seemingly straightforward deduction
has turned out not to be easy to prove.

A number of eddies seem to originate in this
region®?2, or to pass through here®>? having been gen-
erated in other regions. Quartly and Srokosz®* have
used colour images to demonstrate that the ocean
region off south-western Madagascar is in fact popu-
lated by a substantial number of cyclonic eddies. These
eddies become visible when they contain higher con-
centrations of chlorophyll-a or when they draw out fila-
ments of coloured water from the adjacent shelf region
(Figure 3.11). A substantial number of these cyclones
subsequently move in a westerly direction, across the
southern mouth of the Mozambique Channel®, at a
rate of about 8 km/day. Most eddies originating from
south of Madagascar subsequently head in a south-
westerly direction®”’. The eddies — cyclonic as well as
anti-cyclonic — carry about 8 x 10°m3/s from the East
Madagascar Current towards the Agulhas Current.
They may be influenced in their movement towards the
African coast by the intervening Mozambique Plateau
(viz. Figure 1.2). Many of them may move southward
along the plateau, hugging its eastern border until they
reach its southern tip, where they can then freely move
westward. A large number of eddies have in fact been
found and studied on the eastern side of the Mozam-
bique Plateau**335-9 (viz. Figure 3.32). The character-
istics of these eddies are discussed at length below.
Based on all the above it has been concluded®’® that the
westward flow towards the African mainland is sus-
tained by the westward drift of eddies and not by a
steady current. This contrast with the results of most
models, such as OCCAM®7, that simulate a much more
coherent connection.
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Modelling the retroflection of the East Madagascar
Current

Model results are of limited help in this regard. None
have been designed specifically to investigate the
southern termination of the East Madagascar Current.
A regional model to study ring formation in the
Agulhas system?% has the East Madagascar Current
flowing zonally as a thin jet between Madagascar and
Africa, a clear artifact of the boundary conditions of this
model. The FRAM model, although extending north to
a latitude of 24° S, has its boundaries too close to the
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region for credible results?>’® which then also leads to

a purely zonal westward flow for the termination of this
current?’’. High viscosity, linear model behaviour and
conservation of vorticity may also contribute to the
retention of a zonal jet in the model. The early versions
of the detailed global model by Semtner and Chervin?’3
had no Mozambique Channel and therefore an unrep-
resentative flow in the region.

However, a more detailed model for the region, with
eddy permitting resolution®’! and realistic wind forcing,
shows the development of baroclinic, anti-cyclonic
eddies east of Madagascar (Figure 3.12) due to baro-

30°

50° E

Figure 3.12. Velocity vectors at 41 m depth for the northern part of the greater Agulhas Current system for four model
days, roughly a month apart. They come from a primitive equation model?’! with 1/3° by 1/3° spatial resolution. Values less
than 5 cm/s have been omitted. The progress of an eddy through the Mozambique Channel is followed by arrows. A southern
branch of the East Madagascar Current and a well-developed Agulhas Current are simulated. However, no consistent
Mozambique Current is evident. Cyclonic eddies, that subsequently join the Agulhas Current, are generated both east of
Madagascar and in the Mozambique Channel. The scale arrow indicates 150 cm/s.
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Figure 3.13. A conceptual image of the characteristic flow regime in the source regions of the Agulhas Curren

180,

Narrow, intense currents are shown as filled-in arrows. Open arrows represent laterally extensive flows. The rest of
the area is believed to be characterised by slow average advection on which mesoscale turbulence is superimposed.
The East Madagascar Current is portrayed as a small western boundary current that retroflects south of Madagascar.

clinic instability. These modelled eddies progress west-
ward and are eventually absorbed by the Agulhas Cur-
rent’0!, The geographic distribution of eddy kinetic
energy brought about by these eddies in the modelled
East Madagascar Current (Figure 3.20) is however in
conflict with that which has been observed®’! (Figure
3.14) and one may therefore assume that these eddies
are purely artifacts of this particular model. However,
they also occur in other, more detailed global circula-
tion models, such as the OCCAM (Ocean Circulation
and Advanced Modelling Project)®8°. A possible reason
for this discrepancy may be due to the sensitivity of the
simulated current to the bottom topography and the
somewhat coarse bathymetry that has been used. These
models do, however, simulate a realistic pathway once
such disturbances have been shed from the termination
of the southern branch of the East Madagascar Current
(Figure 3.12). At least one model, a 3.5-layer, reduced-
gravity model for the North Indian Ocean, with an
embedded mixed layer and driven by realistic winds
and thermal forcing3%°, does show clear signs of a par-
tial retroflection of the East Madagascar Current south
of Madagascar, but with some remnant flow crossing
the southern mouth of the Mozambique Channel not-
withstanding.

The OCCAM global circulation model®® (viz. Fig-
ure 3.6) indicates a highly variable region south of
Madagascar. On average the water movement from the
southern termination of the East Madagascar Current is
in a westerly direction’? and joins that of the northern
Agulhas Current at about 26° S. Instantaneous portray-

als, even for three month periods as shown in Figure
3.6, indicate that the East Madagascar Current may end
in a collection of eddies of different sizes and circula-
tion senses. In Figure 3.6 there is an indication that the
current may leave the tip of the Madagascarian shelf as
a free jet, forming a vortex dipole in the process. This
would seem to agree with some of the observations®?
in the region, but this correspondence may be entirely
coincidental.

Drifters have turned out to be valuable instruments
to trace the Lagrangian motion in this region. They
have usually been free-floating, satellite-reporting
weather buoys. Some of these have, to date, been
placed in the South Equatorial Current and have, for-
tuitously, drifted into the southern branch of the East
Madagascar Current. Those that gave clear signs by
their trajectory, speed and temperature, to have been in
the current core, all retroflected over the shallow bot-
tom topography south of Madagascar®?. After this
about-turn some drifted into the Mozambique Channel
whereas some continued eastwards. A simple, inertial
jet model'3° for the East Madagascar Current shows
that the current should retroflect over the shallow ridge
south of Madagascar, similarly to the Agulhas Current
retroflecting south of Africa'?.

The conclusion that can therefore be reached on the
flow pattern south of Madagascar, based on all this
eclectic evidence, is presented pictorially in Figure
3.13. It shows a narrow, intense boundary current
retroflecting south of Madagascar with the possibility
of rings, eddies and filaments spilling into the northern
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Natal Valley. The general, large-scale, anti-cyclonic
circulation is maintained, with the possibility of some
water moving northward into the Mozambique Chan-
nel. Does this conceptual portrayal (Figure 3.13) imply
that no water from east of Madagascar will ever reach
the Agulhas Current?

Disposition of water from east of Madagascar

Clearly this is not the case. Surface drift of flotsam37
and drifters®*® has shown that surface water from this
region, but not directly from the East Madagascar Cur-
rent itself, eventually does reach the coast of south-
eastern Africa. Harris®' has analysed a number of
hydrographic sections that had been carried out in the
South West Indian Ocean in the spring of 1964 and has
come to the conclusion that 35 x 10% m3/s of water from
the South Equatorial Current passed south of Madagas-
car on this occasion to join the Agulhas Current. This
constituted 49 per cent of the estimated transport of the
Agulhas Current at the time. However, it was not im-
plied that this water came directly via the East Mada-
gascar Current.

Flow variability

The recent availability of altimetric data from orbiting
satellites has presented a new instrument to study the
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region south of Madagascar’’. The results are unex-
pected®, Portrayals of mesoscale sea height variabil-
ity'®3 based on measurements by the SEASAT satellite
show high values in the region south and east of Mada-
gascar filling a large part of the Natal Valley and
Agulhas Basin west of the Madagascar Ridge (viz. Fig-
ure 1.2).

Greater geographical detail comes from the Geosat’?
and TOPEX/Poseidon?! altimetric measurements and
these exhibit a high degree of mesoscale variability in
the assumed retroflection region of the East Madagas-
car Current. They also show lobes of high values ex-
tending eastwards as well as westwards (Figure 3.14).
These altimetric portrayals are similar to the geographic
distribution of eddy kinetic energy based on variations
in ships’ drift readings®3. All these geographic distri-
butions are consistent with the concept of high meso-
scale activity in the eastward flow, after the termination
of the southern branch of the East Madagascar Current,
as well as the westward movement of rings and other
retroflection products towards Africa.

More detailed analysis of anomalies in altimetric
data that may represent individual eddies has shown3%
such features propagating into the Natal Valley from
east of Madagascar. The precise mode of creation of
these anomalies could not be established by altimetric
means alone, but those features that have been inter-
cepted with hydrographic station lines have turned out
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Figure 3.14. The geographic distribution of the variability of the currents in the South West Indian Ocean for the period
1992 to 1998. These values of the standard deviation of sea surface height have been derived from altimetric observations
from the TOPEX/Poseidon satellite. Darker hues indicate higher values. The band of very high values centred at 40° S repre-
sents the Agulhas Return Current® and the high values in the South Atlantic Ocean represent the termination of the Agulhas
Current. Note the two strips of high variability originating in the Mozambique Channel and from south of Madagascar.
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to be intense, cyclonic eddies. This would indicate a dif-
ferent generating mechanism than simple ring shedding
by occlusion of a warm retroflection loop of the East
Madagascar Current.

Inspection of large data sets of drifter trajectories
gives some further interesting hints3!%-!! on the oceanic
flow south of Madagascar. Eddy kinetic energy calcu-
lated from these observations for the region south of
Madagascar is relatively high. What is of particular
interest is the fact that the residence time of drifters in
this region is also high. This implies that drifters caught
in eddies at this location will remain trapped here for a
considerable period.

These various data sets give no incontrovertible and
conclusive answer on the dynamic behaviour at the ter-
mination of the East Madagascar Current or on its
effect, if any, on the Agulhas Current. The present data,
however, are all consistent, to a greater or smaller
degree, with the conceptual portrayal put forward in
Figure 3.13. Nonetheless, it is clear that there is a cry-
ing need for a concentrated observational pro-
gramme!'®* for this part of the flow regime of the South
West Indian Ocean.

Movement at depth

This discussion has dealt almost exclusively with the
flow to the east of Madagascar that takes place at shal-
low and intermediate depths. This is because the bot-
tom topography would most likely preclude deeper
water from here reaching the Agulhas Current. Hydro-
graphic measurements have shown?* that the flow
directly beneath the East Madagascar Current, at depths
greater than 3000 m to 3500 m, consists of an abyssal
boundary current 300 km to 400 km wide, carrying
approximately 4 to 5 x 10° m3/s water northwards. This
bottom current was observed once again in April
198524, but with a slightly reduced transport of
3.6 x 10° m%/s. Hydrographic measurements along the
South West Indian Ocean Ridge, that separates the
Madagascar Basin east of Madagascar from the Crozet
Basin to the south, have shown that sufficient bottom
flow takes place through fractures in the ridge to feed
this bottom boundary current’?4, so that it is estimated
that all the water in this current comes from the Crozet
Basin.

Having passed past Cape Amber, the northern
branch of the East Madagascar Current moves past the
Comores in the northern mouth of the Mozambique
Channel®. Some of its water moves southward into the
Mozambique Channel. Similarly, some water of the
southern branch spills northward into the channel®C.
The resulting flow through the channel and into the

Agulhas Current is therefore also important to an under-
standing of the sources of the Agulhas Current proper.

Flow through the Mozambique Channel

The classical portrayal of surface drift in and through
the Mozambique Channel is given in a very representa-
tive way in Figure 3.2. The northern branch of the East
Madagascar Current moves directly westward with
speeds of about 0.5 m/s and stable directions. At the
African coast it bifurcates into a southward Mozam-
bique Current and the northward East African, or Zan-
zibar, Current. Both have augmented speeds of up to
0.75 m/s. Some modern ships’ drift results give values
up to 2.1 m/s?*°. Geostrophic calculations, based on
modern data2>8, show that the East African Current has
surface speeds exceeding 1 m/s in northern summer. A
volume transport of 20 x 10® m?/s in the upper 500 m,
with a current width of 120 km, has been established.
Below this the flow is weak and variable. Swallow et
al.>>® have put forward the view that most of the surface
water of the South Equatorial Current becomes the East
African Current, but that its waters below 500 decibar
turn southward to feed a Mozambique Current.

The conventional portrayal is of a Mozambique
Current that hugs the coastline until it emerges at
Maputo, at the southern mouth of the channel, to feed
the Agulhas Current. A similarly strong flow, but not
quite as rapid, is conceived as moving northward along
the west coast of Madagascar (Figure 3.2). The circu-
lation in the central part of the channel seems to con-
sists of an anti-cyclonic gyre in the northern half and
an east—west flow that continuously strengthens the
Mozambique Current in the southern half. However,
modelling this presumed surface drift with a wind-
driven, reduced-gravity, numerical model®’ gives a
totally different portrayal (e.g. Figure 3.4).

Modelling the flow in the Mozambique Channel

This particular simulation shows no bifurcation at the
African coast, but indicates that all of the water of the
northern branch of the East Madagascar Current
becomes part of the East African Current. There is no
strong wind-generated flow on either border of the
Mozambique Channel in this model. In the central
region of the channel the simulated drift is weak and in-
coherent (Figure 3.4). A similar model, with realistic
geographic configurations?®® and wind-driven, also
gives (Figure 3.5) very stagnant flow conditions for the
full width of the Mozambique Channel?®’ except near
the western boundary where a weak current with speeds
of only 5 cm/s to 10 cm/s is predicted. However, a
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Figure 3.15. The depth of the sigma-t 25.80 surface (left-hand panel) and of the 26.80 surface (right-hand panel),
in the South West Indian Ocean according to hydrographic data collected during the north-east monsoon season®2.
Dashed lines denote subjective contouring due to lack of data points. The depth at which substantial amounts of
water penetrate through the Mozambique Channel and from the East Madagascar Current is different for these two

density surfaces.

model with high spatial resolution designed especially
for this region?”!, by contrast, shows a substantial flow
of water southward through the channel.

This simulated southward flow has strong season-
ality?® as averaged over five years with a maximum of
22 x 10° m%/s in August. However, it consists almost
entirely of anti-cyclonic vortices®! (viz. Figure 3.12).
This simulation of eddies has been repeated in most
subsequent modelling efforts’2. In the global ocean
model OCCAM®, with a 1/12° x 1/12° spatial resolution,
the flow at intermediate depths on the western side of
the Mozambique Channel is dominated by anti-
cyclonic eddies (Figure 3.6). The flow on the eastern
side is in general much weaker, but also shows evidence
of the presence of eddies. The circulation in the
Comores Basin is weakly anti-cyclonic during most
parts of the year®?!, particularly on the western side, but
may be quite variable’-2%74 The flow through the
Mozambique Channel should have a marked effect on
the flux of the Agulhas Current in most models. This
might be seen most clearly in an ocean general circu-
lation model.

A global, high-resolution, primitive-equation model
has very similar attributes in the Mozambique Chan-
nel’? compared to the more regional models. It exhibits
a strong seasonal cycle with amplitudes exceeding
10 x 10° m¥s, lagging the seasonality in the Somali
Current by about a month. No such seasonality is evi-
dent in the simulated Agulhas Current. This has led

investigators®?® to conclude that the poleward flow in
the Mozambique Channel is not a significant contribu-
tor to the Agulhas Current. In general, wind-driven
models with no thermohaline component should exhibit
no strong flow in the channel. Models with thermo-
haline circulation could. Nevertheless, the enormous
discrepancy between the analyses of ships’ drift and the
modelled wind-driven surface drift in the Mozambique
Channel poses some serious problems.

Discrepancies

The first one of these discrepancies concerns the degree
to which water derived from the South Equatorial Cur-
rent does make its way into the northern Mozambique
Channel. The dynamic topography (Figure 3.3) shows
this to be a substantial part, estimated at between 20 and
26 x 10° m*/s in the upper 1000 m”. An isentropic
analysis®? also shows substantial southward flow in the
upper 200 m (Figure 3.15), but none below about
400 m. Measurements of surface drift by GEK (geo-
magnetic electrokinetograph) in the region (Figure
3.16) portray the suggested bifurcation at the African
coast of the extension of the East Madagascar Current
quite clearly, as well as a strong southward flow in the
northern Mozambique Channel between 10° and 15° S
latitude326-7.

Such a flow is also evident in the results of the only
research cruise to date that has attempted to measure the
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Figure 3.16. Currents in the Mozambique Channel and general environment as measured by GEK?%® (geomagnetic
electrokinetograph) over a period of a number of years. There is no consistent northward flow along the eastern side

of the channel as suggested from ships’ drift observations

hydrography of the whole Mozambique Channel in a
quasi-synoptic manner (Figure 3.17). This cruise was
undertaken from 11 October to 28 November in 1957
on board the French research vessel Commandant
Robert Giraud®*8. Unfortunately the station distribution
does not include the bifurcation point off eastern
Africa, but it does show a strong southward flow along
the Mozambican coast at 15° S latitude.

Satre and Jorge da Silva’® have gone to great lengths
to analyse the data from each individual research cruise

(viz. Figure 3.2).

that has made observations in the Mozambique Chan-
nel up to the time of their investigation. On the whole
their results also show a flow southward along the
Mozambique coastline in the northern region of the
channel (Figure 3.18). Their results, as well as the sur-
face currents measured by GEK (Figure 3.16), the most
synoptic dynamic topography (Figure 3.17) and the
averaged dynamic topography (Figure 3.3) all show an
anti-cyclonic circulation in the northern part of the
Mozambique Channel. An analysis of historic hydro-
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graphic data (Figure 3.15) suggests that this circulation
might extend deeper than 500 m, but it is no longer
evident at a depth of about 1200 m.

Flow at the northern mouth of the channel

The results from a model for the region (Figure 3.4)
show the northern branch of the East Madagascar Cur-
rent moving water rapidly past the northern mouth of
the channel, nearly blocking it off. Similar models?®®
with different internal configurations show much the
same. This current branch has a transport, derived from
current meter moorings off Cape Amber??, of about
30 x 10° m%/s above the 1100 m level and an average
velocity at 100 m depth in excess of 0.6 m/s. This high-
velocity jet is guided westward by a series of islands
and subsurface obstructions???. Only three gaps deeper

35° 40°

than 2000 m exist in this barrier in the mouth of the
Mozambique Channel, the most substantial one at the
far western end. It may therefore not be unexpected that
this northern branch of the East Madagascar Current
has little direct interaction with the waters in the Mo-
zambique Channel. Surface patterns of water mass
characteristics support such an interpretation33°,

On the basis of this limited amount of information
one might therefore conclude that the flow in the north-
ern part of the Mozambique Channel, the Comores
Basin, is variable, but on the whole anti-cyclonic?,
Some water of east Madagascar origin may on occasion
leak southward into the channel along the African coast.
One estimate gives this flow as 6 x 10° m%/s33! with a
geostrophic maximum surface velocity of 0.3 m/s for
a southward current with a total width of about
250 km3%, The persistence of this leakage and its sub-
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Figure 3.17. Flow patterns in the Mozambique Channel as evident from the dynamic topography of the sea surface relative
to 1000 decibar3?8. This is based on a cruise undertaken on board the research vessel Commandant Robert Giraud during
October—November 1957. The shelf edge is indicated by the 1000 m isobath. Note that different contouring could allow

the continuation of the flow along the Mozambican coast.
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sequent trajectory have, however, not been unambigu-
ously established.

There are very few direct observations of current
profiles in this region. A recent set of current measure-
ments has demonstrated®® that the surface current
along the African coast, in the narrows of the Mozam-
bique Channel, on that occasion was equatorward
(Figure 3.19). At 130 m depth this current had nearly
disappeared and was replaced by one exhibiting consid-
erable tidal influence. Towards year day 94 (Figure
3.19) the north-setting current was largely destroyed by
the advent of cyclone Hudah. These results show that
many of the strong surface currents in the Mozambique
Channel are restricted to the upper layers and may have
their origin in local wind forcing.

Flow in the central part of the channel

South of the narrowest part of the channel at about
17° S latitude, it is shallower than 3000 m, until it again
becomes deeper southwards of about 22° S. The circu-
lation in this particular region is not known well. There
is considerable evidence from hydrographic data (e.g.
Figure 3.3 and 3.17) that a strong northward flow exists
along the western coast of Madagascar. Some surface
drifters have also moved into the channel along this
route®’. The circulation between this coastal current and
the African coastline would then again be anti-cyclonic
(Figure 3.17). This is not supported by some observed
surface currents (Figure 3.16), and only partially by a
careful analysis of all hydrographic information

30° 35° 45°

50° E 30°

(Figure 3.18). It has in fact been suggested’? that an
inshore counter current moves water southward along
the west Madagascar coast. Presumably all these cur-
rents would have a marked effect on the shelf currents
of the Mozambique Channel.

Flow on the Mozambican shelf

The influence of currents in the off-shelf part of the
Mozambique Channel on the water movement over the
adjacent shelf of Mozambique has not been adequately
studied. First, there is the effect at coastal offsets where
lee eddies are prominent. These have been found near
the cities of Angoche (viz. Figure 3.25) and Maputo. In
the latter case a lee eddy fills the greater part of the
Delagoa Bight (viz. Figure 3.26). The biological impor-
tance of these eddies may be considerable. The high-
est concentrations of chlorophyll-a measured to date in
the whole Mozambique Channel were found in the
Angoche eddy?3-89_ These eddies are discussed at
greater length below. Based on the limited other obser-
vations on the Mozambican shelf, most is known about
the Sofala Bank, the shallow continental shelf between
16° and 21° S, to the north of the city of Beira.

This wide shelf is characterized by two contrasting
sources of water8?2, First, it is the receptacle for runoff
from some major rivers such as the Zambezi. This run-
off is highly variable. For instance, during the year
1977-1978 the outflow from the Zambezi was 170 km?>;
by contrast during 1982—1983 it was only 50 km?. After
the passage of cyclones this outflow may increase to
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Figure 3.18. Based on a thorough analysis of all available hydrographic data, Sztre and Jorge da Silva’® have suggested
the above circulation patterns for waters in the Mozambique Channel. Panel a is for the summer season; panel b for the winter
season. Note the lack of continuity in the proposed Mozambique Current and the general field of mesoscale eddies in the

greater part of the channel.
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Figure 3.19. Characteristic flow patterns in the Mozambique Channel during March—April 200!

0728, Grey shades show

sea surface height anomalies; surface currents were measured by ADCP and averaged over the top 200 m of the water
column. Both sets of observations show the dominance of a train of anti-cyclonic eddies in the channel.

such an extent that it would affect the whole shelf
region. The downward penetration of this fresh water
is, however, highly variable®?. In certain parts it may
be limited to the upper 10 m, while in other parts it may
simultaneously extend over the full water column. Near
the mouths of the rivers the surface salinity may drop
to 20823 and the fresh water may extend a distance of
50 km offshore. This fresh water influence is counter-
acted by water from the salt marshes along the southern
part of the Sofala Bank®*. Here sea water may penetrate
far inland, particularly during high tide. The salinity of
this water is then substantially increased by evaporation
and the outflow may be highly saline. Values exceeding
37 have been measured®?* and this very salty water may
extend up to 100 km from the coastline.

The circulation on this part of the shelf region as well
as in the greater part of the Mozambique Channel
remains unclear and may, at best, be considered vari-
able. A careful analysis of ships’ drift shows3? the sur-
face flow along the west coast of Madagascar to be the
weakest in the Mozambique Channel and to be highly
variable as well.

The Mozambique Current

However, probably the most important question to ask
about the movement in the whole Mozambique Chan-
nel concerns the existence, persistence and location of
a Mozambique Current. Although temperature con-
trasts at the sea surface are usually weak over the whole
channel, Harris et al.® have been able to present a ther-
mal infrared satellite image that shows a continuous
ribbon of warm water along the path that ships’ drift
suggest?32 a Mozambique Current would take. These
latter data show that surface speeds in excess of 2 m/s
are found all along the western border of the channel,
but particularly near regions where the African conti-
nental shelf is narrowest, such as at 15° S, 24° S and
29° S latitude. It is of interest to note that a simple two-
layer, wind-driven model3*? with a flat bottom repro-
duces these regions of higher flow, and that adding a
realistic bottom configuration enhances this effect.
Notwithstanding the complicated internal circulation
of the Mozambique Channel’®#!, most — but not all —
closely spaced hydrographic station lines perpendicu-
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lar to the African coast have resolved a southward set-
ting baroclinic current of varying strength33*, usually
strong. This current is commonly marked by a subsur-
face oxygen maximum at about 400 m depth. On some
sections across the narrows of the Mozambique Chan-
nel this characteristic water mass of the purported
Mozambique Current is, however, totally lacking?34,
Zahn*3! has nonetheless estimated the volume transport
of the Mozambique Current at 19.2 x 10° m%/s, suggest-
ing a three-fold increase in its flux from the northern
entrance to the channel. The current portrayals have
shown that it was usually accompanied by cyclonic
offshore eddies, introducing mesoscale variability into
the flow regime.

Current variability

Sea height variability as measured by satellite alti-
metry'®? does show a maximum over the western side
of the channel’?>33 (Figure 3.14). This mesoscale vari-
ability is much more intense here than in the Agulhas
Current, suggesting that a Mozambique Current might
by comparison be very variable, meandering in position
or shedding eddies. A high-resolution, primitive equa-
tion model for the region?’! gives a comparable distri-
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bution of the eddy kinetic energy in the channel (Fig-
ure 3.20)*°!, This distribution is due to modelled eddies
being generated by barotropic instability in the north-
ern part of the channel and moving along the coast (Fig-
ure 3.12), eventually being absorbed in the northern
Agulhas Current®!, It may be critical to an understand-
ing of the flow in the Mozambique Channel to note that
this model simulates a weak Mozambique Current in
the mean drift only, but that in the more synoptic por-
trayals this mean drift is shown to be constituted by a
number of eddies (Figure 3.12). If this is a correct por-
trayal of the current dynamics in the channel it would
go some way to explaining the discrepancy between
results from altimetric observations and ship measure-
ments. Some types of eddies have in fact been observed
and measured.

Mozambique eddies

In a seminal paper on the flow in the Mozambique
Channel, de Ruijter et al.”?® have demonstrated un-
equivocally that no Mozambique Current exists!
During a dedicated cruise®" to investigate the nature of
the purported Mozambique Current, its suggested loca-
tion adjacent the shelf edge was intersected with eight
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Figure 3.20. The geographic distribution of the mean kinetic energy at 41 m depth for the greater Agulhas Current system,
according to a primitive equation model with high spatial resolution?’!. Units are cm?/s%. Note in particular the high energy

values in the northern Mozambique Channel*°!,
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Figure 3.21. Current meter records in the narrows of the Mozambique Channel for a period of 10 months’3. The
map indicates the geographic location of the current meter mooring as well as that of the other observations. The top
part of the main panel shows the currents at a depth of 250 m; the lower part shows the geostrophic estimation of the
current based on altimetry but referenced to ADCP observations. The agreement is good and shows by the regular
current reversals in a clockwise rotation how the western side of anti-cyclonic eddies pass the mooring about four times
per year. Note that the scales for the two current records are different and that the current is considerably stronger at

the sea surface than at 250 m depth.

hydrographic sections. In no instance was a continuous,
persistent western boundary current found. Instead, a
number of anti-cyclonic eddies were found, moving
poleward as a train of disturbances to the average flow
(Figure 3.19). These observational results®®° are in full
agreement with the results of the most recent model-
ling®*! and with portrayals of variability in sea surface
height. They also are in total accordance with the cur-
rent meter records in the narrows of the channel (viz.
Figure 3.21) that show the regular creation of eddies’*>.
However, even though they do not conflict with results
based on ships’ drift>*3, they are inconsistent with most
interpretations of those spot measurements. These
erroneous interpretations of the drift in the Mozam-
bique Channel (e.g. Figure 3.2) seem a clear case of

confusing Eulerian and Lagrangian results. What are
the characteristics of these Mozambique eddies?
First, they exhibit diameters in excess of 300 km,
they extend to the ocean floor where their azimuthal
speeds are still 10 cm/s, and they cause a net transport
of about 15 x 10° m?/s southward through the channel
(Figure 3.19). At intermediate depths their azimuthal
speeds lie between 10-20 cm/s, a value that has been
corroborated by an analysis’?? of the movements of
floats. The poleward translation of Mozambique eddies
occurs at about 4.5 km/day, but varies with location in
the channel’®. It is about 6 km/day between 12° and
27° S, except between 18° and 21° S where they slow
down to 3—4 km/day and south of the channel mouth
where they speed up to 8—10 km/day. It is estimated that



Flow through the Mozambique Channel 77

50°E
— 100

20°

30°S

Mean sea surface height anomaly (m)

0.0 0.1 0.2 03 04 05 0.6
I 1 1 | |

- 120

L - 16°
- N -20°
= - . - ~24°8

Figure 3.22. The geographic positions of 25 Mozambique eddies as they moved southward from the Mozambique
Channel during the period 1995-2000733 (left-hand panel). A rather distinct corridor is evident. The right-hand panel
shows the average increase in energy of the eddies — as expressed by increases in sea surface height — on their way
poleward. Error bars give one standard deviation for the measurements of 25 eddies.

about four per year are formed’? (Figure 3.21) with a
marked regular frequency, hence on average three Mo-
zambique eddies should be present in the channel at any
one time. As these eddies move past the Mozambican
shelf, they sweep coastal waters into mid-channel®*°.

It is estimated’?® that these eddies trap water to a
depth of 1500 m. This means that they carry Tropical
Surface Water, Subtropical Surface Water as well as
intermediate water poleward. The intermediate water
comes in two well-defined types: Antarctic Intermedi-
ate Water and Red Sea Water. The Mozambique eddies
are thus effective transporters of Red Sea Water
towards the Agulhas Current. In observations of a
number of these eddies, as well as elsewhere in the
Mozambique Channel, there is evidence of substantial
interleaving between these two intermediate water
types. Analyses of float trajectories at intermediate
depths’32, has shown that these floats spend only short
periods in Mozambique eddies before being spun out.
This result supports the concept of considerable mix-
ing between the waters in these eddies and the ambient
water masses.

From Figure 3.22 some unusual characteristics of
Mozambique eddies become apparent. First, it is clear
that they follow a very circumscribed path in the west-
ern part of the Mozambique Channel and subsequently
along the Agulhas Current where they may be absorbed
into that current’?® (Figure 3.23). Some move all the

way to the Agulhas retroflection. Second, many of these
anomalies have their origin in the Comores Basin,
equatorward of the narrows. The narrows are therefore
probably not the sole source of these features. It has
been shown by Ridderinkhof and de Ruijter’?? that the
flow through the narrows are represented by two strik-
ingly different regimes. One consists of strong currents
across the full longitudinal extent of the narrows, the
other with only weak currents. The strong current
regime has by far the longer duration. During each
strong current period, a Mozambique eddy is formed.
The formation of these eddies is directly related to the
level of the volume transport through the channel.
There is evidence’?° that the formation frequency of
Mozambique eddies is remotely controlled by proc-
esses in the Indian Ocean as a whole. Perturbations to
the oceanic circulation are carried as Rossby waves
across the width of the subtropical Indian Ocean where
their interaction with Madagascar triggers the formation
of Mozambique eddies. This proposed process is de-
scribed in greater detail later.

The third unusual characteristic of the Mozambique
eddies is the geographical energy distribution, as ex-
pressed in anomalies of the sea surface height (Figure
3.22). It increases considerably from just north of the
narrows to a region close to the southern mouth of the
channel”®. This increase is in agreement with the ex-
pected enhancement of eddy intensity due to their lati-
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Figure 3.23. Trajectory of a surface drifter released in an
eddy in the Mozambique Channel’?. Dates indicate the
location of the drifter on that day. Anti-cyclonic gyrations in

the eddy ceased when the eddy got absorbed by the Agulhas
Current.

tudinal displacement through the planetary vorticity
gradient, but this factor is insufficient to account for the
entire observed increase’>>.

Furthermore, the dominant frequency of variability
decreases poleward in the Mozambique Channel (Fig-
ure 3.24). The northern region has a peak at a period of
55 days, in agreement with previous observations?7737
in the South Equatorial Current. In the southern part of
the channel this period is increased to about 90 days.
Why should seven eddies per year get reduced to about
four per year further south? It is possible that a number
of Mozambique eddies dissipate at about 20° S and that
some others may amalgamate’, which might cause
their energy to increase, as has been observed.

Modelling of Mozambique eddies has been only
partially successful. In some models®! the eddies are
too shallow, in others” too surface intensified and
being shed too frequently. Nevertheless, it is worth
noting — as discussed above — that in all modern, eddy-
resolving models?’#732 such simulated eddies appear
and are the dominant feature of the circulation in the
Mozambique Channel.

Of some interest is the influence of these eddies on
the local marine ecosystem and in particular the feed-
ing habits of marine predators. An investigation was
carried out on the foraging behaviour of great frigate-
birds®*? from Europa Island that feed in the centre of the
Mozambique Channel. They were tracked using satel-
lite transmitters. It has shown that this top predator
tends to avoid the centres of eddies. It feeds preferen-
tially at the edges of Mozambique eddies where the
primary productivity is higher.
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Figure 3.24. The average spectra of sea surface height for
three regions in the Mozambique Channel’33, as shown in the
inset. The spectra have been normalized by their total vari-
ance, thus effectively removing the inter-annual signal.
Power peaks shift to longer periods as one proceeds south-
ward in the channel.

The Mozambique Undercurrent

One of the most intriguing results of modern, high-
quality observations at the continental slope of Mozam-
bique’?®733 has been the discovery of a undercurrent car-
rying water equatorward. It seems to have a core with
maximum velocity at about 2400 m and at 1000 m depth.
The maximum velocities at 2400 m were 0.2 m/s. This
undercurrent was observed to carry Antarctic Inter-
mediate Water at the lower depth and North Atlantic
Deep Water at the greater depth. This was at 24° S. In the
narrows of the channel, at about 17° S, the cores of the
Mozambique Undercurrent were located’33 at 1500 m
and 2500 m. The mean velocity was 4.6 cm/s in both.

Coastal lee eddies

Some of the eddies associated with the flow in the
Mozambique Channel may be in the form of trapped,
lee eddies®*. Such a feature is shown in Figure 3.25.
The dynamic topography based on these cruise data
shows a poleward movement along the whole extent of
the coastline where the cruise took place, but intensi-
fying strongly along the headlands at 15° S. Down-
stream of here it overshoots the shelf edge, driving a
cyclonic lee eddy®-10 with dimensions of about
100 km. Deeper water is being upwelled in this fea-
ture®’, shown by an enhanced nutrient content of more
than 12 pmol/l nitrate-nitrogen at 75 m depth in the
eddy compared to about 2—4 pmol/l in the core of the
offshore current®3. A resultant peak in chlorophyll-a
concentrations was also observed in this eddy.
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Figure 3.25. A portion of the flow in the northern Mozambique Channel as portrayed by the dynamic topography of
the sea surface relative to the 600 decibar surface33¢. Note the evidence for a trapped lee eddy at 17° S latitude. The
extent of the continental shelf is indicated by the 100 m and 1000 m isobaths.

These eddies are of considerable importance to an
understanding of the current dynamics since in similar
locations, such as the Delagoa Bight>33 (Figure 3.26)
and the Natal Bight©? features of the same kind have
been observed. Based on all currently available data,
the presence of the Delagoa Bight eddy seems to be
very persistent. There is evidence®’ that this eddy may
be influenced by the changing flow intensities as Mo-
zambique eddies move past the bight. Furthermore, a
presumed upwelling cell at the north-eastern corner of
the Delagoa Bight can at times be inferred from ocean
colour imagery®®. The occurrence of this particular
coastal upwelling seems to be far less consistent than
for similar upwelling cells inshore of the southern limb

of the East Madagascar Current®’ and inshore of the
Agulhas Current!9310, The latter ones are driven by a
consistent western boundary current; the one in the
Delagoa Bight seemingly only by the occasionally pass-
ing Mozambique eddies. The intermittency of this
upwelling cell may therefore be directly related to its
forcing source. The trapped lee eddies may in each
case®>3% become part of a major disturbance to off-
shore flow. It is possible that the wide shelf between
15° and 20° S latitude in the Mozambique Channel (viz.
Figure 3.17) and the weak gradient in the shelf slope
may allow barotropic instability in adjacent flow here,
thus adding to the major variability visible in the sat-
ellite altimetry333,
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Figure 3.26. The distribution of temperature and salinity respectively at 200 m depth in the Delagoa Bight in the south-
ern Mozambique Channel. An extensive lee eddy is circumscribed®3$. The lightly shaded area indicates the location

of the 200 m isobath.

On the basis of the available data it may therefore be
concluded that the flow in the Mozambique Channel is
dominated by the poleward drift of anti-cyclonic eddies
that are largely formed at the narrows of the channel.
A continuous, persistent western boundary current in
the form of a Mozambique Current, as portrayed in
most atlases and textbooks, does not exist. The driving
force for such a presumed current always was unclear,
since the Sverdrup relationship of zonally integrated
wind stress curl shows!87 the Mozambique Channel as
a wind-shadow area with therefore no need for a wind-
driven western boundary current. These Mozambique
eddies move poleward on the western side of the chan-
nel. The remaining circulation in the channel seems to
consist of weak net flow with a range of eddies and
ephemeral circulation elements. Whereas the data in the
central and eastern side of channel currently suggest
conflicting portrayals of the circulation, this is even
more so for the southern mouth of the channel.

Flow though the southern mouth

While most investigators who have worked with the
historical hydrographic data set’>% have shown a
strong flow leaving the western side of the mouth of the
channel®? (e.g. Figure 3.15), the results of the one cruise
that has given a good coverage of the whole channel
suggests no water leaving the channel southwards3?8
(Figure 3.17). The concept of no throughflow has been
perpetuated in some oceanographic encyclopaedias?!”.
Based on these results Zahn33! has in fact calculated a
net northward flux of about 5 x 10° m%/s through the

southern mouth of the channel based on the data col-
lected by Menache3?® in 1957. Recently published
satellite imagery for the south-western region of the
Mozambique Channel**? suggests a well-developed
current here, at least at the sea surface. A line of closely
spaced hydrographic measurements northward into the
southern Mozambique Channel**° shows a weak zonal
front at the mouth of the channel with general move-
ment from east to west.

A careful study of the best existing data set (Figure
3.17) shows that the contouring of isolines in this fig-
ure between the two most southerly station lines is
quite subjective and that these data can be interpreted
in a different way. Harris®! has done this and has
derived a volume transport of 25 x 10° m?/s for the pre-
sumed Mozambique Current from the same data. Based
on the seasonal groupings of historic hydrographic data
Duncan’ has found a highest value of 26 x 10° m%/s
above 1000 decibar in winter and a low of 20 x 10® m%/s
in summer. Nonetheless, the net flux across the mouth
established by Harris®! is nearly identical to that found
by Zahn*3! and is northward.

A closely spaced section across the mouth of the
channel carried out in June 1965 on board the research
vessel Atlantis 1P shows a well-developed poleward
flow about 250 m wide, with a net mass flux southward
out of the channel of 6 x 10° m%/s. Based on two hydro-
graphic sections that close off the mouths of the chan-
nel, Fu?% has concluded that the flux through the
northern mouth is distributed at depths between the sur-
face to 1500 m depth, whereas the flow through the
southern mouth is confined mostly to the upper layers,
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necessitating considerably internal, non wind-driven
upwelling in the channel. By far the most detailed and
most accurate hydrographic data across the southern
mouth of the Mozambique Channel have been collected
during the World Ocean Circulation Experiment in
1995. Based on these data Donohue and Toole’*® have
calculate a poleward flow of 18 x 10°® m%/s. Keeping in
mind the range of temporal variability>>® in the flows
observed, this result must remain the most reliable to
date. The high variability of this transport may also be
influenced by the flow in the eastern part of the Mozam-
bique Channel, about which very little is as yet known,
and by the intermittent presence of eddies along the
west coast of Madagascar. A study of float trajectories
at intermediate depths’32 has shown that most moved
southward across the mouth of the channel, except near
the south-west coast of Madagascar where there is some
evidence for occasional equatorward movement.

Flow along the west coast of Madagascar

If the poleward flow in the Mozambique Channel is
indeed well developed at a latitude of 25° S, as shown
by hydrographic sections off Maputo®38, and if the
throughflow is less than that carried by the Mozam-
bique eddies that constitute this flow, how representa-
tive is the northward flow in the eastern part of the
channel as suggested by the ships’ drift data (e.g. Fig-
ure 3.2), one set of direct measurements®?° and some
portrayals of the dynamic topography based on historic
hydrographic data (Figure 3.3)? Isentropic analysis
(Figure 3.15) shows this northward flow, weakly at the
surface, but in contrast a true inflow at depth.

Some drifting buoys3%-3°8 have followed a path
analogous to the 500 m depth isoline in the lower panel
of Figure 3.15, moving north, then west and then join-
ing the flow southward. Harris®! has analysed one of the
few quasi-synoptic cruises for the Mozambique Chan-
nel as a whole, by the research vessel Almirante Lacerda
in 1964, and found, based on water mass characteris-
tics, a substantial inflow from the south along the east-
ern side of the channel. Although he has recognised no
inflow, Menache?® (Figure 3.17) has also shown a sub-
stantial northward flow on this side.

Modern remote sensing observations have shown
(Figure 3.11) that cyclonic eddies are often found in this
region and this finding has been supported by some for-
tuitous hydrographic observations®*. Such eddies have
a characteristic diameter of about 250 km, but may be
fairly shallow. They are seen (Figure 3.11) to draw off
waters with high chlorophyll from the adjacent shelf and
may thus have a substantial local impact on the shelf
ecosystem. How do these particular eddies come about?

Two possible mechanisms have been proposed®. The
first is the formation of a cyclonic flow in the lee of the
southern tip of Madagascar driven by the passing water
of the southern limb of the East Madagascar Current. The
second possibility would be that such eddies are formed
further to the south and drift into the Mozambique Chan-
nel. De Ruijter et al.%>% have shown that vortex dipoles
are frequently formed south of Madagascar where the
East Madagascar Current separates from the Mada-
gascarian shelf. These dipoles consist of a cyclone on
the equatorward side and an anti-cyclone on the pole-
ward side, both usually moving off in a south-westward
direction. From an analysis of the hydrographic char-
acteristics of these features it has been inferred®? that
cyclones that form part of the dipole draw their water
from the inshore side of the East Madagascar Current,
suggesting that they are formed as lee eddies.

The Delagoa Bight eddy

An interpretation of the flow in the southern reaches of
the Mozambique Channel, and its influence on the
Agulhas Current, may be complicated by the presence
of intense mesoscale eddies of unknown origin. First,
there is the well-documented cyclonic eddy usually
present in the Delagoa Bight®3® (Figure 3.26), men-
tioned above. This is probably a trapped lee eddy,
driven by the rapid flow of the adjacent waters past the
substantial promontory. Over a period of 23 years it has
been observed 11 times. Sedimentary records in the
Delagoa Bight show that an eddy of this kind has
occurred here since the Pliocene-Recent, i.e. about 1.8
million years ago®*!, and that present sedimentary pat-
terns are determined by the flow configuration of the
adjacent flow in the deeper ocean®*?. Water masses in
this Delagoa Bight eddy have temperature—salinity
characteristics implying substantial upwelling in the
core of the eddy from depths of at least 900 m.

The escape of this eddy, causing — or caused by — a
huge meander in the downstream path of a presumed
Mozambique Current has been described using satellite
thermal infrared images79, but has been observed infre-
quently. The meander was not observed to move far
downstream, dissipating instead over the Mozambique
Plateau (viz. Figure 1.2). Such movement has also been
observed in satellite altimetry308,

Altimetric data have moreover shown the southward
drift of sea height anomalies southwards from the
Mozambique Channel. These eddies are probably for
the greater part Mozambique eddies, but a small
number may have their origin in the Delagoa Bight.
Eddies observed directly south of the channel, over the
northern Mozambique Plateau®*3-44, but also over the
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Figure 3.27. The temperature—salinity and temperature—oxygen characteristics of the water masses in the Mozambique

Channel®’. Sigma-t values have been added on the TS scatt

ergram. Water types that are evident are Equatorial Indian

Ocean Water (Eq IOW), Subtropical South Indian Ocean Water (Subt SIOW), Central Water, Antarctic Intermedi-
ate Water (Antarc IW), North Indian Deep Water (NIDW) and North Atlantic Deep Water (NADW).

northern Natal Valley?*? may therefore have their ori-
gin either in the channel narrows or the Delagoa Bight.
These eddies have diameters of 100 km or more and
have an elevation of their 10 °C isotherm of 270 m at
the eddy centre. Circular transports of up to
18 x 10° m%/s have been observed**. These values
indicate very energetic eddies of a kind usually associ-
ated with rings from western boundary currents. The
eddies may all contribute to the high mesoscale vari-
ability in the region between the Madagascar Ridge and
the southern African subcontinent’3’ (viz. Figure 3.14)
that will be dealt with in more detail later. In order to
trace the different water masses that contribute to the
Agulhas Current, either directly or by these eddies, a
thorough knowledge of the characteristics of the water
masses in the Mozambique Channel is required.

Water mass characteristics

A scattergram for the temperature—salinity characteris-
tics of the whole Mozambique Channel is given in Fig-
ure 3.27. Sztre and Jorge da Silva’ have identified
three typical T-S traces for waters found in the Mozam-
bique Channel; one representative of the north Indian
monsoonal circulation that has very weak, rudimentary
remains of the salinity minimum signifying the pres-
ence of Antarctic Intermediate Water?®’ (viz. Figure
3.27). It also has hardly any sign of a salinity maximum
at about 18 °C, showing that at this temperature the
water is mostly Equatorial Indian Ocean Water. These
water characteristics are only found to the north of the
Mozambique Channel with occasional penetration
along the western side of the channel”®.
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Figure 3.28. The depth of the sigma-t 27.50 surface (left-hand panel) and the distribution of dissolved oxygen content,
in ml/l, on the same surface (right-hand panel) in the South West Indian Ocean. This distribution is based on the
hydrographic data collected during the north-east monsoon season®2. Dashed lines are given in regions with sparse
data. This particular density surface lies in the Antarctic Intermediate Water and North Indian Deep Water cores (viz.
Figure 3.27) and suggests that Antarctic Intermediate Water, coming from the south, does not penetrate far into the
Mozambique Channel. Regions shallower than this surface have been lightly shaded.

The second typical temperature—salinity trace for the
channel has distinctly more Subtropical South Indian
Ocean Water (viz. Figure 3.27), marginally more Ant-
arctic Intermediate Water, but still hardly any sign of
North Atlantic Deep Water. It covers about two-thirds
of the channel. Only the southernmost third of the chan-
nel has clear signs of being much like the rest of the
water masses of the South West Indian Ocean??, with
a predominance of Antarctic Intermediate Water, Sub-
tropical South Indian Ocean Water and North Atlantic
Deep Water.

One might expect the characteristics of the Equato-
rial Indian Ocean Water, moving south at about 200 m
depth, rapidly to be dissipated by mixing with the am-
bient Subtropical South Indian Ocean Water. This
would not be the case for the deeper water masses. Of
particular importance here is to establish the relative
degrees of penetration of Antarctic Intermediate Water
and North Indian Deep Water. The latter water mass has
also been called Red Sea?33-329 Arabian Sea3*®, North
Indian Intermediate!’® and Red Sea—Persian Gulf Inter-
mediate Water??’, (An excellent summary of terminol-
ogy on water masses for the Mozambique Channel, as
used in the scientific literature, has been given by Satre
and Jorge da Silva’.)

From Figure 3.27 it is clear that both water types are
present in the channel, with North Indian Deep Water
perhaps having a more dominant presence. Meridional

sections through the channel?**3%8 show the salinity
minimum of Antarctic Intermediate Water petering out
between 20° and 18° S in the channel. This water mass
does not seem to progress any further north in the chan-
nel”. An isentropic analysis of the sigma-t surface of
this salinity minimum core (viz. Figure 3.27) shows that
Antarctic Intermediate Water does not penetrate far into
the channel®?, but is taken up by the anti-cyclonic gyre
of the South West Indian Ocean (Figure 3.28). Water
masses with low values of dissolved oxygen, associated
with North Indian Deep Water, fill most of the interme-
diate depths (Figure 3.28). This is also evident from
many meridional sections through the channel” using
chlorofluorocarbon as a tracer.

At greater depths only North Atlantic Deep Water is
found (Figure 3.27), since most of the channel is less
than 3000 m deep; the deepest part, to the south, only
reaching 4000 m.

Presently available hydrographic data thus character-
ise the waters of the Mozambique Channel as being a
mixture of that found in the monsoonal regime to the
north, and the South West Indian Ocean sub-gyre to the
south. Water types from the north seem to be dominant,
especially in the southward flow along the western side.
Penetration from the south seems to be restricted to the
surface layer and upper layers of the intermediate depths.

If this is indeed a correct interpretation of the distri-
bution of water mass characteristics in the Mozambique
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Figure 3.29. Geostrophic circulation in the South West Indian Ocean at 1000 m relative to 3000 m®*. The 1000 m
isobath at the coast is indicated. A tight sub-gyre west of 45° E longitude is evident. This may be compared with the
circulation shown in Figures 3.15 and 3.28 based on isentropic analyses.

Channel, it means that water from this channel contrib-
utes little to the region further south and, hence, the role
of the South West Indian Ocean sub-gyre in feeding the
Agulhas Current must be of considerable importance.

Recirculation in a South West Indian Ocean sub-
gyre

Although original descriptions of the flow in the South
West Indian Ocean give no indications of any percep-
tion of a well-developed anti-cyclonic, closed, sub-gyre
(viz. Figure 3.1), subsequent portrayals of surface drift
do*. Closer inspection of the database used for these
portrayals unfortunately indicates that most of these
were drawn with considerable artistic licence to fill gaps
in the data coverage.

Recirculation

Using all the data from the International Indian Ocean
Expedition, Duncan’? has been able to show clear indi-
cations of a closed circulation during all three-month

periods, but with markedly different lateral dimensions.
For this the radically different data distributions
between these periods is to blame. The dynamic topog-
raphy for the sea surface relative to 1000 decibar shows
this sub-gyre, but so does the 1000 m surface relative
to 3000 m3* (Figure 3.29). Using an enhanced data set®?
this recirculation cell can be shown to exist throughout
the water column (Figure 3.15). All these data sets share
a dearth of stations south of Madagascar'®, making it
impossible to judge accurately the eastward extent of
this sub-gyre.

Recent tracer studies>? suggest that the circulation
of Antarctic Intermediate Water is in fact constrained
by the Madagascar Ridge at about 46° E longitude (viz.
Figure 1.2). Surface drifters®'%-11:346 have not circum-
scribed this gyre at the sea surface. No drifters to date
have moved northwards at a longitude of 40° to 50° E.
Using a carefully selected collection of existing hydro-
graphic station lines (Figure 3.30), the best estimates to
date of the geographic dimensions as well as volume
flux components of the South West Indian Ocean sub-
gyre have been made'?!.
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A South West Indian Ocean sub-gyre

The baroclinic transport in the upper 1000 m shows that
about 60 per cent of the flow of the Agulhas Current is
returned in the sub-gyre, the eastern limb of the gyre
lying between 50° and 70° E. Nevertheless, precise in-
formation on the dimensions and flux patterns of the
South West Indian Ocean sub-gyre awaits the accumu-
lation of more, and more detailed, hydrographic or
altimetric information. It is interesting to note that
Feron et al.3*’, while developing a method to determine
the mean sea surface dynamic topography from satel-
lite altimeter observations, have demonstrated that it is
the divergence of the eddy stresses that enhances the
formation of a closed sub-gyre in the South West Indian
Ocean. It is abundantly evident from these and other
analyses that the anti-cyclonic, gyral circulation in the
subtropics of the South Indian Ocean is substantially
different from that of similar ocean basins such as, for
example, the South Atlantic Ocean'‘!.

The contribution that this sub-gyre makes to the
Agulhas Current is of overriding importance. Prelimi-
nary analyses®! have suggested 27 x 10 m%/s, or 40 per
cent of the volume transport of the current. Using non-

20°

synoptic data, a recirculation flux of between 12 and
18 x 10% m?/s was found” based on the surface to 1000
decibar geostrophic transports plus 20 per cent for that
below 1000 m. Using a wider-ranging set of existing
hydrographic stations'?! (Figure 3.30), this value has
been increased to 35 x 10° m?/s, including the top
1000 m only. Notwithstanding the encouraging agree-
ment between these analyses, the underlying database
for establishing these figures remains very poor.

Sources of the Agulhas Current

Harris®! has concluded that the inflow to the Agulhas
Current can be established from the gradients in prop-
erties across the current. He has considered the inner,
shoreward waters as having a Mozambique Channel
origin, while those of the outer current are more simi-
lar to the waters coming from the east and being re-
circulated. Using a historical mean data set>*3, Gordon®®
has come to the same conclusion. It is of importance to
take cognisance of how Harris perceived this recir-
culation.

The flow of Agulhas Water eastward, after retro-
flection (Figure 1.2), crosses the Agulhas Plateau and
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Figure 3.30. A schematic portrayal of the volume transport field of the South West Indian Ocean sub-gyre!°!. Baroclinic
transport is for the upper 1000 m and in 10° m%/s. Thin lines indicate the hydrographic station lines used. See also Figure 2.4.
The flow through the Mozambique Channel makes a minute contribution to that of the Agulhas Current, but this result is

based on a minimal number of data.
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Figure 3.31. A zonal temperature (a) and salinity (b) section from Durban across the Agulhas Current as well as a
typical, cyclonic, deep-sea eddy in the South West Indian Ocean’*>. The geographic locations of the line and the stations
are given in Figure 3.32. The slopes in the shown variables are greater for the eddy than for the Agulhas Current.

the Mozambique Plateau extension causing extensive
northward excursions in the path of the eastward
flow#+349-59 These meanders were believed to have a
propensity for becoming unstable®®, the eastward flow
of the remaining Agulhas Water thus being directed
northwards into a closed, anti-cyclonic, recirculation
vortex®!. Drifters that have moved through the re-
gion319-346 have shown no evidence for such an effect.
Although the evidence for the existence of a South
West Indian Ocean sub-gyre is therefore well estab-
lished, the deflection of surface water from the Agulhas
Return Current northward to join this recirculation at
the ridges is not, particularly not so west of about 50° E
(Figure 3.29).

Analyses of temporal sea height variability accord-
ing to altimetric measurements from satellite has
shown’333 that the centre of this South West Indian
Ocean sub-gyre exhibits anomalously high variability
values (viz. Figure 3.14). This strongly suggests the
passage of intense eddies through this region since no
intense, meandering currents are to be expected. As
mentioned above, such eddy features have been found
and have been studied in detail.

Oceanic eddies

The first major, distinct and well-formed deep-sea eddy
of this kind was observed over the northern Mozam-
bique Plateau, at about 28° S, between Maputo and
Durban (viz. Figure 1.2) during a cruise in 1977344,
This discovery led to a decade-long series of cruises
that have allowed Griindlingh to establish the locations,
dimensions, dynamic characteristics and drifts of many
of these deep-sea eddies®’ to a level of detail reached
for very few other parts of the Agulhas Current system
(viz. Figure 3.31).

The first observed cyclonic eddy®** had surface speeds
of up to 1 m/s, a diameter of about 100 km and a circular
transport lying somewhere between 6 and 18 x 10° m%/s
(Figure 3.32). It was characterised by an elevation of the
10 °C isotherm from a depth of 780 m outside the eddy
to 480 m at its centre. It furthermore exhibited clear
indications of an inverse cap of warmer water in the upper
250 m. Subsequent investigations***-%" have shown
eddies over all parts of the Mozambique Plateau, next
to it>®7 (see Figure 3.32) and in the adjacent northern
Natal Basin to the east of this plateau. Diameters have
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Figure 3.32. Some characteristics of a deep-sea eddy in the South West Indian Ocean?>. In the top panel the depth
of the 10 °C isotherm is given in decibar relative to the station distribution and the bathymetry. The temperature and
salinities measured on the near-zonal section from Durban through the eddy are portrayed in Figure 3.31. In the lower
panel the distribution of the volume transport is given for the same features relative to 1000 decibar, in units of 10° m%/s.
Stations used are shown. The transport around the eddy is the same as that observed for the Agulhas Current at the

same time.

varied around 300 km*>3-¢, Some were clearly circu-
lar’>3 while others were elliptical with minor axis 90 km
and major axis 240 km3%. Central elevations of the
10 °C isotherm varied (Figure 3.31) perhaps indicating
ageing of these features in eddies where the elevation
was smaller. An extreme depth difference between that
in the ambient waters (800 m) and in the eddy centre
(300 m)*>° was observed in 1982.

Not only cyclonic eddies, but also anti-cyclonic
eddies have been observed®® and although anti-
cyclonic eddies seem to be present less frequently3>>,

satellite altimetry>”’ indicates that they are more preva-

lent than previously thought. A detailed analysis®® of
a well-resolved feature has shown that these anti-
cyclonic deep-sea eddies may be at least 2000 m deep,
have life spans estimated at one to three years, a poten-
tial energy of 7.5 x 10" J and kinetic energy of
2.6 x 10'3 J in the upper 1000 m of their structure.

As discussed above, subsequent analyses®’ have
shown that these eddies may move predominantly
southward, along the eastern escarpment of the Mo-
zambique Plateau. They may have a tendency to move
westward towards the African coast only when they
have passed the southern termination of this plateau.
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Figure 3.33. A portrayal of the movement of eddies
through the Mozambique Channel and from east of
Madagascar. The left-hand panel shows the regions
of higher mesoscale variability in grey tones. These
values are from satellite altimetry%33. Dots and num-
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bers show the tracks along which anomalous sea surface heights have been measured and portrayed in the right-hand
panel. It is clear that anomalies can be followed both through the Mozambique Channel from north to south and from
the central Indian Ocean from east to west. Strangely, the two sources of disturbances seem to be synchronized; anoma-
lies from the east and from the north arriving at point 20, off the Natal Bight, at more or less the same time.

Origin of the deep-sea eddies

The source of these unexpectedly strong eddies in what
was previously thought to be a region of slow?!2, rather
invariant, anti-cyclonic motion as part of the subtropi-
cal gyre initially has led to considerable speculation.
Griindlingh®** has hypothesised that a confluence of
water from a South Madagascar Current and the
Agulhas/Mozambique Current might lead to such an
eddy. Later work3 has led to the concept of a Mozam-
bique Current, or parts of it, occasionally following the
eastern edge of the Mozambique Plateau to form a
Mozambique Ridge Current. This current would then
be responsible for spawning the rings. Measurements
across the eastern edge of the plateau®!-3® have sug-
gested substantial southward flow here, at least on oc-
casion, and models treating a Mozambique Current as
an inertial jet are not inconsistent with the concept of
a Mozambique Ridge Current. However, no further ob-
servations of this hypothesised current have been made.
Other possibilities that have been put forward include
rings shed from the retroflection of the East Madagas-
car Current to the south of Madagascar as well as cold
eddies shed from the Subtropical Convergence to the
south!3!, The existence of such cold eddies has been
well established®-3¢!, they have the correct character-
istics and it has been hypothesised that they could drift
northward in the time required not to lose their prime

characteristics. This ingenious suggestion turns out to
be wrong.

Satellite altimetry has shown?? that all anomalies of
the sea surface height field of the South West Indian
Ocean that may be cyclonic or anti-cyclonic eddies>®
move westward and southward. Studies of current vari-
ability??® suggest two possible sources (viz. Figure
3.14) for the deep-sea eddies in the Natal Valley. First,
in the region east or south of Madagascar meanders in
the intense East Madagascar Current may cause it to
shed rings. Along the coast of eastern Madagascar this
current is, however, expected to have a very stable tra-
jectory because of the shelf morphology. Since some of
the anomalies do seem to come from this region3%, this
poses serious conceptual problems. Second, altimetric
observations from the TOPEX/Poseidon mission show
a zone of high mesoscale variability extending along
25° S latitude eastwards from Madagascar. This may
hypothetically be the source of these intense eddies.

A third likely source would be the Mozambique
Channel. Intense and deep Mozambique eddies do
move poleward’?®733, but are almost exclusively anti-
cyclonic. At first glance this makes the Mozambique
Channel an unlikely source. Some cyclonic features
have nevertheless been observed to move southward in
the Mozambique Channel®” and also to escape from
the Delagoa Bight where a cyclonic lee eddy has been
frequently observed3®. No adequate and satisfactory
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Figure 3.34. The trajectories of a number of cyclones and anti-cyclones that form part of vortex dipoles generated
south-east of Madagascar. These circulation features were identified by their anomalous sea surface heights in

satellite altimetry®2,

answer to the origin of intense eddies in the Mozam-
bique Basin can therefore be given based on these
observations only. At long last, the judicious and
detailed analysis of anomalies in sea surface height has
made it possible to solve this conundrum (Figure 3.33)
satisfactorily.

Schouten et al.%>3 have demonstrated that deep-sea
eddies in the Mozambique Basin and in the Natal Val-
ley come both from the Mozambique Channel and from
the zonal band of disturbances that lies across the South
Indian Ocean at latitude 25° S. The influence of these
features will be discussed in more detail in a subsequent
chapter when dealing with the inter-ocean exchange of
waters south of Africa. Important to note here is that
both sets of eddies in Figure 3.33 consist of anti-
cyclones, whereas those found to date at the Mozam-
bique Plateau> were predominantly cyclonic. Further
analyses have suggested why this might be so. Anti-
cyclonic eddies passing the southern tip of Madagascar
seem to generate cyclones in the form of lee eddies®>?
and these then move together as a vortex pair. Another
ostensible source of such vortex dipoles would be an
East Madagascar Current that shot off into the Mozam-
bique Basin as a free jet, forcing counter-rotating eddies
on either side. Fact is, these vortex pairs seem to be an
inherent part of the circulation in this part of the South
West Indian Ocean®?. Their drift patterns seem indica-
tive (Figure 3.34). It would seem that anticyclones
avoid the direct vicinity of the East Madagascar Cur-
rent and then move westward in a somewhat circum-
scribed zone before moving parallel to the Agulhas
Current. By contrast cyclones on the whole seem to be
generated close to the Madagascarian shelf and take a
much wider range of subsequent trajectories in a west-
erly, south-westerly direction. There are indications that

the paths of both types of eddies are influenced by the
Mozambique Plateau, that lies at 35° E. In the Mozam-
bique Basin the eddy pairs behave quite irregularly,
with many of them splitting and interacting with other
eddies®?. There is evidence that the formation of such
dipole pairs is enhanced during the negative phases of
the Indian Ocean Dipole and of El Nifio cycles.

Intra-thermocline eddies

Some unusual eddies of another kind have also been
observed”?! in the South West Indian Ocean subgyre.
These are intra-thermocline eddies consisting of subsur-
face lenses of water with higher salinities than the am-
bient water masses (Figure 3.35). Such features have
been found east of Madagascar. There cores lay at a
depth of 200 m, they were about 200 km in diameter
and about 150 m thick. Their azimuthal speeds were
between 20 cm/s and 30 cm/s. They exhibited a sub-
surface salinity maximum of over 35.8 at a potential
temperature between 18° and 22° C; hydrographic char-
acteristics that suggests that they are formed in the sub-
tropical southern Indian Ocean east of 90° E where
Subtropical Underwater subducts.

Synopsis

From a perusal of the existing literature on the subject,
and an analysis of all existing data, it becomes imme-
diately clear that the sources of the Agulhas Current are
complex and as yet poorly quantified. The main reason
for this ignorance is not hard to find: a serious lack of
pertinent data, particularly in the most crucial geo-
graphic regions.

The most acceptable conclusion one may currently
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Figure 3.35. Subsurface lenses in the seasonal thermocline to the east of Madagascar’>!. These two vertical salinity
sections show anomalous water masses (grey shades) of relatively high salinity centered at depths of about 200 m.

make on the sources of the Agulhas Current is that it is
largely fed by recirculation in a South West Indian
Ocean sub-gyre. The dimensions of this sub-gyre are
zonally limited to the region between the African con-
tinent and 70° E and meridionally restricted roughly to
the region south of Madagascar. This largely excludes
a major contribution to the Agulhas Current from the
southern branch of the East Madagascar Current as well
as from the Mozambique Channel. The circulation in
this channel as a whole remains clouded in a fair degree
of ignorance.

The visualisation of a continuous, persistent Mozam-
bique Current as an immediate precursor to the Agulhas
Current is a concept that has been firmly held for a long
time, but has now been shown to be wrong. Instead the
major part of the flow through the Mozambique Chan-
nel is in the form of a train of anti-cyclonic eddies.
There seems little doubt that the overall contribution to
the flux of the Agulhas Current that thus derives from
the Mozambique Channel is relatively small. The flow
in the rest of the Channel seems to be weak and vari-
able. A band of high flow variability on the western side
of the channel demarcates the corridor along which the
Mozambique eddies drift southward. Our current
understanding of the East Madagascar Current is based

on far fewer measurements.

The southern limb of this current seems to represent
a miniature western boundary current; fast, narrow and
stable. Most current information indicates that at the
southern end of Madagascar this current retroflects,
with most of its water passing eastwards into the inte-
rior of the South Indian gyre. A free jet impinging the
waters south of the Mozambique Channel remains
another possibility. Rings and vortex dipoles seem to be
shed at this termination of the East Madagascar Current
and these may subsequently move towards the Agulhas
Current.

Both the Mozambique Channel as well as the region
east of Madagascar are thus sources of mesoscale vari-
ability in the form of intense cyclonic and anti-cyclonic
eddies. It seems that this unexpected high level of flow
variability in a subtropical gyre is the ultimate conse-
quence of the obstructing presence of the island of
Madagascar and of perturbations generated in the North
Indian Ocean. The oceanic region off the northern
Agulhas Current is thus characterised by enhanced vari-
ability. This is somewhat incongruous, since the north-
ern Agulhas Current itself is noted for its high degree
of stability.
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The northern Agulhas Current

The Agulhas Current along the east coast of southern
Africa can be considered to be fully constituted some-
where south of Ponto do Ouro, on the border between
South Africa and Mozambique. The characteristics of
the current downstream from here are such as to allow
an indisputable partitioning into a northern and a south-
ern part.

The northern part consists of the upstream section
where the current flows along a narrow shelf with a
steep shelf slope and where the current trajectory, as a
rule, shows little variation. Along this nearly rectilinear
path the current grows downstream in both size and
strength. At the latitude of Port Elizabeth the continen-
tal shelf starts to become much wider, forming the
broad Agulhas Bank south of Africa (Figure 1.2). The
behaviour of the Agulhas Current also starts changing
dramatically here with large lateral meanders forming
part of the usual current trajectory downstream from
this point. The northern Agulhas Current therefore has
rather specific generic boundaries; one at about 27° S
in the north, the southern one at about 34° S latitude.
These two boundaries are entirely defined by the kin-
ematics of the current.

Kinematics of the northern Agulhas Current

A detailed study of the kinetic energy of the mean flow
for the world’s oceans as well as the kinetic energy for
the variability, or eddy kinetic energy, shows3®* some
remarkable expressions for the northern Agulhas Cur-
rent. In fact, the distribution of these kinetic energies is
quite exceptional for the whole Agulhas Current system
(Figure 4.1). Mean kinetic energy is high in both
branches of the East Madagascar Current and along the
western side of the Mozambique Channel. The north-
ern Agulhas Current has an even higher value,
500 cm?/s?, that terminates at the border with the south-
ern Agulhas. The high eddy kinetic energy distribution,
by contrast, continues well into the southern Agulhas
Current and beyond, indicating the greater mean veloc-
ity as well as the greater flow stability of the northern

Agulhas Current. This somewhat coarse portrayal is
considerably improved in other data sets.

Altimetric data show a very similar pattern of kinetic
variability3?3-333 with high values in the western half of
the Mozambique Channel, south of Madagascar, in the
Agulhas retroflection’>=33 and in the Agulhas Return
Current (viz. Figure 3.14). The northern Agulhas Cur-
rent by comparison exhibits very little variability. The
high mean kinetic energy distribution is also very
apparent in all other analyses of surface speeds. Ob-
servations of ships’ drift exceeding 2 m/s are concen-
trated in the northern Agulhas Current?®® with very few
such speeds found either up- or downstream. From all
these sets of averaged data it would therefore seem
established that the northern Agulhas Current has an
exceptionally high mean speed and energy, but little
variability, including seasonal variability.

Seasonal variability in current speed

The lack of seasonal variability in the surface move-
ment of the northern Agulhas Current has been docu-
mented in considerable detail by Pearce?*? and
Griindlingh®®. Previous analyses of ships’ drift??0-!
have suggested that the South Equatorial Current is
strongest in the austral winter and that its offshoots
exhibit a similar maximum in speeds, but with appro-
priate time lags. The East African Coastal Current was
found to have a maximum velocity in June; the Mozam-
bique and Agulhas Currents a smaller peak in July?*!.
Results from global current models with high spatial
resolution3?’ similarly indicate seasonality in the South
Equatorial Current and in a Mozambique Current, but
none in the Agulhas Current. In the abovementioned
analyses of ships’ drift the Agulhas Current was invari-
ably represented by rather large geographic areas.
Defining the Agulhas Current instead as only that part
of the flow that constitutes a southward jet with speeds
exceeding 1 m/s, these data have subsequently been
reanalysed?*2.

These latter results show that the surface speeds in
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Figure 4.1. The kinetic energy per unit mass of the mean flow (upper panel) and the eddy kinetic energy per unit
mass (lower panel) for the greater Agulhas Current system. These results are based on an analysis of surface drift

currents363

measured from merchant ships from 1900 to 1972. Averages for 5° latitude by 5° longitude blocks were

used. Units are cm?/s%. The overall area of high mean — as well as eddy — kinetic energy for this system far exceeds

that of any other western boundary current.

the Agulhas Current exhibit no clear seasonal variations
(Figure 4.2). Mean speeds lie between 1.4 m/s and
1.6 m/s, whereas the peak speed from individual months
is about 2.6 m/s. The latter variable shows more vari-
ability, but also with no clear seasonal signal. These
results have been supported by!7# direct current meas-
urements in the northern Agulhas Current?2. The
annual mean for these was 1.5 m/s, with monthly stand-
ard deviations of 0.5 m/s. Once again, no distinct sea-
sonal trend is evident. At first glance this seems an
unexpected result, since one would expect the dominant
monsoonal signal of the North and Equatorial Indian
Ocean to penetrate at least to the northern part of the
Agulhas Current, as has been suggested by Barlow in
the 1930528829,

However, accurate measurements in the southern leg
of the East Madagascar Current?”7 have found no sea-
sonal variability in this current either while, as was seen
previously, the flow in the Mozambique Channel exhib-
its such large variations’®2% that no clear seasonal
pattern could as yet be established here at all’33. The

strong seasonality in the monsoonal wind regime there-
fore seems to be restricted to the northern Indian
Ocean®??, If the Agulhas Current is driven predomi-
nantly by the Sverdrup relationship of the zonally in-
tegrated wind stress curl across the South Indian Ocean
basin, the more seasonally stable wind regime over this
southern basin would be the main factor in maintaining
a steady flow in the current throughout the calendar
year. This would furthermore suggest that the connec-
tion between the Agulhas Current and the monsoonal
regime near the equator is weak, a conclusion also
reached in the discussion of the sources of the Agulhas
Current in the previous chapter.

Path stability

Even though there may therefore be little seasonality in
the speeds of the northern Agulhas Current, as estab-
lished from these more detailed surface measurements,
this steady current could still meander in an irregular
fashion, thus bringing about high variability. The fact
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that this is a region of low variability therefore implies
that the current does not meander. This path stability
inferred from ships’ drift and altimetric data therefore
needs to be confirmed. This has been done admirably
by Griindlingh3®. Based on 237 hydrographic sections
across the current core between Cape St Lucia and Port
Elizabeth (Figure 4.3) it has been established that on
average the current meanders less than 15 km to either
side.

The position where the 15 °C isotherm within the

26° 28°

mean

northern Agulhas Current intersected the 200 m isobath
was used as representing the core of the current in this
investigation, although measurements indicate3® that
the highest current speeds at the sea surface may usu-
ally be found 20 km shorewards of this indicator. These
results were based on a substantial number of hydro-
graphic sections carried out across the current at each
position (Figure 4.3). Their number varied between 16
and 41, giving a high level of statistical reliability to the
conclusions reached. However, these results represent

30°

28°

30°

32°

34°E

Figure 4.3. The geographic location of the core of the northern Agulhas Current based on a large number of hydrographic
sections®®. The current core is denoted by the heavy line and overlies the slope of the continental shelf, circumscribed by
the bunching of isobaths in the figure. Standard deviations in the location of the current core are shown by error bars at nine

positions.
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Figure 4.4. The vertical and horizontal struc-
ture of the northern Agulhas Current from
direct current measurements’>. This section
was carried out on 22 October 1966 down-
stream of Durban from the vessel Fraay.

only 77 per cent of the crossings of the current.
On 22 per cent of the crossings, the current could in
fact not be found within 100 km of the coast! Current
meter moorings placed at 32° S, where the Agulhas
Current lies close to the coast’®”740 have confirmed
that for 80% of the time the current is to be found within
30 km from the coast. The rest of the time it is not in
this usual location. This intriguing occasional absence
of the current from its normal location will be dealt with
in detail in a later section.

Stabilising influences

The strongly invariant trajectory of the northern Agul-
has Current is very unlike that found in comparable
western boundary currents such as the Gulf Stream!%?
and the Kuroshio!!?. These currents are known to
exhibit substantial sideways meanders. The path con-
sistency of the northern Agulhas Current is most likely
due to the highly stabilising effect®’ of the strong
incline in the continental slope and its nearly linear
downstream disposition (viz. Figure 4.3). Modelling the
Agulhas Current as an inertial jet'>” has shown the ten-
dency of the current to remain close to the shelf edge.
Most other modelling efforts to date?0>?73277 have also
simulated the current close to the shelf edge, but prob-
ably do not have the spatial resolution adequately to
portray meanders if they were to be inherent in the
models’ physics. In order to be so stabilised by the shelf
slope, the northern Agulhas Current must have vertical
dimensions of sufficient extent.

Vertical extent of the current

An instructive portrayal of the quasi-two-dimensional
structure of the current is given in Figure 4.4. The
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highest surface speeds
were observed about 25 km
offshore, over the shelf edge. On most occasions the
maximum velocity may be found at an offshore dis-
tance of only 15 km®®. An inshore counter current is
evident in Figure 4.4, but at the time this was not con-
sidered a permanent feature®®*. Whereas the inshore
current edge is sharp and prominent, the offshore
boundary is less so and was probably not fully resolved
on this occasion, giving a width of only about 60 km for
the current as a whole. Flow speeds below 1000 m were
estimated. Overall, this portrayal may be considered to
be fairly representative, particularly over the top
500 m3%,

More modern data, with much higher spatial and
temporal resolution, have modified this portrayal, but
also added some important new features. Using three
acoustic current profiling techniques it has been
shown3%® that south of Durban the core of the Agulhas
Current lies about 20 km offshore, is 90 km wide
between the 0.50 m/s isotachs*®” and that the current
here penetrates to a depth of 2500 m (Figure 4.5). On
average the current’s influence extends to a distance of
203 km offshore’°, A maximum surface speed of
1.7 m/s was observed. There was a slope in the current
core so that at 900 m depth the highest velocities were
found 65 km offshore. It has furthermore been shown>¢’

90
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Figure 4.5. Velocity section across the northern Agulhas Current at Port Edward, south of Durban, in February 1995. These
measurements were made with an acoustic Doppler current profiler’**-8. Solid lines indicate movement in a south-westerly
direction. Broken lines denote motion in a north-easterly direction. They give the first unambiguous evidence for an Agulhas
undercurrent, located at a depth of 1200 m along the shelf slope.

that below 200 m the baroclinic structure of the
Agulhas Current is in essence geostrophic. As could be
expected, these dimensions are not invariant. A com-
parison of three velocity sections across the Agulhas
Current’3¥ has shown that on some occasions the cur-
rent at 32° S extends to the bottom, on other occasions
only to a depth of 2300 m. The detailed current obser-
vations gathered over a period longer than a year’4
have also shown that over the full depth of the current
alongshore velocity variability exhibits time scales of
10.2 days and time scales of 5.4 days for transverse
velocity variations.

Most important, Beal and Bryden3¢® have presented
the first clear evidence for an undercurrent against the
continental slope, at a depth of about 1200 m, directly
under the surface core of the Agulhas Current. Its vol-

ume flux is about 6 x 10° m3/s, consisting for some part
of modified Red Sea Water3%0738  QOver a longer
period’#0 this equatorward transport was measured at
4.2 x 10°m?/s. The undercurrent is a noticeable feature
of some numerical models’% that show it at a depth
between 300 m and 2500 m at the latitude of Port Eliza-
beth. Simulated velocities peak at 0.20 m/s. This
Agulhas undercurrent is in many respects analogous to
that found below the Gulf Stream3®*-70 and the
Kuroshio!'7-37! and exhibits speeds of up to 0.3 m/s.

Having thus established that the northern Agulhas
Current is in all respects very stable and that it is suffi-
ciently deep to have this lateral stability induced by the
shelf slope morphology, we look now at what is known
about the kinematic characteristics of the upper layers
of the current.
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Kinematic characteristics of the surface layers

Pearce®® has reported on the main results of a major
research programme to study the upper layer of the
northern Agulhas Current at Richards Bay, just south
of Cape St Lucia, at Durban and at Port Edward (viz.
Figure 4.3), and has clearly circumscribed the kin-
ematic characteristics of the current in this region.
These are given in Table 4.1. Although considerable

inshore and offshore movements were evident over
short periods (Figure 4.6), a number of consistent char-
acteristics are nonetheless evident®>.

The northern Agulhas Current consists of three dis-
tinguishable cores in its upper layers. First, there is an
inshore boundary region of relatively high thermal and
velocity gradients, roughly 7 km wide, up to the 1 m/s
isotach. A tendency for converging flow, towards the
current core, has been observed in this boundary region.

The high-velocity core of the Agulhas Current lies close to
the continental shelf edge and is occasionally observed tolie
even partially above the outer shelf. This has some unusual
and interesting consequences for the sediments on this shelf
regiomn.

Along the whole northern Agulhas Current, from Ponto
do Ouro to Algoa Bay, the sediment bedforms on the shelf
include extensive dunefields wherever the water is deeper
than 50 m. Flemming? " has shown that these dunes may be
up to 8 m high, usually lie about 200 m apart and migrate
steadily downstream. Dune fields may extend up to 20 kim
without interruption. These bedforms imply a water speed of
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at least 1.3 m/s. It is thought that this conveyor belt of sand
is interrupted by submarine canyons that intercise the shelf,
thus prezenting preferred supply channels for sediment fans
that line the continental slopes. Sedimentary processes on
the outer shelf off south-eastern Africa are therefore totally
dominated by the activity of the Agulhas Current®’?,

The discovery of these dune fields was the first docu-
mented example of large-scale sediment transport by ocean
currents®’2. It is the high velocity of the current and the
narrow shelf over which it occasionally transgresses (seee.g.
Figure 4.8) that make thiz phenomenon so clearly discern-
ible here.
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Table 4.1. Kinematic characteristics of the upper layers of the Agulhas Current off Durban3%4,

Mean Standard Deviation Maximum
Peak speed in current core (m/s) 1.36 0.30 2.45
Current core offshore distance (km) 52 14 30
Distance offshore 0.5 m/s (km) 35 14 10
Distance offshore 1.0 m/s (km) 42 14 25
Core width, between 1.0 m/s isotachs (km) 34 15 10
Distance offshore temperature maximum (km) 58 20 35
Distance offshore 15 °C/200 m intersection (km) 50 15 25
Distance offshore 35.35 salinity/200 m (km) 47 13 23
Stations
| | | | | | |
Temperature
T+ 22 .. .
2 {'Sallnlty 38.5
A--Xo. ¥ Ay . Re =
11 ot TTTTETA et Lo Sl ~£85.4
PPar 23 July 1973 ~ 7
ol 20 - <+ Current 353
« __ — -
4l 221 35.5
14 o Al f A =TIk °35.4
~ 24 July 1973
04 20 ~ e —-— 35.3
Q
E a1l oop 355
5
s ~ 11 211 £35.4
ag =z
§o 01 20 36.3 <
23 n
€T 4
o5 -1+ oo 35.5
52
o £
0@ 1+ 211 (35.4
o
@
(o)) 04 20 35.3
c
o
< 11
14 2o 35.5
..................... \
14 21 At T T T Ty 35.4
27 July 1973
ol 20 35.3
14
| | | | | | | | |

0O 10 20 30 40 50 60 70 80 90 100
Distance offshore (km)

Figure 4.6. Sea surface characteristics of the northern Agulhas Current over a period of five consecutive days®%. These
measurements were made off Durban and demonstrate the variability to be expected in the surface layers of the current.
Temperatures and salinities were from 2 m deep and the current velocities parallel to the coast and integrated over the top
100 m (viz. Figure 4.4).
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Figure 4.7. A profile of the speed across the Agulhas Current at Port Edward at a depth of roughly 100 m from a
ship-mounted acoustic Doppler current profiler’#°. This trace is characteristic for all depths to at least 300 m. The core
of highest current speed is at the shoreward edge of the current, about 20 km from the shore.

Individual horizontal temperature gradients may be as
high as 1 °C/km at the sea surface, but no consistent
salinity gradient is associated with this region (Figure
4.6). The second distinguishable strip is the current core
itself where speeds exceeding 1 m/s are found. Its mean
width is 34 km (Table 4.1). Peak speeds, averaged over
the top 100 m, of 2.45 m/s have been measured?® in
this core. This agrees with advecting speeds observed
with free-floating drifters3’4. The third current strip is
the anti-cyclonic shear zone seaward of the current
core. In this region the horizontal gradients of tempera-
ture and current velocity are much less than in the land-
ward border strip (viz. Figure 4.6). The horizontal
distance between the 0.5 m/s isotachs in the surface lay-
ers of the northern Agulhas Current is about 100 km,
which may be considered its width.

A major study of the structure of the northern
Agulhas Current using current meter moorings3¢7-738
has given the best information to date of the average
velocity structure across the current’*? (Figure 4.7).
Close inshore (10 km offshore) the alongshore speed
was about 0.2 m/s at a depth of about 100 m. The peak
velocity of 1.4 m/s was found about 20 km offshore.
The difference in the peak speed at a depth of 100 m
and at 10 m was substantial. At a distance of 200 km
offshore the last vestiges of the current had disappeared.
Attempts have been made’ to understand this
observed velocity profile in terms of geostrophic bal-

ance and simple ideas of eddy viscosity. Standard theo-
ries have difficulty to reproduce the large shear near the
coast and the slow decay of the current offshore. This
profile could only be reproduced using a viscosity that
varies linearly with distance from the coast.

How representative are the abovementioned portray-
als for the full length of the northern Agulhas Current?
Based on repeated measurements made at Richards
Bay, Durban and Port Edward®® the values given in
Table 4.1 may be considered an accurate portrayal of
the full extent of the current, within the short-term vari-
ability evident in Figure 4.6. The vertical current
structure of the current in the upper layers is very com-
parable at the three sites used by Pearce?®® with one,
notable, exception. The current core at Richards Bay
and at Port Edward lies much closer to the shelf edge
(Figure 4.8) than at Durban.

The flow over the shelf is always with the Agulhas
Current at the former two sites, whereas at Durban the
inshore flow is, on average, a counter current (e.g. Fig-
ure 4.4). In the subsurface thermohaline structure this
flow is represented by a dome of cold water below
200 m, and about 30 km offshore, suggesting a trapped
lee-eddy downstream of the wider shelf of the Natal
Bight between Cape St Lucia and Durban (viz. Figure
4.3). The movements over the shelf regions adjacent to
the northern Agulhas Current are discussed more fully
in a special section below.
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Figure 4.8. Vertical sections across the northern Agulhas Current at Richards Bay, at Durban and at Port Edward
for temperature, salinity, density (sigma-t) and the current speed parallel to the coast’®>. A dome of colder, saltier water
about 30 km offshore from Durban is reflected in the inshore counter-flow indicated by the hatched region in the lowest
panel for Durban. These section portrayals represent averages based on between 8 and 45 individual hydrographic

sections each.

Short term surface changes

Having stressed the characteristic stability of the path
of the northern Agulhas Current, the shifts in the ther-
mal front at the sea surface that are evident in daily por-
trayals of surface characteristics (Figure 4.6) come as
a bit of a surprise. However, when the location of the
core of the flow, as represented by the intersection of
the 15 °C isotherm and the 200 m isobath, for sections
from Durban (Table 4.1) is inspected®’*, it is clear that
the current core does not meander here by more than
15 km to either side either. However, the variability at

the sea surface is greater, but the thermal front here is
not always strongly correlated with the peak in along-
shore velocity (Figure 4.6). This has also been found off
Richards Bay?7,

An investigation using airborne radiation therm-
ometry as well as current measurements along the edge
of the northern Agulhas Current at Richards Bay has
shown that there is considerable variability in the loca-
tion of the surface thermal front as well as in the cur-
rent directions. Current reversals 6 km off Richards Bay
were observed repeatedly. The frequency of these
events is very similar to the small meanders encoun-
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Figure 4.9. The surface thermal expression of the northern Agulhas Current as portrayed in satellite imagery of the
thermal infrared radiance. This image is for 26 August 1985 from the NOAA 9 satellite. The rectilinear shoreward
boundary of the Agulhas Current as well as cyclonic sheer-edge features over the Natal Bight, upstream of Durban,

are clearly visible.

tered at Durban®®. In both cases attempts have been
made to correlate this frontal behaviour with local
winds or with the passage of coastal low-pressure cells
in the atmosphere3©3375, Attempts at finding such cor-
relations?!¢, with different time lags, have not met with
any statistical success. Satellite thermal infrared
imagery suggests why this may be the case.

The strong thermal contrast between the warm
waters of the northern Agulhas Current and the cooler
shelf water makes this system ideal for investigation by
satellite images in the thermal infrared. A cloud-free
image for 26 August 1985 (Figure 4.9) shows that
where the shelf is narrow the development of shear-
edge features such as eddies and warm water plumes®®
is suppressed, while in the wider Natal Bight, north of
Durban, such features are permitted to grow. These
shear-edge eddies seem to form a persistent part of the
inshore thermal front of the current at the Natal Bight?7®
and are also evident in satellite images of suspended
particulate matter’’. Although probably the major fac-
tor responsible for the observed variability at the cur-
rent’s edge between Cape St Lucia to south of Durban,
these shear edge or border features do not seem to grow

laterally to the extent that has been observed on the
Agulhas Bank®® or on the border of, for instance, the
Gulf Stream?”® or the Kuroshio®”°.

Having explored the small scale kinematics of the
surface layers of the northern Agulhas Current, their
variability and possible causes for this variability, we
now turn to more substantial kinematic characteristics
of the current.

Transport of the current

The most representative variable of a current’s kinemat-
ics may, arguably, be its mass transport since this vari-
able integrates the velocity in both the vertical and the
horizontal dimensions. Based on eight sections across
the current — one at Durban, six at Port Edward and one
at Cape St Lucia — Griindlingh®" has established a vol-
ume transport, extrapolated to the sea floor, of
72(+3) x 10° m3/s. Previous estimates have varied?%278
from 56 x 10° m%/s to 137 x 10° m%/s but have been
based on geostrophic calculations only. The measure-
ments by Griindlingh were based on geostrophic calcu-
lations down to 1000 m, but were matched at the sea
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Figure 4.10. Values of the volume transports of the northern Agulhas Current in the upper 1000 m3%° with standard
deviations. No clear seasonal pattern is evident. Circles denote averages based on calculated geostrophic flow relative
to 1000 decibar; dots the same, but matched with directly measured current velocities over the top 100 m of the water

column.

surface with directly measured current velocities.
Extrapolation was then done to the sea floor. The results
are shown in Figure 4.10. Standard deviations in the
mass flux of the current may be considered to be mod-
erate.

Subsequent observations using a set of acoustic
current profilers*®®740 have essentially confirmed this
result with an estimate of 73 x 10® m3/s at Port
Alfred?®, south of Durban. The average value over a
period of one year was 69.7(+4.3) x 10° m?/s. This
should be considered the best volume transport value
to date and clearly establishes the Agulhas Current as
the largest western boundary current on the globe. This
calculated value is lower than that given by some
others?*® (85 x 10° m3/s) because of the undercurrent
that has been resolved for the first time. Of some
importance would be an estimate of the volume fluxes
for the water mass components of the current. This is
given in Figure 4.11.

This diagram gives a representative portrayal of the
water masses to be expected in the Agulhas Current.
Both Tropical Surface Water and Subtropical Surface
Water are present. Tropical Surface Water is found
largely between the coast and 100 km offshore, whereas
Subtropical Surface Water is dominant beyond 100 km
offshore®’, Red Sea Water is located mostly on the
inshore side of the current with some evidence for its
presence between 50 and 100 km offshore. By contrast
the Antarctic Intermediate Waters are all found between
100 and 200 km from the coast. The cumulative trans-

ports substantiate that the offshore current edge lies at
about 200 km (Figure 4.11) at this location. At this dis-
tance from the coast the poleward transport of all water
masses has ceased. It has been shown#? that this pole-
ward transport in the upper 1000 m is largely compen-
sated by the northward mid-ocean transport in the
South Indian Ocean, plus the net evaporation, the
Ekman motion and the throughflow from the Pacific at
Indonesia. The curves also show that the maximum
transport for all water masses lies at the inshore edge
of the current, except for Antarctic Intermediate Water.
The surface and central waters carry by far the great-
est part of the transport. North Atlantic Deep Water
flows in the opposite direction to the main flow of the
Agulhas Current. The observations on which these
measurements are based have extended to the shelf
waters3¢7. This is important.

A substantial positive contribution to the former
values®’® for the volume transport of the Agulhas Cur-
rent has come from extrapolated near-surface velocities
over the continental shelf. This flux contribution from
the waters over the shelf is a perennial problem in these
type of calculations that has also been encountered by
Griindlingh when he attempted to establish the precise
seaward border of the current. As was noted above, this
border has been recognised as being indistinct®?. In his
study, measurements up to 150 km offshore were car-
ried out in each case. A number of interesting results
have emerged.
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Figure 4.11. A temperature—salinity diagram for the Agulhas Current®®” showing the boundaries for different water
masses being carried along (upper panel). They are: STSW, Subtropical Surface Water; TSW, Tropical Surface Water;
SICW, South Indian Central Water; RSW, Red Sea Water; AAIW, Antarctic Intermediate Water and NADW, North
Atlantic Deep Water. The lower panel gives the cumulative water volume transport across the width of the Agulhas
Current for each of these water masses. North Atlantic Deep Water is shown as having a net north-easterly transport.

Variability in the volume transport

First, there is no discernible seasonal variation in the
volume transport of the northern Agulhas Current (Fig-
ure 4.10). This therefore is in general agreement with
the results of analyses of surface currents?®” (Figure
4.2). Suggestions from altimetric studies?!® that the

subtropical gyre of the South Indian Ocean exhibits a
seasonal, wind-driven cycle could not be substantiated
with concurrent volume transport estimates. The latter
were all found to be close to the mean values. Never-
theless, careful modelling of the Agulhas Current
system?’! has shown?% that the transport of the current
should exhibit a substantial seasonal cycle that origi-
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The R.V. Meiring Naudé

Research on the northern Agulhas Current and, for that
matter, on the South West Indian Ocean as a whole, has for
a very large part been carried out from one specific research
vessel, the Meiring Naudé®"”.

This 31 m, 364 tonnes coastal research ship was built in
1967 to fill the growing need for an adequate research plat-
form by the CSIR (Council for Scientific and Industrial
Research, South Africa). A physical oceanography unit of
this body, situated at Durban, had been carrying out research
— concentrating mostly on marine pollution and coastal cir-
culation with rented vessels — but increasingly required a
dedicated research vessel.

Designed to carry out predominantly coastal investiga-
tions, she had a limited endurance, but was nonetheless used
for many deep-sea studies, even as far afield as Mauritius,
the Mozambique Channel and Saldanha Bay (north-west of
Cape Town). For the period in which she was designed and
built she was admirably equipped with echo sounders, sat-
ellite navigation, winches and hydraulic cranes and even
with — novel for the time — the ability to automatically bring

374 into a wet laboratory inside

a home-designed hydrosonde
the vessel.

For 20 years this dapper little vessel and its crew spent
an average of 145 days per year at sea’!”, logging more than
300 000 nautical miles in search of data for many different
marine disciplines and for the full spectrum of South Afri-
can ocean establishments. Her crew was a happy one, six
having served for more than 14 years; her captain,
C.A.E. Foulis, for her whole lifetime as a CSIR research
vessel. The greatest part of her activities was concentrated
in the northern Agulhas Current.

When the policy decision was taken in the late 1980s to
restructure the CSIR into a body concentrating exclusively
on applied contract research’??, the fate of the vessel was
sealed, and she was sold to private enterprise in 1989.
Named after a well-known and well-loved former president
of the CSIR, her name has been cropping up in the popular
media since for being involved in less dignified activities
than oceanic research.

nates in the Mozambique Channel. Changing seasonal
wind patterns could force more Tropical Surface Water
through the channel in austral winter, thus enhancing
the flow in the Agulhas Current. Although not incon-
sistent with currently available hydrographic data, no
evidence is at hand fully to substantiate this suggested
seasonality in the volume transport of the current.
Accurate results from current meter moorings>¢7738.740
have shown that the full volume transport of the north-
ern Agulhas Current does vary considerably, but not on
seasonal time scales. Transport values in the poleward
direction, over a period of a year’*’, varied between 121
and 9 x 10° m3/s. Comparisons of velocity sections
taken across the current at different times’3® — men-

tioned above — have shown that the current may extend
farther offshore on occasions and that its depth of ver-
tical penetration may also change considerably with
time.

A second interesting result of repeated sections
across the Agulhas Current?° is that the cross-current
profile of the volume transport per unit width has a
similar shape to that of surface current velocities (Fig-
ure 4.12). However, whereas the peak mean speed is
found about 15 km offshore, the highest volume trans-
port lies 40 km from the coast. Estimates?’® of the total
volume transport of the southern Agulhas Current give
values of 95 x 10° m%/s south of Port Elizabeth and
137 x 10° m%/s south of the continent, suggesting an
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Figure 4.12. The calibrated volume transport in the upper
1000 m of the northern Agulhas Current, the speed parallel
to the coast integrated over the top 100 m and a profile of the
sea bottom, as observed on 21 and 22 January 1976 off Port
Edward?®0.

increase of about 6 x 10° m%/s for each 100 km down-
stream. A detailed model of the greater Agulhas Cur-
rent system?’! has also suggested an increase of
24 x 10° m?/s over the length of the current. No other
measurements of volume transport in the northern
Agulhas Current are currently available accurately to
confirm this estimate, but there is other circumstantial
evidence in support.

Downstream flux increases

Analyses of hydrographic data, albeit a combination of
historic hydrographic data’8%101 or of individual
cruises’>213:354 ]l suggest a measure of recirculation in
a South West Indian Ocean sub-gyre (viz. Figure 3.30),
or at least a shoreward inflow of water into the north-
ern Agulhas Current along its flow path. The location of
this inflow varies considerably depending on the data or
data combinations used. Based on one of the most ex-
tensive cruises on the Agulhas Current undertaken®? to
date, it was established that on that occasion there was
a significant deep-sea contribution to the northern
Agulhas Current between Durban and East London. The
trajectories of two drifting weather buoys have also
shown such inflow at this location®’*. These individual
measurements may be misleading, but a statistically
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Figure 4.13. The downstream increase in the magnitude of the slope of the 15 °C isotherm, representing the core of the
Agulhas Current, between Cape St Lucia (0 km) to Port Elizabeth (900 km) 8. Standard deviation bars are given for each

geographic location shown in Figure 4.3.
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more reliable analysis supports the downstream increase
in intensity of the northern Agulhas Current.
Griindlingh® has established the downstream
increase of the slope of the 15 °C isotherm between
Cape St Lucia and Port Elizabeth (viz. Figure 4.3) based
on a large number of crossings of the current. He has
shown that there is an increase along this flow path with
a doubling, on average, of the slope over this distance
(Figure 4.13). This isotherm slope can be used roughly
as a proxy for core speed and transport, therefore
demonstrating unambiguously the downstream intensi-
fication of the current. Although the precise quantifica-
tion of the increase in downstream volume transport,
and its variations, are still outstanding, these results do
show that the downstream growth of the northern
Agulhas Current is a real and important part of its kin-
ematic characteristics. Such characteristics are repre-
sented by water masses and water types, and for the
northern Agulhas Current a considerable amount of in-
formation about this hydrography has been accumulated.

Hydrography of the northern Agulhas Current
Surface hydrography

The average temperature fields of the surface waters
along the east coast of southern Africa lie more-or-less
parallel to the coast, as would be expected on going
from a cooler shelf regime to a warm Agulhas Current.
The temperature of the surface water in the northern
Agulhas Current shows a decline of about 2 °C down-
stream along its full length, a gradient that persists
throughout the year’’. Maximum average temperatures
in the north are 28 °C in February; lowest are 23 °C in
July. Off Port Elizabeth, by comparison, they are 25 °C
in January; 21 °C in August’’. Salinities at the sea sur-
face are on average 35.3 along and over the shelf and
up to 35.5 in the northern Agulhas Current itself’>, no
distinct annual signal being evident.

The water masses of the northern Agulhas Current
are naturally part and parcel of those found in the wider

One of the perennially beguiling aspects of the Agulhas Cur-
rent is represented by the many anecdotal reports of “freak”
or “monster” waves that are thought to form an inherent part
of the current’s characteristics. Local newspapers are replete
with reports of large vessels having been severely damaged,
having had their bows removed or even having sunk after a
chance encounter with such a “monster” wave. Analyses of
the locations where ships had reported extensive damage due
to such waves!’! show that they were all steaming down-
stream on the inshore edge of the Agulhas Current.

In a seminal study, using wave records taken from a
research vessel at sea, Schumann!7? was able to demonstrate
that a dramatic increase in wave energy can result if a wave
group encounters an opposing Agulhas Current. Waves gen-
erated at atmospheric low-pressure systems to the south-west
of Africa may be refracted into the core of the current, thus
further enhancing the local wave energy. In general a sub-
stantial part of the wave climate off this coastline**® derives
from the south-west, and the exact subsequent amplification
of the heights of these waves is dependent on the location
and disposition of the Agulhas Current, its retroflection and
even Agulhas rings*®.

With the advent of remote sensing from space the over-
all relationship between surface waves and the Agulhas
Current system could be studied much more efficaciously!”3.
Griindlingh has extensively used satellite altimetry’® to study
the wave climate around southern Africa’!. He has shown
that up to 17 per cent of the wave profiles in his investiga-
tion that had come from the south-east showed amplification
of more than 40 per cent in the Agulhas Current!”>, relative
to the background wave height. The origin of these waves in
storm pressure systems in the Southern Ocean has also been

The Agulhas Current and “monster’” waves

clearly established!”*. The inverse of the wave amplification
of south-westerly swells in the Agulhas Current has also
been demonstrated using altimetric data. North-easterly
swells have their amplitudes attenuated in the Agulhas
Current*!? as have westerly swells in the eastward flowing
Agulhas Return Current!”.

The probability, although low, of encountering a poten-
tially damaging wave in the Agulhas Current system is there-
fore largely predictable and the South African Weather
Bureau have used this determinacy to broadcast wave
warnings on its regular weather reports for shipping.
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South Indian Ocean that have been discussed in the pre-
vious two chapters and mentioned above where their
individual contributions to the volume fluxes have been
given (Figure 4.11). To summarise here, the Agulhas
Current system would be expected to include Tropical
Surface Water (<35.0 salinity), derived from the South
Equatorial Current’>, Subtropical Surface Water (>35.5
salinity, 25.8 sigma-t) associated with a subsurface sa-
linity maximum at about 200 m depth, South Indian
Intermediate Water (<35.6 salinity, 4 °C to 6 °C tem-
perature and Red Sea Water (>34.7, 27.2 sigma-t). All
these would overlie the North Atlantic Deep Water and
the Antarctic Bottom Water. The mixture between Sur-
face Water and Intermediate Water is called Central
Water and usually forms a linear region in temperature—
salinity space between the former two. The presence
and characteristics of most of these water types is evi-
dent from a portrayal of the temperature—salinity enve-
lope based on about 360 hydrographic stations taken in
the northern Agulhas Current’®® (Figure 4.14).

At depths shallower than 100 m there is a distinct
warming during the summer months and a decrease in
salinity, with great interannual variations. The latter
may sometimes be associated with a greater river run-

off along this coast®®!, or possibly with an increase in
inflow of Tropical Surface Water (Figure 4.14). Over
the adjacent shelf, seasonal heating to a depth of 50 m
has been observed38!, from a minimum of 21 °C to
26 °C in February. The surface waters of the northern
Agulhas Current may therefore be considered to be a
mixture of Tropical and Subtropical Surface Water with
purer Subtropical Surface Water intruding as a high-
salinity tongue into the Agulhas Current at depths of
150 to 200 m3%. This is particularly clear in the aver-
age salinity portrayals of Figure 4.8.

The upper limit of Central Water may be considered
to be the point 14 °C, 35.3 salinity, with a sigma-t of
26.4. This surface lies at 350 m depth seaward of the
northern Agulhas Current and rises to 150 m near the
coast. Across the northern Agulhas Current itself there
is evidence for separate strips of distinctly different
water masses®2. Along the coastal edge of the current
a mixed surface water of moderately low salinity
(<35.3) may usually be found. Some investigators®®7>
have considered this to be a sign of the presence of
Tropical Surface Water, with a separate source in the
poleward flow in the Mozambique Channel®?. The re-
duced salinity might also possibly be due to mixing
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Figure 4.14. The temperature—salinity characteristics of the northern Agulhas Current up to 100 km offshore of Durban3¢>.
The envelope encloses about 3600 measurements at hydrographic stations occupied from October 1972 to March 1974. The

domains of core water types are indicated.
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with run-off water from rivers that are found over the
shelf. There are, however, further suggestions that this
inshore water is associated with a shallow oxygen mini-
mum?3’, These measurements would tend to support
the argument for a Tropical Surface Water origin for
this low-salinity strip of water.

At a temperature of 17 °C, which corresponds
roughly with the core of Subtropical Surface Water?!5,
a thermostad has been observed, i.e. a layer of unusual
vertical extent with a small temperature range. It has
been suggested?*’ that since thermostads at this tem-
perature are formed by convection in the Agulhas retro-
flection region??, farther downstream, this water in the
northern Agulhas Current may originate at the retro-
flection and be recycled in the South West Indian
Ocean sub-gyre. It is evident in published hydrographic
sections?’®for many parts of this basin, more clearly in
some than in others?*,

Subsurface hydrography

Additional measurements across the northern Agulhas
Current, but to greater depths?*°, show (Figure 4.15,
viz. also Figure 4.11) the clear linear extent of the South

Indian Central Water and also the presence of both Ant-
arctic Intermediate Water and Red Sea Water at inter-
mediate depths. The presence of Red Sea Water in the
northern Agulhas Current should come as no surprise
as evidence for intrusions of Red Sea Water into the
Mozambique Basin has been presented previously?
and traces of this water can be followed downstream in
the Agulhas Current?3°,

In general the subsurface temperature—salinity char-
acteristics of the northern Agulhas Current change very
little with distance downstream?'>, South Indian Inter-
mediate Water may be found throughout the northern
Agulhas Current region, but at the latitude of Port Eliza-
beth the salinity minimum associated with this water
may be found between 1000 m and 2000 m, as well as
between 200 m and 1000 m, whereas farther upstream
it occurs only between 100 m and 2000 m?'3, Otherwise
few changes except in surface temperature are obvious.

Circulation on the continental shelf

As can clearly be seen in the disposition of isobaths
portrayed in Figure 4.3, the continental shelf along
which the northern Agulhas Current flows may be
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Figure 4.15. The temperature—salinity characteristics?°

of the northern Agulhas Current up to 450 km offshore, from Durban

to Port Elizabeth, and to a depth of 2000 m. Distinctly different water types are evident both at the sea surface and at
intermediate depths. SICW is South Indian Central Water; AAIW Antarctic Intermediate Water.
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Figure 4.16. Current measurements from on board ship on lines of stations off Durban and Port Edward3®*. Each
dot represents the head of a current vector based at the station position. Stations are marked with a large dot. Current
measurements were averaged over the top 100 m of the water column. Offshore the south-westward set of the Agulhas
Current is apparent; inshore at Durban the current direction is considerably more variable.

divided into two characteristic parts. The southern part,
about 75 per cent of the total, is narrow; usually only
about 15 km wide. It is found between a point just
downstream of Durban and a point just upstream of
Port Elizabeth. The other 25 per cent lies to the north,
in the Natal Bight, and is much wider, on average
50 km from the coast to the 200 m isobath. Research
coverage of this whole shelf region tends to be scattered
in both time and space. The circulation on the southern
part of this continental shelf will be discussed first.

Narrow shelf circulation

In Figure 4.8 the close proximity of the velocity core
of the Agulhas Current to the shelf edge can be seen
very clearly for the averaged section at Port Edward, in
the centre of the narrow section of the shelf. The mean
flow over the shelf here is southerly, in contrast to the
section off Durban3%. Schumann3®3 has carried out a
series of current measurements at Durban, Port Edward
and Richards Bay (viz. Figure 4.3). The currents on the
shelf at Port Edward in his results are at all times
strongly dominated by the Agulhas Current (e.g. Fig-
ure 4.16) and it exhibits low-frequency variations of
nine days or less. Local wind-forcing plays a relatively
minor role, as do tidal or inertial motions®**. Nonethe-
less, temperature variations of up to 5 °C in one day

were observed?®3, These may have been due to small
shear-edge eddies.

The stability of the shelf current at Port Edward,
particularly when compared to the inshore currents
measured at Durban, is clearly evident in Figure 4.16.
Movement in the very surface layers, i.e. top few
metres, is naturally much more variable38, being driven
almost exclusively by the stress of the reigning winds,
which may include a considerable land—sea breeze380-7.
Sediment bedforms show?7? that the dominant direction
of water movement along the bottom of the water col-
umn over the shelf is with the current and has been
deduced to be in excess of 1 m/s in general. Strong
counter currents along the bottom have been inferred®s8
for that part of the continental shelf 70 km southward
from Durban, consistent with the existence of the
abovementioned Durban lee eddy.

Clearly there are insufficient measurements
particularly of sufficient duration, to make any substan-
tial conclusions about the circulation over the whole
continental shelf between Durban and Port Elizabeth.
Nevertheless, it would probably not be too rash to
expect the stable, Agulhas Current-dominated flows at
Port Edward adequately to represent the flow along this
whole, morphologically very comparable, coastline.
The circulatory behaviour over the wider shelf to the
north is very different.

811,812
b
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Circulation in the Natal Bight

The circulation between Cape St Lucia and a point
somewhere downstream of Durban, enclosing the
whole Natal Bight, consists of at least four flow features
that are not evident over the shelf farther downstream.
They consist of a kinematically driven upwelling cell
along the northern Natal Bight!%3, a general cyclonic
circulation in the Natal Bight?”?, a persistent lee eddy
downstream of Durban®** and enhanced shear-edge
features of the northern Agulhas Current at the shelf
edge of the bight. Each of these will be dealt with in
turn; first, the upwelling cell.

The St Lucia upwelling cell

The coastal region between Cape St Lucia and Richards
Bay has long been known for its relatively low sea-
surface temperatures’®2%+38!, From measurements with
airborne radiation thermometers a difference in the
mean sea surface temperature of 1.5 °C between Agul-
has Current core water and coastal water has been
observed®”, but in individual flights (e.g. Figure 4.17)
differences exceeding 5 °C have been measured. With
detailed observations during periods of high tempera-

ture contrasts, a clearly circumscribed cell of cold water
is evident (Figure 4.17) adjacent to the location where
the Agulhas Current passes the broadening shelf. The
salinity of this water is also lower than elsewhere on the
Natal Bight?. Further circumstantial evidence about
the nature of this cold-water cell is available.

It has been shown that there exists a negative gradi-
ent in nutrient concentrations offshore!®+3%1:801 of the
cell. This conclusion is supported by the distribution of
nutrients over the shelf of the Natal Bight acquired
during the only single research cruise that has covered
the full Natal Bight'®*, It shows (Figure 4.18) a strong
concentration in nitrate between Richards Bay and
Cape St Lucia. Abrupt changes in water temperature of
up to 8 °C on a time scale of days have been observed
here373392, Pearce has calculated3*° that the cold water
is present about 30 per cent of the time while others!®3
have estimated 78 per cent of the time. Plankton pro-
duction rates and biomass distribution in the area, fur-
thermore, are very patchy3®!, with high variability3*2.
The St Lucia upwelling cell has been invoked®* as a
replenishment source for certain epipelagic siphon-
ophore species the distribution of which otherwise
would be difficult to understand. In Figure 4.18 the
chlorophyll-a is seen to increase from the core of the

Figure 4.17. The distribution of sea surface temperatures over the Natal Bight and vicinity from airborne radiation ther-
mometry on 9 October 196837, The actual flight track is shown by thin, straight lines. The core of the northern Agulhas
Current is shown by 21 °C surface water; upwelled water in an upwelling cell off Richards Bay is 18 °C or less.
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Figure 4.18. The distribution of nitrate (in umol/kg) at a depth of 10 m over the Natal Bight as observed in July 1989'64
(left panel) and the simultaneous distribution of chlorophyll-a at the same depth (right-hand panel). The upwelling
cell off Cape St Lucia is clearly circumscribed by both variables. The continental shelf, as defined by the 200 m isobath,

is shaded.

upwelling cell southwards and then to decline. This
specific distribution is consistent with the delayed bio-
logical reaction in an active upwelling cell.

Satellite colour imagery!®? exhibits a high correla-
tion between cold water plumes and green plumes from
the Richards Bay region. Measurements of chlorophyll-
a over the whole bight area!®* show a cell of highest
values between Cape St Lucia and Richards Bay (viz.
Figure 4.18). All this suggests intermittent and intense,
localised upwelling. However, no correlation between
these upwelling events and potentially upwelling-
inducing winds has been found. This resembles closely
the conditions at a similar upwelling cell found at the
termination of the East Madagascar Current? that has
been described above.

It has therefore been concluded!%? that this upwelling
cell off St Lucia is kinematically driven by the Agulhas
Current where the shelf suddenly widens downstream.
Gill and Schumann'%” have demonstrated that, based on
theory, shelf topography can cause substantial changes
in the structure of a boundary current. A minimum in the
shelf width can cause outcropping of cold water near the
shore downstream of this point. Furthermore, Ekman
veering in the bottom boundary layer under a strong cur-
rent would tend to carry deeper water towards the sea
surface®?. Such Ekman veering has in fact been observed
to take place in the bottom 35 m under the Agulhas Cur-
rent’®* and may therefore contribute to the upwelling
process between Cape St Lucia and Richards Bay.

Cold water with its origin at the upwelling cell has
been observed as a cold inshore filament to the Agulhas
Current, even as far downstream as south of Durban!%3.
Cold, separated bodies of water from the upwelling
have also been observed on the shelf of the Natal
Bight*® where they form small cyclonic eddies (Fig-
ure 4.19) that may move southward past Durban. A
quasi-synoptic, vertical section along the central part of
the shelf shows how water rich in nutrients, upwelled
at Cape St Lucia, moves along the bottom of the shelf
to ventilate this layer (Figure 4.20). This cold, nutrient
rich water may have a noted influence on the biologi-
cal productivity of the Natal Bight and its endemic spe-
cies?®, a subject that requires further investigation.

Bottom shelf water

Of substantial interest in this regard is the seasonal
input of colder, saltier water of offshore origin onto the
bottom of the shelf of the Natal Bight in summer38!,
This water is probably Subtropical Surface Water from
a depth of 200 m and exhibits an inverse relation to the
heating from 21 °C to 26 °C in the upper 50 m of the
water column. This seasonal pattern of cold water on
the shelf has also been observed for the Agulhas
Bank?°, but remains unexplained in the Natal Bight.
The second circulatory characteristic of the water on the
Natal Bight is its general tendency for cyclonic motion.
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Figure 4.19. Sea surface temperatures observed in the Natal Bight on two consecutive days with an airborne radiation
thermometer3%”. Rectangular traces show the flight paths used. Small cyclonic eddies over the shelf and coastal

upwelling south of Cape St Lucia are evident.
Lateral circulation

The assumed average circulation over the shelf in the
Natal Bight is portrayed in Figure 4.21. This concep-
tual picture is regrettably based on very few data®®’.
Satellite imagery in the visual channels makes it pos-
sible to use the sediment outflows from rivers as trac-
ers into the bight. These also show?”’ a series of
cyclonic eddies.

It is significant that the marked influence of the
Agulhas Current on shelf sediments, wherever the shelf

Stations

is narrow372, has not been observed over the wider part
of the Natal Bight, but only at its north-eastern shelf
edge?®8, This implies that high water speeds are found
only there. Sediment dispersal and bedform patterns
generally support the concept of a few cyclonic
eddies’®®. Combined with the little other data avail-
able”® 32! and the logical likelihood that the influence
of the Agulhas Current would be to drive a lee eddy,
this portrayal (Figure 4.21) is therefore, in general
terms, not unlikely.

Plumes of warm Agulhas water have on occasion

200

Figure 4.20. A vertical section along the centre of the Natal Bight showing the distribution of nitrate in umol/l, facing east.
The nitrate-rich water upwelled onto the shelf at St Lucia (to the north) is advected along the bottom of the shelf waters.
The dome of higher nitrate values to the south of the shelf represents a recurrent eddy off Durban'®®.
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Figure 4.21. A conceptual portrayal of the likely flow distribution over the continental shelf of the Natal Bight?*7.
Isobaths are in metres. The circulation in the bight consists of cyclonic eddies and is contained between the offset in
the coastline and the Agulhas Current. The latter follows, roughly, the 200 m isobath.

been observed to flow north along the coast’’®, in gen-
eral agreement with this portrayal. Nevertheless, the
water over the shelf is so shallow that the influence of
the wind must be quite marked3*. The correlation
between the longshore winds and currents at about
16 m depth below the sea surface shows this quite
clearly’® (Figure 4.22). This is probably not the case for
the circulation directly downstream of Durban.

The Durban eddy

As was seen previously (e.g. Figure 4.8) a dome of
cold, less saline, water at depths below 250 m is regu-
larly present south-west of Durban’63%3, This feature is
reflected in a very persistent coastal counter current
(viz. Figures 4.4) and has not been found anywhere else
along this coastline. It has also been circumscribed

quite clearly by oil slicks caused by the break-up of an
oil tanker in 1968%%, and is the major, persistent com-
ponent of north-eastward flow throughout the water
column off Durban’®* (e.g. Figure 4.16). A combina-
tion of such current records and Lagrangian drifters
show this eddy quite effectively?®>. As has been noted
above, sand dunes in the bottom sediments*’?> show the
effects of a strong counter current here®® as well, the
only place where this has been observed along the flow
path of the northern Agulhas Current. Why should a
cyclonic vortex have such a recurrent presence here?
The portrayal of the trajectory of the northern
Agulhas Current (Figure 4.21) shows that the landward
current edge follows the 200 m isobath quite closely
upstream of Durban, but overshoots it when the shelf
again becomes narrow. The likelihood of a trapped lee
eddy in this shelf offset therefore seems high. Theoreti-
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Figure 4.22. Alongshore components of the wind (relative to the inclination of the coastline) and the current (relative
to the inclination of the shelf break) at Richards Bay. Shaded areas represent northward movement. Currents were
measured 4 m above the bottom in about 20 m deep water’®. There is a strong correlation between the wind and current

speed.

cal considerations'® also suggest reversed flow upstream
of a point where the shelf width becomes narrow. The
existence of a specific Durban eddy has therefore —
most probably — been demonstrated adequately. Its sta-
bility and persistence is as yet unknown. It is not the
only shear-edge feature of the region.

Shear-edge phenomena

The last aspect of the circulation at the Natal Bight that
is unusual is the occurrence of more extensive shear-
edge features® here (e.g. Figure 4.9) than elsewhere
along the northern Agulhas Current. It has been calcu-
lated’”%, based on the internal Rossby radius of defor-
mation applicable here, that a typical wavelength of
such edge disturbances would be about 80 km and that
they are induced by baroclinic instabilities, mainly
associated with the upper layer of the current. They
have a downstream phase speed of about 50 km/day.
Their more extensive growth over the shelf in the Natal
Bight may be due merely to the fact that a wider shelf
will allow more extensive shoreward penetration. This
would contribute water from the upper layers of the
Agulhas Current directly onto the shelf, thus modify-
ing the water masses to be found there.

Water types

The waters over the Natal Bight consist of Subtropical
Surface Water, probably derived for the greater part
from surface water of the Agulhas Current via shear-
edge plumes, and Tropical Surface Water, with lower
salinity, derived particularly from the inshore edge of
the Agulhas Current'®*32!, This is clear from the por-
trayal of the results of 85 CTD stations undertaken over

the Natal Bight in 1989 (Figure 4.23). Considering the
shallowness of the shelf and the strong winds experi-
enced during this cruise'®, the lack of mixing between
the fresher Tropical Surface Water and the underlying
saltier South Indian Subtropical Surface Water is
remarkable.

Water in the upwelling cell off Richards Bay con-
sisted of South Indian Subtropical Surface Water with
no indication of South Indian Central Water being
drawn into it. This is in stark contrast to a similar in-
shore upwelling cell found farther downstream, at Port
Alfred!®, where South Indian Central Water is a major
contributor. The shelf at Richards Bay is, however,
considerably shallower than at Port Alfred, thus prob-
ably preventing deeper water reaching it. Furthermore,
South Indian Central Water is found at much reduced
depths inshore of the Agulhas Current farther down-
stream. Overall, it remains unclear what contribution
the upwelling near Richards Bay makes to drawing
deeper water onto the shelf. By contrast, the contribu-
tion by river run-off for the Natal Bight as a whole
seems to be relatively modest!%4,

Inception of the Natal Pulse

One of the most intriguing aspects of the behaviour of
the Agulhas Current has been its occasional absence
from the near-coastal location where it normally is
found. As mentioned previously, during an intensive
investigation on the location of the core of the north-
ern Agulhas Current3, using hydrographic sections ex-
tending from the coast, the current could not be found
about 22 per cent of the time. This absence of the cur-
rent has also been found in current meter records from
moorings placed across the current’4?. Pearce’® has
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Figure 4.23. The temperature/salinity characteristics for the Natal Bight in July 198964,

found the current absent off Durban on 12 per cent of
his sections. It was assumed that all these instances
were due to very large, but unexplained, meanders in
the current.

Occasional meanders

Evidence for the presence of such meanders has first
been seen in satellite thermal infrared imagery>’, that
has allowed a first estimate of the phase velocity, of
about 20 km/day, to be made. An analysis of four-
monthly surveys of the northern Agulhas Current
between Durban and Port Elizabeth3*® has been suc-
cessfully used to resolve such a feature hydrographic-
ally for the first time. It had a seaward amplitude of
200 km (Figure 4.24), a phase velocity identical to that
observed previously in satellite thermometry>® and
there was some indication of cyclonic motion inside the
meander itself. Current vectors at 10 m depth taken at
the time of the hydrographic surveys are in substantial
agreement with an interpretation of a passing meander
of the dimensions shown in the hydrography>*. A later
research cruise that successfully intercepted such a
meander was able to substantially confirm these
results*%,

Subsequent studies using satellite imagery in the
thermal infrared have suggested that this feature is a
solitary meander that always moves downstream and
invariably has its origin in the Natal Bight®°. A more

detailed study of this kind®?, combining satellite im-
agery and hydrographic data has been able to establish
some additional facts about this Natal Pulse (Figure
4.25). First, a Natal Pulse can be seen in some part of
the northern Agulhas Current during about 20 per cent
of the time, based on five years of observations. It
moves downstream at an extremely stable rate of
20 km/day (Figure 4.26). It is shed at the Natal Bight
at irregular intervals, and always grows in seaward
extent on translating downstream (Figure 4.27) — at
least as seen in its surface expression — but not always
at the same rate. A very large Natal Pulse has, for
instance, been observed off Cape St Lucia*®. Most of
these observations have been either at the sea surface
(e.g. Figure 4.27) or relatively shallow (e.g. Figure
4.24). The question on the depth to which these features
normally extend has therefore not been adequately
addressed with these data.

A complementary set of current meter records,
isopycnals floats and altimetric observations has
shown®3? that the Natal Pulse extends to the full depth
of the Agulhas Current. Distinct temperature decreases
and current reversals were observed to a depth of
1960 m as Natal Pulses passed the set of moorings.
Close inshore (<50 km) the depth of Natal Pulses was
constrained by the presence of the Agulhas Undercur-
rent. The diameter of a Natal Pulse varied between 90
and 110 km, increasing in extent downstream. The
downstream progression of the Pulse observed on this
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Figure 4.24. Vertical temperature profiles (upper right panel), surface thermograph traces (middle panels) and vertical
temperature sections of a Natal Pulse just upstream of Port Elizabeth®. The geographical locations of sections and
stations, for which the traces are shown, are given in the upper left panel. A dashed line in this panel and shading in
the temperature sections indicate a weak inshore current remnant (see also Figure 5.15, page 138).

occasion with the aid of floats was 12 km/day, slower
than previous observations. It is instructive to note that
eddy-like disturbances on a simulated Agulhas Current
in numerical models*! do move downstream at a very
steady rate. Some hydrographic data show the Natal
Pulse as having a cyclonic eddy imbedded®? in the
meander. In this specific investigation Natal Pulses

could not be followed farther downstream than the
Agulhas Bank where there was a suggestion of a rapid
deceleration to about 5 km/day where the shelf wid-
ened. This decrease in phase speed along the wider part
of the shelf has also subsequently been confirmed by
satellite altimetry*0!,



116 The northern Agulhas Current

Figure 4.25. Surface temperatures of the Agulhas Current showing a well-developed Natal Pulse directly south of
Port Elizabeth®?. A warm surface expression of a cyclonic eddy attendant on this Natal Pulse is apparent, as is the
cold water of the coastal upwelling cell at Port Alfred, just upstream of Port Elizabeth. A possible successor to this
Natal Pulse is simultaneously being spawned in the Natal Bight at Durban. Water with higher temperatures is repre-
sented by a darker red hue in this image based on data from the radiometer of the NOAA 9 satellite for 27 May 2004.
White patches over the sea are clouds. Blue-green patches to the south in this image are cold offshoots from the

Suptropical Convergence.

Natal Pulse eddy

The mechanism for the Natal Pulse that has initially
been put forward®?, based primarily on the presence of
a cyclonic eddy in the meander, was of vortex shedding
from the cyclonic circulation in the Natal Bight. This
would also be consistent with events of current revers-
als observed in current records along the coast3%4373,
The anecdotal concept of an inshore counter current to
the Agulhas Current that has been particularly persist-
ent in seafaring folklore**2, but that has largely eluded
ocean scientists**3, might possibly be explained by this
episodic passage of such a cyclonic eddy as part of a
Natal Pulse. A study using Lagrangian floats®3%929 has
dramatically shown this cyclonic movement inside a
Natal Pulse. This movement extends to the full depth
measured and shows that the water in the cyclonic eddy
is being carried with the Pulse. At a depth of 1200 m
the azimuthal speed of the embedded cyclone was
50 cm/s. At 300 m it was 85 cm/s, resulting in a rota-
tional period of six days®?®. Whether this eddy origi-
nates as the Durban eddy, mentioned previously, or has
been part of the circulation of the shelf waters of the

Natal Bight (viz. Figure 4.21) is as yet unclear.
Fortuitous observations of dramatic surface current
reversals downstream of Durban, consistent with the
passage of a cyclonic eddy, have been accurately pre-
dicted using satellite thermal imagery of a Natal Pulse***,
Such current reversals throughout the water column
have also been tied to the passage of a Natal Pulse in
strings of deep current water moorings off Port Eliza-
beth. There is, therefore, some confidence that the kin-
ematic structure of these eddy features is understood.
Of passing interest is the fact that the hydrodynamic
structure across a Natal Pulse still shows®23% that rather
weak remnants of the Agulhas Current are retained at
the shelf edge during the passage of a Pulse (Figure
4.24). As will emerge below, the mechanism for trig-
gering a Natal Pulse is, however, not vortex shedding.

Delagoa Pulses?

The shelf structure in the Delagoa Bight, upstream of
the Natal Bight, bears a strong resemblance, be it on a
much larger scale, to that of the Natal Bight. The fre-
quent presence of a deep-reaching, cyclonic eddy in this
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Figure 4.27. The landward thermal edge of the northern Agulhas Current from June to July 1979, showing the down-

stream passage as well as lateral growth of a Natal Pulse®?.
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bight has also been observed®*® and has been discussed
previously. This bathymetric and hydrographic similar-
ity might cause one to expect a mechanism of vortex
shedding to be evident here as well, similar to that
assumed for the Natal Bight. This indeed is the case.

Large meanders reminiscent of those associated with
Natal Pulses have been observed to prograde from the
Delagoa Bight. This has been based on thermal
imagery®®, hydrography33° (Figure 4.28) as well as
altimetry3%. Large cyclonic eddies have also been
observed in this region®%?3%%  as well as many in the
general vicinity of the Mozambique Plateau further to
the south333-3% (Figures 3.31 and 3.32). This is not to
imply that all those at the Mozambique Plateau are
derived directly from the Delagoa Bight, but only that
some may have come from there. An extensive search
of satellite images has not been able to find one con-
vincing case of these meander features, that resemble
Natal Pulses, advancing southward in the northern
Agulhas Current. This may be due to the fact that the
Agulhas Current is only found in well developed form
farther to the south. This is clear from sediment bed-
forms along the coast between Durban and Maputo38,
For the present, until more rigorous data becomes avail-
able, we may therefore assume with some confidence
that the Natal Pulse on the northern Agulhas Current
comes only from the Natal Bight. Why should the Natal
Bight be such a special conception area for these
features?

Causative mechanism

The first possibility that has been suggested is that this
is the only location along this part of the shelf where lee
eddies are formed. Such an eddy has initially been
thought to be the prime mechanism for the formation
of Natal Pulses by a process of vortex shedding, as
discussed above. However, De Ruijter and co-workers
have carried out an analytical study®” and demonstrated
that barotropic as well as baroclinic instability is impos-
sible in the greater part of the northern Agulhas Current
because of the narrowness of the continental shelf and
the steepness of the shelf slope. The only exception
where this bathymetrically induced constraint might not
hold would be the Natal Bight region where the slope
gradient is relaxed. The onset of barotropic instability
at this spot would then be another possible triggering
mechanism for Natal Pulses and not only vortex shed-
ding. For this instability to happen, the velocity profile
of the Agulhas Current would have to exceed a certain
value. In practice the average velocity profile across the
current would not allow barotropic instability, since the
mean jet intensity is insufficient®’.

However, about 20 per cent of the hydrographic sec-
tions across the current at Durban show a sharpness of
the landward front of the current that does exceed this
threshold, thus allowing the onset of barotropic insta-
bility. Once the current has moved sufficiently far away
from the shelf edge as a result of such an instability, the
stabilising influence of the slope would be lost and the
incipient meander can grow rapidly. The enclosed
cyclonic eddy may therefore not play such a principle
role in the triggering of Natal Pulses. The next question
that then arises as a matter of course concerns the cause
for such increases in the jet intensity of the northern
Agulhas Current at the Natal Bight.

Triggering Natal Pulses

It is quite possible that natural fluctuations in the trans-
port, or the cross-current velocity distribution of the
Agulhas Current, could be responsible3® for the
required increases in jet intensity. Unstable barotropic
modes are found’** inshore of the current with propa-
gation speeds close to those observed. The onset of
pulselike behaviour might therefore be found in wave-
mean flow interaction of these unstable inshore modes
with the current jet. Other possibilities include the
adsorption of deep-sea eddies onto the current.
Seaward streamers of warm water from Natal Pulses
that have been noticed in satellite imagery®” (see Fig-
ure 4.25) show this as a distinct possibility339-360,
Absorption of deep-sea eddies into western boundary
currents has been well documented for the Gulf
Stream*>-% and is also evident in the Kuroshio’*. In the
latter anti-cyclonic eddies from the west are absorbed
by the current, leading to the creation of meanders in
the trajectory of the current. Theoretically a deep-sea
eddy will be repelled by a current in a stable condi-
tion*” and with comparable strength. It will coalesce
only with an unstable jet with vorticity of the same sign.
Eddies that might fulfill this function, both cyclonic and
anti-cyclonicanti-cyclonic, are present in the Natal Val-
ley?®8, over the Mozambique Plateau?*+33¢, and in the
Mozambique Basin3*33%0 as was discussed previously.
A suggestion that these eddies may originate at the
Subtropical Convergence to the south!3! is, based on
altimetric information, incorrect. The modern data
indicate®® that all these deep-sea eddies come from the
east or from the north, the latter out of the Mozambique
Channel®3736, Recent results, efficaciously combining
satellite altimetric and thermal infrared data3%2, have in
fact shown how cyclonic eddies from east of Madagas-
car have moved west and been adsorbed onto the sea-
ward side of the Agulhas Current. There is positive
evidence that at least on one occasion this had striking
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Figure 4.28. Hydrographic characteristics of a solitary meander north of the Natal Bight>*°. The upper panel shows
the cruise tracks, station positions and depth of the 10 °C isotherm, a proxy for the dynamic topography. The vertical
thermography along four sections across the feature are shown in the other four panels. The bell-shaped isotherms

clearly define a cyclonic eddy.

consequences. A drifter placed in a Mozambique
eddy’?8 in the Mozambique Channel continued its anti-
cyclonic gyrations (Figure 3.23) until it reached the
latitude of the Agulhas Current. Here it was absorbed
by the current, in the process triggering a Natal Pulse®?,
In Figure 3.33 the tracks of such Pulse-inducing eddies
were shown graphically. From this figure it would seem
evident that both the eddies from the Mozambique
Channel as well as from the South Indian perturbation
band are headed in the appropriate direction and have
the appropriate spin direction to trigger Natal Pulses if
they get absorbed in the Agulhas Current at the Natal
Bight. Detailed modelling of the system?’! has also
shown that instabilities in the flow, generated off south-
ern Madagascar, can move westward to join the Agulhas
Current and then progress alongcurrent?!,

Apart from its unusual lateral stability, the northern
Agulhas Current is therefore also exceptional for its
very large, solitary meanders, the Natal Pulses. It is the
combination of shelf morphology at the Natal Bight and
the variations in the characteristic dynamics of the
northern Agulhas Current that present the required con-
ditions for this special phenomenon. The triggering
mechanisms are as yet inadequately understood, but
recent results from numerical modelling?’3 and from
altimetry have shown that each flow perturbation reach-
ing the Natal Bight from the east causes the triggering
of a Natal Pulse. It is clear that a significant change in
such triggering events could have dramatic conse-
quences for the coastal circulation along southern
Africa’s eastern seaboard!3?,
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The influence of Natal Pulses

Natal Pulses are not just dynamic oddities, but have sig-
nificant and important effects on the general circulation
downstream.

It has been noted*!! that drifters placed offshore of
the Agulhas Current at Durban may not succeed in
passing through the passage between the continent and
the Agulhas Plateau (viz. Figure 1.2). Such behaviour
would be consistent with some of the flow patterns®>
derived from quasi-synoptic hydrographic data®?. This
implies that the Agulhas Current and the Agulhas
Return Current negotiate this narrow gap leaving little
room for other water masses to pass through. By impli-
cation, any large deflection of any one of these currents
from its normal trajectory would lead to a reconfigur-
ation of flow patterns between the Agulhas Bank and
the Agulhas Plateau. Thermal infrared imagery has
shown that a well-developed Natal Pulse may cause
such a path restructuring, causing the Agulhas Current
to retroflect upstream of the passage®. This is shown
diagrammatically in Figure 1.2.

Modelling the current as an inertial jet®* shows that
if the Agulhas Current is forced to overflow the edge
of the Agulhas Plateau the shallowing of the bottom
will cause this early retroflecting behaviour. Modelling
the flow behaviour with a numerical model that is eddy
resolving and that has high spatial resolution?’” has also
demonstrated that the simulated Agulhas Current is
extremely sensitive to the depth of this passage and may
be induced to retroflect here without undue forcing.
Observations have furthermore shown*!? that this early
retroflection may sometimes be only partially com-
pleted, with a warm eddy being spun off the seaward
side of the current at this position. The depth and extent
of the water masses involved in this process of up-
stream retroflection are at present not known, but are
of substantial climatological importance*!3, and will be
discussed in greater detail later.

Another, rather obvious, question concerning the
Natal Pulse is whether such a major meander moving
downstream would not have a noticeable effect on the
behaviour of the Agulhas retroflection. Would it not

precipitate the shedding of Agulhas rings and thus
influence inter-ocean leakage? For this to happen the
Natal Pulses would have to progress relatively
undamped all the way to the termination of the Agulhas
Current. There is growing evidence*?!-62 that this is
precisely what happens. This important effect of the
Natal Pulse on the larger-scale circulation will therefore
be discussed in greater detail in the next chapters that
deal with the southern Agulhas Current and the Agul-
has retroflection.

Recapitulation

It is clear from the above discussion that mesoscale
processes and sub-mesoscale variability play a substan-
tial role in the larger scale behaviour of the northern
Agulhas Current and, most probably, in the wider cir-
culation of the South West Indian and South Atlantic
Oceans.

The northern Agulhas Current is first and foremost
characterised and defined by its unusual path stability,
both in space and time. It is also characterised by the
recurrent passage of a large, solitary meander, the Natal
Pulse. Both dynamical features play an important role
in the circulation of the whole South West Indian Ocean
as well as on the circulation of the adjacent shelf
regions.

Circulation on these shelves is geographically deter-
mined. Over the southern, narrow shelf all motion is
parallel and with the Agulhas Current. Over the wider
shelf to the north, the Natal Bight, the circulation is by
contrast cyclonic. This shelf region also boasts a small,
but persistent upwelling cell at Cape St Lucia that is
driven by the Agulhas Current. At its southern termi-
nation a small lee eddy is often observed to lie off
Durban.

In most other respects the northern Agulhas Current
resembles many other western boundary currents.
These properties include its vertical extent, speed, vol-
ume flux, horizontal structure as well as the presence
of an opposing undercurrent. The southern Agulhas
Current by contrast has some very unusual attributes.
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The southern Agulhas Current

Once the Agulhas Current waters have moved past
Algoa Bay and start following the edge of the ever-
widening Agulhas Bank south of Africa, the nature of
the current begins to change dramatically. No longer
stabilised by a steep continental slope, the path of the
current exhibits increasingly larger meanders down-
stream. The resultant shear-edge perturbations, most
clearly evident as plumes of warmer water on its land-
ward side — as well as cyclonic eddies — are no longer
inhibited by a narrow continental shelf and extend over
considerable parts of the Agulhas Bank. These generic
flow characteristics delineate a southern Agulhas Cur-
rent, clearly distinguishable from a northern Agulhas
Current described in the previous chapter.

Whereas the waters over the narrow continental shelf
inshore of the northern Agulhas Current have until now
been of only moderate scientific interest, and then
almost exclusively in relation to what one can learn
about the behaviour of the Agulhas Current, this is not
so for the Agulhas Bank (viz. Figure 5.16). This widest
continental shelf off southern Africa is thought to play
a critical role in the ichthyo-ecology of both the west
and east coast of the continent. It covers an extensive
region and its water masses, currents and stratification
are influenced in a complicated way by the Agulhas
Current, mostly on the eastern side, and by the Ben-
guela upwelling system, mostly along the western part
of the coastline of the Agulhas Bank. These topics have
been prominent in research interest in the recent past
and have received considerable scientific attention.

The contrasts between the shallow, well-stratified
and relatively quiescent waters over the Agulhas Bank
and the rapid, deep and turbulent flows of the adjacent
Agulhas Current create a range of hydrographic habi-
tats that become especially evident in the distributions
of organisms, from the very small to the very large. The
disparity in sea surface temperatures and heat content
between these contrasting water masses in turn has a
substantial impact on the overlying atmosphere through
dramatic changes in the atmospheric boundary layer. In
many ways the nature, behaviour and influence of the

southern part of the Agulhas Current is therefore more
complex than that of its northern reaches.

Hydrography of the southern Agulhas Current

When the Agulhas Current waters flow past Algoa Bay,
the current is more or less at its peak of development
as far as volume flux and hydrographic contrast to its
environment is concerned. Surface speeds, as measured
by ships’ drift?, show some readings for the southern
Agulhas Current in excess of three knots, with a small
number greater than four knots. This is in contrast to the
northern Agulhas Current where speeds higher than
four knots are often observed. It would therefore seem
that, at least at the sea surface, the Agulhas Current
slows down along the Agulhas Bank. Hydrographic
measurements show?3%-34? that the mean geographic
location of the southern Agulhas Current coincides with
the continental shelf break®®#!4, but it is perhaps
instructive to note that the marked influence of the cur-
rent on the movement of sand on the shelf ceases
abruptly at Algoa Bay?7?. Altimetric data, however,
demonstrate’>!83 that the level of mesoscale variabil-
ity in sea level is higher here than farther upstream. This
is most probably due to increased meandering of the
current, to be dealt with later.

Volume fluxes

The total, geostrophic volume flux of the current grows
by about 6 x 10° m?/s per 100 km downstream of Port
Edward?’® towards the Agulhas Bank. A section from
the tip of the Agulhas Bank southwards graphically
shows the enormous concentration of this flow (Figure
5.1). The total volume transport between Antarctica and
the Agulhas Bank, relative to the deepest common
observed level between station pairs along a cross-
ocean hydrographic section®’8, is 130 x 10° m?/s. That
of the Agulhas Current and the Agulhas Return Current
are of nearly identical size. Because these two are in
opposite directions they cancel each other out in their
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contribution to the total flow between Africa and Ant-
arctica. Purely on the basis of geostrophic approxima-
tions, the current here extends to the sea floor.

Further estimates of the total volume flux in the
southern Agulhas Current suggest that the steady down-
stream increase in volume transport from Durban is not
maintained past Algoa Bay?*°. The hydrographic data
are severely limited here, so that this conclusion can
only be treated as indicative at present, particularly
since the data may be biased by temporal transport fluc-
tuations of unknown magnitude?®. The downstream
increase in volume transport in the northern Agulhas
Current is most probably due to continual additions of
water from recirculation in a South West Indian Ocean
sub-gyre!'%! (viz. Figure 3.30), and deepening of the
current. It seems an appealing concept that the inflow
from such a sub-gyre would be restricted to a region
east of the Agulhas Plateau. Gordon et al.?3? have cal-
culated a total volume flux in the upper 1500 m of the
southern Agulhas Current of 70 x 10° m?%/s. This is
about equivalent to the current’s transport to its full
depth off KwaZulu-Natal. Geostrophic velocities of the
sea surface of 1.10 m/s relative to a depth of 1500 m
were calculated at this particular section.

Current kinematics

A set of quasi-synoptic hydrographic sections carried
out across the Agulhas Current from Durban, Port St
Johns, Port Elizabeth and Cape Agulhas (Figure 5.2)
show graphically how the kinematic nature of the
current changes downstream?">. In this case tempera-
tures have been taken as proxies for density; in general
this has been shown to be adequate®©-2*0, The horizon-
tal gradient in the isotherms on the landward border of

the Agulhas Current increases strongly for each con-
secutive section downstream. The slopes of these
isotherms increase also, indicating faster and more con-
centrated flow. The ribbon of warmest surface water in
the current becomes narrower, and possibly deeper. The
depths of individual isotherms do not show consistent
shifts to greater depths on proceeding downstream (Fig-
ure 5.2). What is significant, however, is that the water
between the inshore edge of the southern Agulhas Cur-
rent and the continental slope becomes much colder
downstream.

At Port Elizabeth the 10 °C isotherm was found at a
depth of about 160 m on this occasion, while farther
south (Figure 5.2, section D) it had risen to a depth of
only 60 m. This type of upwelling has also been ob-
served in the Gulf Stream*!>-%, but has been thought to
be due to, and forced by, meanders in that current*!’.
This clearly is not the case in the very stable northern
Agulhas Current, but may be a contributory factor in
the meandering southern Agulhas Current. The increas-
ing closer proximity of the Agulhas Return Current, sig-
nified by isotherms sloping in the opposite direction to
the south, is evident in subsequent sections of Figure
5.2. Itis a very prominent feature, but need not concern
us here.

Hydrographic variables

The temperature, salinity and dissolved oxygen charac-
teristics of the southern Agulhas Current are best shown
by the results of two stations taken in the core of the
current between Port Elizabeth and the southern tip of
the Agulhas Bank in 1983230 (Figure 5.3). Surface
water warmer than 16° S, i.e. above 200 m, consists of
Tropical Indian Surface Water, with a core of South
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Indian Subtropical Surface Water at a depth of about
200 m. The latter is conspicuous for its clear salinity
maximum that may be increasingly eroded down-
stream. Water between 6 °C and 14 °C is South Indian
Central Water (viz. Figure 4.15). The cold inshore
water being moved onto the shelf (Figure 5.2) is there-
fore also South Indian Central Water from a depth of
about 800 m offshore?!®, The salinity minimum of the
Antarctic Intermediate Water, at about 5 °C, shows
clear signs of intrusions of Red Sea Water. Below these
water masses is the North Atlantic Deep Water. In gen-
eral this is as expected. The influence of Tropical

Thermocline Water, Subantarctic Mode Water!'8! and
Red Sea Water in the southern Agulhas Current, is more
specifically indicated in the temperature—dissolved
oxygen relationships (Figure 5.3) but has as yet not
been adequately quantified for the southern Agulhas
Current?. It probably is relatively small by volume.

Current structure

A hydrographic cross-section of the southern Agulhas
Current'?8 in the concave Agulhas Bight of the eastern
shelf edge of the Agulhas Bank, between Algoa Bay
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Figure 5.2. Temperature sections across the Agulhas Current from Durban (A), Port St Johns (B), Port Elizabeth (C) and
Cape Agulhas (D). Their geographic locations are given in the map?'>. Water warmer than 22 °C that forms part of the
Agulhas Current has been shaded. Note that the vertical depth scale is logarithmic. The downstream intensification of the
current and the rise of cold water inshore of the current is illustrated.
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Figure 5.3. The salinity and dissolved oxygen versus potential temperature for two stations in the core of the south-
ern Agulhas Current?3°, The characteristic signatures of Subantarctic Mode Water (SAMW), Tropical Thermocline
Water, Red Sea Water and North Atlantic Deep Water (NADW) in the oxygen values are evident.

and the southernmost tip of the Agulhas Bank, shows
(Figure 5.4) some interesting internal detail of the
southern Agulhas Current. As for the northern Agulhas
Current, the landward thermal front at the sea surface
is considerably more intense than the seaward front.
The ribbon of warmest surface water lies precisely there
where the maximum velocities were observed. The
current is therefore not symmetrical.

While density surfaces below 400 m at the third
station from the left still indicate a flow with the current
to the full depth measured, those above give an opposite
tendency. Salinities in the upper 200 m of the core of the
current indicate Tropical Surface Water with salinities
below 35.5, with the salinity maximum of Subtropical
Surface Water only evident in the offshore station (Fig-
ure 5.4) at 200 m to 300 m depth. This implies either that
this division is maintained along the length of the current
despite vigorous lateral mixing, or that the water of lower
salinity in the core of the current is not Tropical Surface
Water, but an admixture of fresher shelf water. The
dissolved oxygen distribution suggests that the latter
explanation is plausible (Figure 5.4).

Surface characteristics

The temperature of the surface waters of the southern
Agulhas Current shows a greater downstream decrease
than that found over the same distance in the northern
Agulhas Current’’, probably due to greater rates of heat
loss to the atmosphere this much farther south!'47.
Whereas the alongstream difference in surface tempera-
tures between Ponto do Ouro and Algoa Bay usually is
about 2 °C, between Algoa Bay and south of Cape
Agulhas it is about 4 °C over slightly more than half the
distance. Maximum sea surface temperatures are found
in February from 23 °C south of Cape Agulhas to 26 °C
adjacent to Algoa Bay. In August these are 17 °C and
21 °C respectively””.

These averaged seasonal changes in sea surface
temperatures may suggest a relatively stable kinematic
situation over shorter times. This is not the case. Analy-
ses using hydrographic data*!4, satellite thermal infra-
red imagery®'#18 a well as altimetry'83-33 all show the
extremely high mesoscale variability encountered in the
Agulhas retroflection region. On closer inspection they
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also show an enhanced variability for the southern
Agulhas Current compared to the northern Agulhas Cur-
rent. This is due, for the greater part, to the meandering
of the southern Agulhas Current mentioned above.

Meanders and shear-edge features

Temperature contrasts at the sea surface between the
waters of the southern Agulhas Current and the adja-
cent Agulhas Bank make the use of satellite thermal
infrared images for studying this region very appealing
(Figure 5.5) and instructive®®. Meanders and shear-edge
eddies on the current border, that had previously only
been inferred*!” from quasi-synoptic hydrographic sur-
veys, can be observed and their behaviour studied with
this tool, albeit only their surface expressions. Harris et
al.** have thus been able to show for the first time that
meanders of the current move downstream at a rate of

about 23 cm/s and have a crest-to-crest wavelength of
about 300 km. Figure 5.5 amply demonstrates the util-
ity of these images.

It shows that shear instabilities only start to grow
laterally once the Agulhas water has passed Port Eliza-
beth. Meanders on the shoreward border grow down-
stream and each landward crest of these waves leaves
behind a plume of warm water. Water in these plumes
may eventually disperse over extensive parts of the
Agulhas Bank, or may turn current-wards, circumscrib-
ing cyclonic border eddies. All these border phenom-
ena are highly time-dependent and during about 35 per
cent of the time border perturbations are absent®® from
satellite imagery, the current flowing smoothly past the
bank. Modelling of the southern Agulhas Current by
two general circulation models*? has indicated that the
meanders in this current are most probably due to
baroclinic instabilities.
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Figure 5.4. A hydrographic section across the southern Agulhas Current'?® showing potential temperature (A), salinity
(B), and dissolved oxygen (ml/l) (C). Station positions are indicated.
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Figure 5.5. A characteristic thermal infrared image for the southern Agulhas Current. The downstream tendency for
increasing meandering (A), the inshore prevalence of plumes of warm Agulhas water$® and the inferred presence of
shear-edge eddies, in the lee of meanders, is apparent. The equatorward drift of a warm filament of Agulhas water
(B) is also noticeable. In this image of 16 August 1985, which is from the radiometer on board the NOAA 9 satellite,
red-yellow hues indicate warm water. The features in this image may be compared with those evident in Figure 4.25.
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Figure 5.6. The location of the landward border of the southern Agulhas Current relative to the shelf edge®®. Percentage
occurrence in 20 km intervals offshore, according to surface temperatures, shows the increasingly disperse position
of this front. This is based on data for a seven year period. The lightly shaded area gives the location of the 200 m
isobath that circumscribes the edge of the Agulhas Bank.

Meanders on the current border latitudes the further one tends to look south-westwards.

This is clear from the results portrayed in Figure 5.6.
Meanders, excluding their attendant plumes, show Because of the great lateral stability of its flow path
increasing amplitudes downstream and the geographi- here, the landward border of the Agulhas Current
cal location of the landward border of the southern upstream of Port Elizabeth is found in only one 20 km
Agulhas Current is thus found over a wider range of  offshore interval during 90 per cent of the time®8. The
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remainder of the time the occasional passage of Natal
Pulses®®> may move the current offshore.

The most favoured location of the current border
relative to the shelf edge, as defined by the 200 m
isobath, becomes progressively more diffuse down-
stream (Figure 5.6). Nonetheless, the current seems to
lie slightly seaward in the eastern bight of the Agulhas
Bank and to move onto the shelf where the shelf edge
turns sharply southwards. Lines of hydrographic meas-
urements in this bight®® and further downstream®® are
in general agreement with this result. This geographic
dispersion is of course due to the increasing amplitude
of the meanders. The crest to trough distance for the
meanders stays fairly constant at 130 km®3, even once
the Agulhas Bank has been left behind. Average plume
dimensions by contrast change markedly on proceed-
ing downstream.

Plumes and shear-edge eddies

Plume dimensions include the length of the plume,
from where it is attached to the Agulhas Current border;
the width of the plume and the distance between the
plume and the current. This latter distance may, by
inference, describe the diameters of imbedded border
eddies. Near Port Elizabeth the mean length of the
plumes is 100 km; at the tip of the Agulhas Bank it is
162 km®. The width of plumes increases from 27 to
37 km over the same distance, while the size of the
enclosed eddies doubles, from an average of 27 km to

20°

an average of 51 km. Identifying these shear edge or
border eddies by inferring their existence, size and
location from warm surface plumes seen in thermal
infrared observations naturally is fraught with difficul-
ties39421 but at present this is the largest data set avail-
able to do this. However, these variables have been
confirmed by similar studies?® not based exclusively
on satellite imagery.

The geographic distribution of the border eddies is
by no means uniform® (Figure 5.7). Directly south of
Algoa Bay few have been observed*?!~2, In the eastern
bight of the Agulhas Bank they are found clustered on
the shelf edge, but downstream of here far fewer are
seen, even along the shelf edge. Modelling the circula-
tion along the shelf edge with a high resolution model®’!
has been gratifyingly successful with the simulated
shear edge eddies bearing a high degree of verisimili-
tude to those that have been observed at sea. Such
models indicate that the main shear edge eddy remains
trapped in the shelf bight of the Agulhas Current (viz.
Figure 5.8). From there eddies move downstream, rep-
resenting leakages from the resident shear eddy. This
intermittent leakage, as simulated by the model, propa-
gates at about 8 km/day and may trigger the detachment
of a cyclonic lee eddy®® at the tip of the Agulhas Bank.
The simulation of this process has been shown to be
realistic using floats®?,

Floats were placed in the core of the Agulhas Cur-
rent near Durban in 1997. On moving downstream,
some eventually got trapped in shear edge eddies off the
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Figure 5.7. The geographic location of shear-edge eddies along the border of the southern Agulhas Current®. They are
concentrated in the bight of the eastern Agulhas Bank. This distribution is based on satellite infrared imagery for the period

1978 to 1985.
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Figure 5.8. The simulated evolution of shear edge eddies along the eastern side of the Agulhas Bank®!. The broken
lines denote the 200 m, 500 m and 1000 m isobaths. The sea surface height is shown in 5 cm intervals with the thick
line being the 0 cm isoline. The panels are to be read from left to right and from top to bottom, the temporal intervals
being roughly one week in each case. Leakage of sea surface height is evident from shear edge eddies on the eastern
side of the Agulhas Bank to a lee eddy on the western side of the bank. This eddy eventually (last two panels) detaches
itself from the shelf edge and moves off in a south-westerly direction into the South East Atlantic Ocean.

eastern Agulhas Bank. From there they moved down-
stream on the seaward side of the current and subse-
quently were incorporated in the motion of a lee eddy
south-west of the Agulhas Bank, very much like the
model simulation shown in Figure 5.8. This lee eddy
then became detached from the shelf edge and moved
westward, cutting through an extensive retroflection
loop of the Agulhas Current. This caused the shedding
of an Agulhas ring®%. This sequence of events shows that
well-developed, locally formed shear edge eddies may

carry out the same function previous reserved for Natal
Pulses. These eddies and attendant plumes may also
have other functions in the regional ocean dynamics.

Plume dispersion

Of particular importance to an understanding of the
stratification of the water column over the Agulhas
Bank, is the degree of penetration of warm Agulhas
water over the bank through plumes. This is extremely
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Figure 5.9. The thermal composition of the Agulhas Current, a shear-edge eddy and its associated plume from
hydrographic measurements made over the Agulhas Bank in September 1968%8. The Agulhas Current is defined as
lying outside the 18 °C envelope. The plume consists of water warmer than 18 °C at the sea surface while cold, upwelled

water is evident in the eddy.

variable and may depend largely on the reigning wind
conditions at a specific time*?2. Nonetheless, an analy-
sis of infrared satellite images shows a clear trend of
increased spreading away from the core of the Agulhas
Current on proceeding downstream. South of Algoa
Bay, plumes on average do not carry their warm water
farther than 50 km from the current*?!. Goshen and
Schumann have shown*?? that under severe wind con-
ditions, however, warm surface water from plumes may
penetrate to the coast and even into Algoa Bay, off Port
Elizabeth. At the southern tip of the Agulhas Bank the
average northward spread increases to about 150 km.
On occasion a substantial part of the surface area of the
Agulhas Bank may in fact be covered by warm water
derived from a number of Agulhas plumes®®. The shear
edge features of the southern Agulhas Current thus play
a role in the water profile of the adjacent shelf by
inserting warm water via plumes in the upper layers,
but they may also contribute by introducing cold water
on the bottom of the shelf.

Bottom shelf water

Domes of cold water have been observed on the
Agulhas Bank, and inferred to be similar to the domes
on the shelf edge that circumscribe the location of the
shear-edge eddies (e.g. Figure 5.9). It has therefore
been surmised*?? that this cold water on the shelf may
have been advected shorewards by shear-edge eddies

under the appropriate wind and current conditions. In
other parts of the world’*® it has been demonstrated that
eddies propagating along the continental shelf alter the
structure of the shelf break front. In this way they
influence the shelf-slope exchange of biota and water
mass properties. This might be true for the Agulhas
Bank as well.

This conclusion has been reached**® based on obser-
vations on the Agulhas Bank that demonstrate a promi-
nent seasonality in the water column. It has even been
suggested*?? that the very intense seasonal thermoclines
over the Agulhas Bank are due not so much to seasonal
insolation and wind speeds, but rather to this influx of
both warm surface and cold bottom water from the
Agulhas Current. As mentioned, it has been suggested
that cold water from offshore might conceivably get
onto the shelf through shear-edge eddies, or by other
upwelling processes. What would be the most likely
process by which cold water from greater depths could
be upwelled onto the shelf?

An attractive mechanism may be expressed by the
shallowing of cold water inshore of the southern
Agulhas Current shown in Figure 5.2D. Here water
colder than 10 °C, that is usually found at a depth of
about 700 m in the South West Indian sub-gyre, is seen
as a small dome of cold water at 70 m depth on the edge
of the Agulhas Bank. The domed shape of this colder
water is significant and suggests a cyclonic eddy. As we
have seen, such eddies have for a long time been
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How old is the Agulhas Current?

It has been suggested'?? that a reduction in the efficiency of
the global thermohaline circulation, in which the Agulhas
Current may be an important link, contributed to the cold
conditions during the Young Dryas event and that leakage
from the Agulhas retroflection into the South Atlantic played
a crucial role in the termination of glacial periods®®’. Such
intriguing mental images raise questions about the existence
of the Agulhas Current in previous epochs. Its former loca-
tions, the continuous existence of a retroflection and the
possible inhibition of inter-basin water exchange if the Sub-
tropical Convergence ever lay far to the north are questions
that come to mind. Reliable information on such major
changes in the circulation of the past may indicate possible
limits to climate change scenarios for the future.

Various faunal and floral indicators found in the bottom
sediments, including oxygen isotope ratios, may give valu-
able information on the surface temperatures and biological
productivity of past periods, thus suggesting changes in the
main circulation patterns that occurred during those periods.
Paleoceanographic research, based on a limited set of sedi-
ment cores, not always located optimally®®?, have led to dis-
parate results on the history of the Agulhas Current.

The physiography of sediments underlying the present
Agulhas Current*?? suggests the invigoration of the sub-
tropical gyre in the South Indian Ocean near the Eocene/
Oligocene boundary, 38 million years before the present,
although evidence for the presence of the current goes back
as far as the beginning of Tertiary, 65 million years ago>*!.
Agulhas Current flow paths very similar to the present were
fully established five million years ago3*!. This also holds
for the Agulhas Return Current. Seismic studies on the
flanks of the Agulhas Plateau®®!-2 show that the erosion
caused by this current has been continuous since the Lower
Oligocene. The south-ward flowing current on the eastern
side of this plateau appears to have remained stationary to
within a distance of 10 km.

Some results*2* suggest that the Agulhas Current was not
a dominant feature during glacial intervals, was weakly
present only in summer during these periods and, thus,
strongly seasonal. Other interpretations'> have been of a
persistent, but cooler Agulhas Current 18 000 years ago, but
considerably less extensive and with a reduced transport.
These results are based on sediment cores outside the present
position of the current. Winter and Martin*>> have argued
that it is unreasonable to expect that the Agulhas Current
deviated greatly from its present path in the past since it is
strongly controlled by the steep continental slope, the loca-
tion of which would have changed by less than 10 km dur-
ing periods of low sea-level during the Pleistocene. They
therefore conclude that samples have to be taken underneath
the present location of the Agulhas Current.

Sediment surface samples taken directly under the
Agulhas Current show that oxygen isotope relationships
clearly delineate the narrow band of warm water constitut-
ing the current. When these oxygen isotope ratios in the tests

of micropaleontological organisms are converted to tem-
peratures*?° they fall clearly within the present temperature
range. Bolstered by these positive surface results, analyses
of deeper cores show only small temperature fluctuations*?
with time. The sensitivity of these latter results are demon-
strated by a 2 °C drop in suggested sea surface temperatures
observed in a core taken farther downstream, a result that
agrees closely with present downstream temperature
decreases in the current’’. The palaecoceanographic results
therefore show no conclusive indication of major shifts in
the Agulhas Current position, nor of substantial cooling in
the current’s water during the last glacial maximum. Its
mean position has therefore been stable for at least 150 000
years*?3. It also retroflected in much the same location as
today.

This latter result implies that the latitudinal location of
the Subtropical Convergence south of Africa had probably
not changed much either. This is contrary to some previous
findings*?7 in which it was suggested that this front moved
north by as much as 10° during 65 per cent of the last
540 000 years. Others!'60428 fe]t that it moved less than 2° of
latitude and only marginally'®® during the last glacial maxi-
mum, 18 000 years ago. Studies further east in the Indian
Ocean’® have shown that the Subtropical Convergence has
been equatorward of its current position for most of the past
500 000 years and has moved poleward during only a few,
relatively brief, periods. If this inferred meridional move-
ment is representative also for the region south of Africa, it
would imply that a more northerly location of the Sub-
tropical Convergence has not cut off inter-ocean exchange
between the Indian and the Atlantic Oceans during this
period.

Careful analysis of the incidence of inter-species ratios
in cores at the Agulhas Current does suggest marked, but
unexplained, changes in biological productivity*?>. These
may have come about due to increased meandering of the
current!33, leading to more substantial upwelling of nutrient-
rich water between the current and the coast!®342° and thus
greater primary productivity than found currently!®33°2 at
such kinematically driven upwelling cells. The question
remains whether the interocean exchanges between the
Indian and the Atlantic Oceans — and thus the role of the
Agulhas Current in the global thermohaline overturning —
changed much over geological epochs.

Analyses of cores taken on the eastern side of the
Agulhas Bank%3-% indicate that the glacial-interglacial
cyclicity is well-defined in this region. The influence of
Agulhas Current water is enhanced during interglacial
periods while the increased presence of subantarctic water
is found in glacial periods. Even though the leakage of
Indian Ocean water is variable, over the past 450 kyr it has
always been present. It becomes most vigorous during the
end of glacial periods®’ inducing an abrupt resumption of
the interglacial mode of the thermohaline overturning in the
Atlantic Ocean®*,
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inferred from satellite observations and from hydro-
graphic measurements*!? but very few actual current
measurements in these features have been made®’.
These show cyclonic currents to a depth of at least
500 m, when such an eddy is slightly further offshore.
As can be expected in a region of such high horizontal
shear, the current structure is very turbulent and varies
considerably from day to day. Detailed hydrographic
observations® show (Figure 5.9) that a border eddy will
draw up cold South Indian Ocean Central Water.
Whether this updrawn water will then spill over onto
the shelf is unclear.

The circulation of a shear-edge eddy may cause
plumes of warm Agulhas surface water to encircle these
features. In the example shown in Figure 5.9 such a
plume is only about 50 m deep and consists of water
that still has the same temperature as that found in the
adjacent surface water of the Agulhas Current at this
time. Plumes may on occasion also be much deeper and
extend all the way to the shelf floors8.

Cold water upwelling

Another mechanism by which cold water is upwelled
along the edge of the Agulhas Current is through a
process of Ekman veering in the bottom boundary
layer!?3-4. This process may be responsible for the
increasing shallowness of cold water wedged between
the Agulhas Current and the shelf edge. This is clearly
evident in hydrographic sections across the current
taken progressively farther downstream (viz. Fig-
ure 5.2). Having, as it were, primed the pump, this cold
water is now available to be upwelled*! in specific
upwelling cells, such as that at Port Alfred, or in shear-
edge eddies. These border eddies are not in geostrophic
balance, but deeper water is drawn upwards in their
centres as they are driven by the transfer of cyclonic
vorticity from the adjacent Agulhas Current. In regions
where the core of the southern Agulhas Current is on
average farther away from the shelf edge, i.e. in the
eastern bight of the Agulhas Bank, deeper eddies would
be more likely to form and to persist (viz. Figure 5.7)
than where the current partially overlies the shelf edge.

Other western boundary currents

Both the meandering of the southern Agulhas Current
as well as the creation of border eddies and their attend-
ant warm plumes are very similar to that which has
been observed in the Gulf Stream. A steady increase in
the variance of border location for the Gulf Stream with
distance downstream from Florida*3? is comparable to

that found in the southern Agulhas Current. The only

important exception is the irregular presence of a Natal
Pulse in the case of the Agulhas system. A downstream
increase in meander amplitudes is also prevalent in the
Kuroshio!!¢. The phase speed for these meanders in the
Gulf Stream decreases downstream*33, something that
has not been observed in the Agulhas Current. The
downstream distance along which meanders are found
on the southern Agulhas Current is, however, much
shorter than for the Gulf Stream so that such phase
decreases may be difficult to establish reliably here.

Border or shear edge eddies are associated also with
meanders on the north wall of the Gulf Stream*** and
are underpinned by an upwelling of cold water378433,
They are thought to bring about a subsurface exchange
of shelf and slope water**. The circumscribing warm
plumes are seen in the Gulf Stream as well as in the
Kuroshio®”, but those observed in the southern
Agulhas Current are usually wider and longer. The
driving mechanisms for these features are probably
identical, dependent only on the shear parameters of the
current boundary and on the continental shelf and shelf-
edge configuration.

So, for instance, boundary eddies have been
observed to be spun off the edge*!” of the Gulf Stream
and subsequently to move independently over the con-
tinental shelf. This has not been directly observed for
the Agulhas Current and may be due to the limited
width of the Agulhas Bank. Cooler water, believed to
be associated with such an eddy, has been observed to
drift landward*?2, but a fully intact feature is still to be
observed on the bank. One particular feature that forms
part of the border phenomena of the southern Agulhas
Current, but that because of its interbasin configuration
is unique to this western boundary current, is the
Agulhas filament.

Filaments

An example of such a filament, as seen in the surface
temperature distributions, may be seen in Figure 5.5. A
well-developed plume of warm water, associated with
a large meander of the southern Agulhas Current had
moved equatorward, past Cape Town, into the south-
eastern Atlantic Ocean. Part of it, or a previous one, had
been drawn around a cyclonic eddy that itself is not vis-
ible from sea surface temperature contrasts, but can
only be inferred from the disposition of this filament.
From their origin in the Agulhas Current these filaments
seem to follow the western edge of the Agulhas Bank®?
closely. They may be advected rapidly northward by the
shelf-edge jet*3” along this coastline, enhance the hori-
zontal temperature gradient of the upwelling front
found here**® and in this manner bring about instabili-
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Figure 5.10. The disposition of a warm Agulhas filament
off Cape Town in November 1983 (A) according to a
thermal infrared image from the METEOSAT 11 satellite®>.
A line of hydrographic stations (e = CTD; m = XBT) across
the feature is superimposed. The resulting temperature
section is shown in B. Water warmer than 18 °C was con-
sidered to be the expression of the filament and has been
shaded.

ties in this front. They may also, infrequently, spread
over a large area*?® thus substantially altering the sea
surface temperatures, and vertical heat fluxes to the
atmosphere, for the region. The obvious question that
arises is to what depth these Agulhas filaments pen-
etrate. Are they in any way different to the shear-edge
plumes along the eastern side of the Agulhas Bank?
A hydrographic section fortuitously taken across an
Agulhas filament is shown in Figure 5.10. It demon-
strates, as do a collection of other such crossings®?, that
these features are on average 50 km wide and only 50 m
deep. This is very similar to the dimensions for plumes
along the eastern side of the Agulhas Bank (viz. Figure
5.9). They are present about 60 per cent of the time and
most follow the western shelf edge closely. A few are
formed farther into the South Atlantic Ocean and then
drift northward, parallel, but somewhat distant from the
shelf edge. Many get drawn around Agulhas rings**?
that pass through this region and these may make a
modest heat and salt contribution to the rings. The an-
nual, inter-basin salt flux accomplished by these
Agulhas filaments is estimated to lie between 3 and
9 x 10'? kg/year®?. Chlorophyll observations show
increases in the density of biological material at both
inshore and offshore borders of Agulhas filaments**!,
but the reason for this, and what local role this phenom-
enon may play, is not known. It may be due to local-
ised, or edge upwelling. We look next at such upwelling
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in greater detail and then later on at what role it might
play in the ventilation of the water column over the
Agulhas Bank.
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Shelf-edge upwelling

As discussed above, Ekman veering along the inshore
edge of the Agulhas Current may bring deeper, cold and
nutrient-rich water closer to the sea surface. This water
may subsequently be brought onto the shelf by up-
welling in border eddies. As discussed above, this
seems to be true for all other, comparable western
boundary currents**>-3, Bringing water onto the shelf
by an intense and more-or-less permanent cell of
upwelling inshore of the main flow would seem unu-
sual for this type of current. Nevertheless, this seems to
occur at the southern Agulhas Current and there is some
evidence for a comparable state of affairs off southern
Madagascar®® and even Taiwan33,

Based on the data collected during the first proper
hydrographic coverage of the greater part of the Agulhas
Current system”’, Bang*** has been able to point out a
region of what he has called Agulhas boundary
upwelling, upstream of Algoa Bay. Whereas the surface
water in the core of the southern Agulhas Current was
in excess of 26 °C on this occasion, the temperature of
inshore water was below 15 °C. The cold inshore patch
extended about 200 km upstream.
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Site-specific upwelling

Subsequent satellite images in the thermal infrared have
proven3$4430-1445 conclusively that this upwelling fea-
ture is not uncommon and that it may persist*?® at the
sea surface for periods of several weeks. Sea surface

temperatures lower than 13 °C have been observed in
this upwelling cell*®’. Hydrographic sections carried
out from Port Alfred (Figure 5.11) demonstrate how
warm surface water from the Agulhas Current may
overlie parts of the shelf or may lie offshore of the shelf
edge, with cold, upwelled water on the shelf itself#4°,

Over the past three decades remote sensing has been one of
the most profitable tools in advancing knowledge on the
nature and behaviour of the Agulhas Current system®73.
Because this ocean system exhibits very high horizontal
gradients both in sea surface temperature as well as in sea
level height, international investigations have frequently
used it as a choice case study for the use of new technol-
ogy>*72, thus fortuitously aiding the rapid growth in oceano-
graphic knowledge.

The first pioneering studies with remote sensing on the
Agulhas Current were carried out by Harris and Stav-
ropoulos*? who used an airborne radiation thermometer to
study sea surface patterns off Natal. This work was extended
and continued by Chris Snyman of the National Physical
Research Laboratory of the CSIR in Durban, was never
adequately published, but results have been included in
many subsequent analyses>**3763%7 Most of these measure-
ments were concentrated in coastal regions®” due to obvious
logistical constraints.

Harris subsequently — then at the University of Cape
Town — also pioneered the use of satellite remote sensing, in
the thermal infrared®®, for studying the Agulhas Current
system over a wider geographical domain. This type of
information was subsequently utilised very effectively by a
number of investigators and led to the discovery of the proc-
ess of ring shedding at the Agulhas retroflection®°!, the
Natal Pulse®®? (Figure 4.25), the behaviour of shear-edge
features®®33, the retroflection of the East Madagascar Cur-
rent'!*, the drift of Agulhas filaments®2, upwelling on the
Agulhas Bank*>3* and many other circulation features. It
has also been increasingly, and efficaciously, used in plan-
ning cruises®>*3, in directing underway research cruises*°,
in interpreting their hydrographic results*?! and in a range of
practical ocean applications*”. Monitoring the translation of
particular circulatory features such as eddies after a cruise®®
and even predicting the behaviour of Natal Pulses*** has
become possible because the satellite data are timeously and
readily available. These investigations have largely made
use of thermal data gathered by the radiometers on board the
polar-orbiting NOAA series of satellites, but also the geo-
stationary METEOSAT series that is particularly well placed
for studies of the Agulhas Current, but has a poorer spatial
resolution. Both were available to South African scientists
at minimal cost from the Satellite Remote Sensing Centre of
the CSIR at Hartebeesthoek from as early as 1978. One of
the most serious limitations of thermal infrared observations
for studying the Agulhas Current system is the obscuring
effect of the sea surface by persistent cloud cover. A new
satellite system has overcome this debilitating effect by

Remote sensing of the Agulhas Current

using micro wave radiometry. The TRMM (Tropical Rain-
fall Measuring Mission) has a multichannel scanning
microwave imager that allows the recovery of sea surface
temperatures. It has been used to investigate rainfall events®?
and the influence of the Agulhas Current on such events®!°.
It has also been used®’? to track features of the greater
Agulhas system including eddies from the East Madagascar
Current and to investigate various temporal behaviours
around southern Africa.

South Africans have also made good use of satellite
measurements of ocean colour, particularly of the Coastal
Zone Color Scanner (CZCS) on the NIMBUS 7 satellite in
1978 to 1980*3%-°! and subsequently of the SeaWiFS satellite
in the 1990570304462 The South African effort using the
CZCS was spearheaded by Shannon and subsequently
assembled in an attractive book#®3. These studies demon-
strated the feasibility of studying a number of different proc-
esses by these means, e.g., the movement of sediment-laden
water on the shelf of the Natal Bight?”7 and the concentra-
tion of chlorophyll-a on the inshore edge of the Agulhas
Current*!,

With the advent of satellite remote sensing of sea height,
i.e. altimetry, aspects of the Agulhas Current system that
were previously intractable could be studied’® and this has
occurred fairly rapidly after these data first became avail-
able. The otherwise unmonitorable drift of Agulhas rings
into the South Atlantic Ocean has received much atten-
tion”34%45_ They have been followed across the gyre® and
it has been demonstrated'?® how well the sea height anoma-
lies in altimetric data represent Agulhas rings. Eddy move-
ment south of Madagascar, invisible to thermal infrared
instruments, has also been effectively studied using altim-
etry’7,309.362.

Of long-standing interest has been the prevalence of unu-
sually large surface waves on the Agulhas Current!’!, par-
ticularly in the northern Agulhas Current. Early attempts to
study this phenomenon using synthetic aperture radar on the
Space Shuttle!”3 have been highly successful, particularly in
showing the geographic distribution of such waves. This
work has been profitably extended using satellite altim-
etry!74>, demonstrating both the amplification of wave
height in the Agulhas Current as well as its attenuation in the
Agulhas Return Current (see inset on page 105).

A survey of the research publications on the Agulhas
Current of the past decades indicates a preponderance of
papers using satellite remote sensing. This usage has doubt-
less played a most important role in the rapid advancement
of our understanding of this circulation system over this
period.
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Figure 5.11. Temperature sections across the landward border edge of the Agulhas Current at East London, Port Alfred
and at Algoa Bay**. The upper panels represent stations carried out in May and June of 1990; the lower panels in
October of the same year, during an upwelling event. The geographic locations of the stations are indicated.
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Measurements of water movement show*! that during
such an upwelling event the currents are offshore over
the width of the shelf and throughout the water column.
During this particular event water with temperatures of
less than 9 °C formed the bottom water of the shelf
while surface temperatures lay between 16 °C and
17 °C. This upwelled water raised the nutrient content
of the water considerably. The silicate values, for
example, increased from about 3 pumol/l to greater than
9 umol/l on the bottom and from about 2 to greater than
4 umol/l at the sea surface. This upwelling cell thus
makes a major contribution to the nutrient input onto
the shelf*3!. Furthermore, it has a dramatic effect on the
heat and moisture fluxes to the overlying atmosphere
for this region!*®447, Rouault et al.**® have demon-
strated that this is particularly effective under condi-
tions of along-current winds.

Three questions about the nature of this particular
upwelling regime are important: what is its lateral
extent, what is the source of the upwelled water and
what influence does this colder water have on the gen-
eral environment of the Agulhas Bank?

25°

26°

27°

Characteristic of the Port Alfred upwelling cell

The geographic extent, at the sea surface, of water
colder than 17 °C, monitored for a summer season with
thermal infrared observations from satellite, is shown
in Figure 5.12. It is clear that this surface outcropping
of cold water is not uniformly distributed along the
edge of the Agulhas Current!'%, but is restricted to a
strip between Mbashe and Port Alfred. During 80 per
cent of the time that it has been observed, it is evident
at Port Alfred, suggesting that this is the centre of a
well-circumscribed upwelling cell.

The source of this upwelled water is in the core of
the South Indian Central Water'®. This is demonstrated
by comparing the data collected during two hydro-
graphic sections off Port Alfred (Figure 5.13). These
sections represent two sharply contrasting situations.
During the first period (Figure 5.13a) most of the water
over the shelf was warmer than 20 °C. Offshore stations
identified the subsurface salinity maximum character-
istic of South Indian Subtropical Surface Water, over-
lain by less saline, warmer Tropical Indian Surface

28° 29° 30°E

32°

33°

34°

35°S

Figure 5.12. An ensemble of outlines of cold upwelling water inshore of the southern Agulhas Current!6. The 17 °C
isotherm in satellite imagery has been used here as representing the border to the upwelling.
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Figure 5.13. Two temperature sections undertaken across the continental shelf at Port Alfred**® (upper panels). The
corresponding temperature/salinity scattergrams for each section are given in the lower panels. Circles represent inshore

stations; dots the seaward stations.

Water. This water mass configuration is typical of the
inshore edge of the Agulhas Current. Stations taken on
the shelf show that the water here consisted of a mix-
ture of these two water types.

During the second period (Figure 5.13b) water
warmer than 20 °C was found only at the shelf edge,
almost all water on the shelf having been colder than
18 °C. Offshore stations again showed the hydro-
graphic characteristics of the inshore edge of the
Agulhas Current, but inshore stations represented much
fresher and colder water. Inshore waters were on this

occasion decidedly not a mixture of the offshore waters.
Comparing their salinity values to those found in the
core of the Agulhas Current (Figure 5.3) it is clear that
this was slightly warmed South Indian Central Water.
This implies that during well-developed upwelling in
this cell Central Water displaces mixtures of surface
water from the Agulhas Current on the shelf at Port
Alfred. Outcropping of such colder water will have a
major effect on the ratios of square areas covered by
water of different temperatures in this region. This is
evident from Figure 5.14.
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Figure 5.14. The areal distribution, roughly in km?, for surface temperatures in a region around the Port Alfred
upwelling cell during an upwelling outcropping (30 March 1991) and during a period when there was no surface

evidence for upwelling (5 March 1991)166,

The peak of high temperatures at about 25 °C, dur-
ing a period of no outcropping of cold water, represents
surface water of the Agulhas Current. The peak at about
21 °C represents surface water over the shelf. During
a major outcropping event (30 March 1991) water of
the Agulhas Current had more or less the same tempera-
tures, whereas water on the Agulhas Bank had been
cooled to 18 °C to 20 °C, probably due to mixing with
cold water advected from the upwelling cell. The major
temperature contribution from the upwelling lay in the
region 15 °C to 17 °C. At the sea surface this cold water
can rapidly be covered by a thin layer of warm Agulhas
Current water during winds from the south-west**.

Local influence of the Port Alfred upwelling cell

These large, wind-induced changes in the sea surface
temperature give this shelf region the highest tempera-
ture variability along the whole Agulhas Current!%°, It
has been shown that the Agulhas Current has a substan-
tial influence on the overlying atmosphere!>!48-9 and
also on the rainfall over the adjacent coastal zone!*?, It
is therefore of some interest to note that the region of
southern Africa that exhibits the greatest variability in
vegetative cover is located adjacent to the coastal
upwelling cell at Port Alfred**.

Cold water from this particular upwelling site may
be advected at the sea surface over large parts of the
Agulhas Bank*® and into adjacent bays, such as Algoa

Bay, where it may contribute substantially to short-term
temperature variability*>° of the local waters that have
been observed®! here. A careful study of such an
event*?® has shown that one intense upwelling incident
may have a dramatic impact on the coastal ecology. On
this particular occasion bird numbers feeding in the
region increased from only a small number to an esti-
mated 30 000 at the peak of the upwelling, the numbers
decreasing rapidly thereafter. Satellite imagery of ocean
colour shows this**! as an area of intermittently high
chlorophyll-a values, suggesting a region of high pri-
mary productivity. Furthermore, the presence of this
region of unusually cold water along this coastline is
reflected also in the geographic distribution of a number
of organisms. A survey of siphonophores along the east
coast of South Africa®3®has for instance, shown that the
Port Alfred upwelling cell exhibits a distinct aseasonal
assemblage of these pelagic organisms, significantly
different from that to be found in waters of the Agulhas
Current as well as in inshore waters north of here.
Certain cowrie species, benthic organisms known to
occur in cold water settings only, have been found®’
close to Port Alfred in a very restricted geographical
region. These two examples of the biogeography of the
region indicate the influence of the Port Alfred up-
welling cell also on the local ecosystem. Why should
this particular region along the eastern edge of the
Agulhas Bank be so especially prone to upwelling? A
number of mechanisms have been put forward.
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Figure 5.15. A hydrographic section across the Port Alfred
upwelling cell and a passing Natal Pulse in March 196992,
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The isolines in the left panel are for the dynamic height (in dynamic meters) of the sea surface relative to 1000 decibar,
showing the flow patterns. The right hand panel shows the sigma-t density surfaces. (See also Figure 4.24, page 115.)

Driving forces of the Port Alfred upwelling

Winds in this region are for the greater part parallel to
the coast!89-90, Easterly winds would cause an offshore
movement of surface water in the upper layer due to
Ekman drift, causing a local divergence that would
bring deeper water to the surface*?®. The fact that the
noticeable upwelling only seems to occur at Port
Alfred, and not along the whole length of the northern
Agulhas Current, presents problems for this hypothesis,
but may be explained by the closer proximity to the sea
surface of cold water inshore of the current in its south-
ern reaches (viz. Figure 5.2).

A second mechanism could be the occasional pres-
ence here of a large, offshore meander in the trajectory
of the Agulhas Current®**. On at least one occasion a
hydrographic section has intersected both a well-
developed upwelling cell at this location as well as a
passing Natal Pulse® (Figure 5.15). A statistical com-
parison of the incidence of upwelling here and the pas-
sage of Natal Pulses suggests that Natal Pulses enhance
the likelihood of upwelling, but that upwelling occurs
much more frequently*? than the passage of Natal
Pulses.

The unusual shelf and current configuration at this
location has not been overlooked in attempts to explain
the Port Alfred upwelling cell. At the Natal Bight the
northern Agulhas Current passes from a narrow to a
wider shelf and upwelling is kinematically driven at this
point'®, The geographic arrangement of current and
shelf at the Natal Bight is nearly identical to that found
between East London and Port Elizabeth. Gill and

Schumann'®” have shown that under such conditions
currents that can be thought of as jets may become
super-critical along narrow shelves, but sub-critical
where the shelf widens. This results in a recirculation
cell inshore of the current just upstream of the narrow
part of the shelf, possibly manifested in the Durban
eddy’%5398 as discussed above. Where this jet passes
from a narrow to a wide shelf, inshore upwelling is in-
duced, as seen in both the Natal Bight as well as at the
Port Alfred upwelling cell.

It is possible that all these processes play a comple-
mentary role in the Port Alfred upwelling cell. Ekman
veering may bring deeper water closer to the sea sur-
face on the inshore side of the current and this effect
may be particularly strong where the shelf starts
widening, bringing cold water right to the surface.
Winds from the appropriate direction may remove
warmer surface layers**® while any seaward movement
of the Agulhas Current might strongly enhance the
whole process.

This recurrent upwelling cell between East London
and Port Elizabeth may have important hydrographic
and biological consequences not only for the immediate
surroundings, but for the wider Agulhas Bank as well.

Hydrography of the Agulhas Bank

As continental shelves go, the Agulhas Bank is in many
respects highly unusual. Lying between a well-
developed western boundary current on the east and an
eastern boundary current to the west, an interactive
region of high complexity may be expected. Further-
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Figure 5.16. The bathymetry of the Agulhas Bank in the intervals shown

more, the shelf is bathymetrically divided at about
21° E (see Figure 5.16) between a long, wider shelf
with a low shoreward gradient to the east and a
narrower, more steeply sloped shelf to the west. The
shallowest central part, including the Alphard Banks,
forms a division between these two sides and an effec-
tive partition for their water masses (Figure 5.17). Since
the Agulhas Current plays such a dominant role in the
hydrography of the Agulhas Bank, and is in turn influ-
enced by it, the shelf water masses and their dynamics
deserve attention.

Influence of the Agulhas Current

As was noted previously, the southern Agulhas Current
affects the continental shelf edge of the Agulhas Bank
in a variety of ways. It generates shelf-edge upwelling
along its whole length and there are indications*! that
very localised increases in chlorophyll-a along the
inshore edge*® of the Agulhas Current may, at least
partially, be a consequence of this upwelling. It forces
the Port Alfred upwelling cell and it creates the border
eddies that may help in drawing up deeper water.
Plumes of warm surface water replenish the heat and
salt of the surface layers over the Agulhas Bank.

The southern Agulhas Current detaches itself from
the shelf edge somewhere near 21° E (viz. Figure 5.16),

466-7

probably dependent on its instantaneous volume
flux*®. An increase in flux may, theoretically, allow it
to separate farther upstream. The warm, shallow
Agulhas filaments, mentioned previously, advect along
the western shelf edge into the Atlantic Ocean. Further-
more, Agulhas rings with diameters in excess of 200 km
may lodge against, or move along this shelf edge**?
thus creating high along-shelf velocities. These have as
yet not been directly measured and they may occur only
intermittently. The oceanic influence is not restricted to
the shelf edge, but can be observed over the greater part
of the rest of the Agulhas Bank.

Hydrographic provinces

The waters and their kinematics over the shelf may be
roughly divided into four hydrographic provinces that
reflect the dominant dynamic processes in each. First
is the zone close to the coast, then the eastern and west-
ern parts of the central shelf and, somewhere between
these latter two, a ridge of cold water'$>,

The zone close to the coastline is dominated by in-
termittent, wind-driven upwelling. The coastline from
Cape Agulhas westwards (viz. Figure 5.16) may for all
intents and purposes be considered to form an inherent
part of the general west coast upwelling system. The
coastal upwelling between Cape Agulhas and Cape
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Figure 5.17. Temperatures in a vertical section from west to east across the Agulhas Bank!%®, facing north. These
data were collected from the H.M.S. Tiger in July 1973 along the middle zonal line of Figure 5.22. The shallowest
peak in the centre of the shelf is the Alphard Banks. Water colder than 10 °C has been shaded. To the west of the
Alphard Banks there is upwelling; to the east the sloping isotherms representing the Agulhas Current. A body of cold
water on the eastern Agulhas Bank is not connected to either of the two other regions of lower temperatures.

Point, south of Cape Town, in fact constitutes the south-
ernmost upwelling cell of the Benguela upwelling re-
gime*’?. However, because of the different alignment
of the coast south and north of Cape Point, the inci-
dence of upwelling is different. Strong upwelling north
of Cape Point has been observed when there was no
surface evidence for upwelling east of here*’!. Under
special wind conditions upwelling along the western
Agulhas Bank is confined to local cells at headlands, or
may eventually develop into a wide contiguous up-
welling strip. As this cold water is moved offshore at
the sea surface it may move past False Bay (viz. Fig-
ure 5.16) creating a very noticeable surface thermal
front across the mouth of this bay*’2. Cold water has
also been observed to enter the bay on its western side
forming a meridional front in the bay itself. This bay in
some sense forms part of the second hydrographic
province, the western part of the Agulhas Bank.

Western Agulhas Bank

Boyd et al. have used observations farther offshore*’3
on the western Agulhas Bank to show that a wind-
driven seasonal cycle is maintained here as well (viz.
Figure 5.18). The results of an investigation using
climatological sea surface temperatures’® has indeed
demonstrated the existence of a clear seasonal pattern
with average temperatures being 2.5 °C higher in sum-
mer. Stratification is much more intense in summer.

Central Water moves onto the shelf and is much shal-
lower in summer, allowing a rapid upwelling response,
observable at the sea surface, when south-easterly wind
events take place. With the onset of strong winter winds
mixing to greater depths occurs, evident in higher nu-
trient concentrations at the sea surface'®. By carefully
comparing high-quality hydrographic data from the
western Agulhas Bank, Chapman and Largier*’* have
been able to show that the Central Water found here has
its origin in the Southeast Atlantic Ocean and fills the
lower part of the water column of the whole western
Agulhas Bank (viz. Figure 5.17). It is raised onto the
shelf by the seasonal lifting of colder water in spring
and early summer. Reviewing what is presently known
about the region, Largier et al.*’> have come to the
conclusion that the western Agulhas Bank may be con-
sidered, from its dynamics, as consisting of three sub-
regions. The inner shelf, with its coastal upwelling, is
clearly dominated by wind-forcing. The outer shelf is
dominated by oceanic forcing, while the mid-shelf is
characterised by strong vertical stratification in sum-
mer. The oceanic forcing is particularly evident in a
shelf-edge front.

Eastern Agulhas Bank

In contrast to the wider upwelling along this western
coastline, the coastal upwelling to the east of Cape
Agulhas appears to be confined almost exclusively to
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Figure 5.18. Seasonal variations in temperature and stratification over the central part of the Agulhas Bank'%. Dots
denote depths in the water column where observations were made. Seasonal warming from the sea surface and simul-
taneous cooling from below can be identified, albeit with interannual differences.

prominent capes and headlands*33~* that seem to create
the required coastal morphology for upwelling to occur,
mostly during easterly winds. This upwelling is concen-
trated along the eastern part of this coastline. Upwelling-
inducing winds would occur mostly during sum-
mer'3°-%0 but could exhibit considerable inter-annual
variability*’®as well as site-specific peculiarities, such
as at Algoa Bay®!®. Analysis of long records of coastal
winds along this coastline and of coastal sea surface
temperatures in summer months has shown*”” a signifi-
cant correlation between stronger easterly winds and
lower temperatures*’8 (Figure 5.19). This correlation is
considerably enhanced when winds exceed a threshold
of about 6 m/s. This coastal upwelling, finely tuned to
the shape of each particular headland, would naturally
lead to localised high variability in temperatures along
this coastline*%-!. The last hydrographic province of
the Agulhas Bank is the central region.

Central upwelling on the Agulhas Bank

Apart from the wind-driven, coastal upwelling, the
widespread occurrence of cold surface water has also
been observed in the central region of the Agulhas
Bank*?. This may be related to the higher chlorophyll-a
found’ as an offshore moving plume on the eastern
Agulhas Bank, compared to lower average values on
the western bank. Both these features have been

variously ascribed to the advection of water from the
Port Alfred upwelling cell during high easterly winds*3°
or to the surface expression of a cold ridge of water in
the central region of the bank (Figure 5.20). This sub-
surface ridge has been observed in many hydrographic
sections on the Agulhas Bank*79-80816 byt is not
strongly evident in analyses based on mean tempera-
tures*®!, thus suggesting that it is intermittent and per-
haps does not always occur in the identical location.

This mysterious subsurface feature has been thought
to be due to a divergence of surface water supposedly
found in the central region of the bank*32, but no sup-
portive evidence has been found for such a divergence.
The very surface layer of the shelf’s water is moved, as
was to be expected, primarily by the reigning wind*33,
Present evidence suggests*®’ that on the sea floor cold,
upwelled water from the Port Alfred upwelling cell
moves parallel to the Agulhas Current and its shear-
edge features. It usually forms a dome on the sea floor
and only breaks the sea surface under extremely windy
conditions*¥. The cold, bottom ridge roughly along the
100 m isobath (Figure 5.22) is therefore probably the
main trajectory of cold bottom water from the Port
Alfred upwelling cell onto the western and central
Agulhas Bank. This figure shows the locations of water
colder than 10 °C on the Agulhas Bank based on a
number of historical section, one of which is shown in
Figure 5.17.
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Figure 5.19. Sea surface temperatures and wind speeds at Gouriqua (near Mossel Bay on the south coast of South
Africa, see Figure 5.16)*78. Wind speed is shown as a curve in the upper panel whereas wind direction is shown as
letters on the abscissa for the wind speed curve. Temperatures rise and fall at the coastline in direct response to the

direction and speed of the local wind.
Cold, bottom ridge

Figure 5.17 demonstrates that the cold water dome on
the shelf is not directly connected to that along the shelf
edge, except near Port Elizabeth and particularly at Port
Alfred. Since it has now become clear that there is a
well-defined upwelling cell at Port Alfred and since
current measurements near the sea floor in this region
all show a net movement parallel to the current!'%3, this
cold-water tongue must indicate water movement away
from the Port Alfred upwelling cell. This implies that
the bottom water on the Agulhas Bank has its origins
in this cell. This portrayal is hampered by the lack of
synopticity in the data, but the general result holds for
data from one cruise — but over a smaller section of the
bank — as well (Figure 5.20). A vertical hydrographic
section carried out specifically to study the cold ridge®®
followed the 100 m isobath (Figure 5.21). Water colder
than 10 °C was limited to a specific part of the shelf and
terminated at about Algoa Bay, not quite Port Alfred.
This results is not in immediate agreement with the
hypothesized theory set out above, but there is no rea-
son to assume that this cold water would follow the
100 m isobath unfailingly. There seems to be a better
connection between offshore water colder than 10 °C

and such water on the shelf on the western side of the
Agulhas Bank®%%77 (Figure 5.17). This might mean one
of two things: either cold water on the shelf cascades into
the South Atlantic Ocean here, or cold water is moved
onto the shelf from offshore. Current simulations from
a high resolution model of the region®?? indicate that
water moves in a westerly direction here and moves off
the shelf edge on the western side of the Agulhas Bank.
This is in disagreement with hydrographic observations
that indicate*’* that the bottom water on this side of the
bank all comes from the South Atlantic.

This proposed mechanism for bringing South Indian
Central Water onto the Agulhas Bank at the Port Alfred
upwelling cell would explain the contribution of cold
bottom water to the water column stratification (Figure
5.18) as well as the time delay for this cold bottom
water to reach the central Agulhas Bank once winter
wind-mixing has ceased. It has, after all, to travel along
the length of the eastern Agulhas Bank, from Port
Alfred. This peculiar cold ridge is, from a biological
point of view, considered as being a prominent part,
particularly, of the western bank’s circulation*68.804,
The origin of this and the other water masses on the
Agulhas Bank is therefore of considerable importance.
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Figure 5.20. The distribution of temperature at 20 m depth in the waters over the Agulhas Bank during March
1986430, Station positions are shown. A ridge of cold water, stretching from the coastline in a south-westerly

direction, is prominent.

Vertical stratification

The water masses present on the eastern part of the
Agulhas Bank all have their origin in the South Indian
Ocean®3%474 This is clearly shown by the temperature—
salinity relationships portrayed in Figure 5.23. In sum-
mer, the temperature of the surface water is rapidly
increased, while an influx of cold South Indian Central
Water occurs at the bottom?° (Figure 5.18). This ver-
tical juxtaposition of warm surface and cold bottom wa-
ter helps, together with the normal summer insolation
and a reduction in wind strengths, to build a very strong
seasonal thermocline that lasts until autumn!®; hence
the two thermal groupings for autumn water in Figure
5.23. The enhanced intensity of this thermocline may
well play an important role in the distribution of phyto-
plankton’®>= and in its retention in the euphotic zone
over the Agulhas Bank.

With the onset of strong winds in winter this strati-
fication is largely destroyed and the water mixed
through the water column to a depth of at least 75 m.
A striking example of the effects of this process is evi-
dent in Figure 5.24. It may be noted that in these sec-

tions, particularly for the winter, there may be evidence
of the role the off-shelf Agulhas Current plays in main-
taining and nurturing the shelf stratification by the over-
spill of warm surface water. In winter a somewhat
reduced thermocline is present, but only near the shelf
break. That the process shown in these sections is rep-
resentative for the greater part of the eastern Agulhas
Bank can be shown by an analysis of the mean tempera-
ture values*! (Figure 5.25).

In both summer as well as winter the thermal influ-
ence of the Agulhas Current is manifested at the sea sur-
face by a strong horizontal temperature gradient. Tem-
peratures in summer naturally are higher. The vertical
stratification in the current is rather low in both seasons,
but over the eastern shelf it is very strong in summer,
but all but disappears in winter (Figure 5.25). The win-
ter mixed layer may well exceed 75 m in depth36:431,
The summer thermocline, by contrast, may consist of
a gradient of 10 °C over a depth of less than 10 m at
some locations*’*-80, This seasonal thermocline has been
observed to deepen towards the west. This has led to
proposals that the control of the stratification on the east-
ern and on the western sides of the shelf are different.



144 The southern Agulhas Current

\

LTV

AR

[

Depth (m)

Figure 5.21. A vertical temperature section across the Agulhas Bank south of Africa, roughly along the 100 m isobath.
The upper panel indicates the station positions superimposed on the bottom topography. The lower panel gives the
temperature to a depth of 130 m. Grey shading represents the ocean floor. Water colder than 10 °C was found only

on the Agulhas Bank and not east of Algoa Bay®.
Stratification control

On the western side the seasonal thermocline would be
driven largely by changing atmospheric conditions of
wind and insolation*®?, Modelling of the wind-driven
behaviour on sea surface temperatures of the Agulhas
Bank has shown’*0 that they are strictly related to local
wind fluctuations. Basal water would come largely
from the South Atlantic Ocean and the seasonal inflow
should be a function of the seasonal wind-stress pat-
terns. On the eastern side, so the hypothesis goes,
advective processes of warm Agulhas plumes at the sea
surface and basal water inflows due to the upwelling
discussed above would play the major part in maintain-
ing the thermocline. But why would these processes on
the eastern side, that are driven by the Agulhas Current,
be seasonal, since no seasonality in the flux8", speed??
or border eddy formation®® have been observed?

The inputs by the Agulhas Current are thought, in

fact, not to be seasonal, but to be masked by the intense
seasonal mixing driven by the winds. The influence of
the Agulhas Current is therefore always there, but is
only patently evident in summer. In a very analogous
situation at the Gulf Stream, it has been suggested that
upwelling water intrudes along the shelf bottom pref-
erably in summer when the shelf water has its lowest
density*!> and may then displace large amounts of shelf
water*®3, Whether this holds true also for the Agulhas
Current has still to be established incontrovertibly.
However, substantial amounts of cold water are also
contributed to the surface layers in summer through
coastal upwelling. A thorough quantification of the
relative contributions of all these, and other processes,
has yet to be attempted. One of the processes that might
play an important role in the breakdown of the vertical
stratification over the Agulhas Bank, be it atmospheri-
cally driven or due mostly to the influence of the
Agulhas Current, are currents on the shelf itself.
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Figure 5.22. The location of water colder than 10 °C on the Agulhas Bank from a collection of historical data
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Straight lines indicate the locations of hydrographic sections; heavy lines where water temperatures were below 10 °C
and the stippled area connects all the regions where this cold water was found on the shelf. Isobaths are in thinner
lines. This distribution suggests a movement of cold water along the bottom of the Agulhas Bank following the 100 m

isobath and originating at the Port Alfred upwelling cell.

Shelf currents

It has been estimated that the residence time of water
in the surface layer over the Agulhas Bank could be
from two to eight weeks or longer*®?. This motion
would be largely wind-driven. At the very shelf-edge,
internal tides might play an important role in vertical
mixing, but this would be dependent on the location.
Largier and Swart**? have shown that the narrow west-
ern bank is everywhere subject to large internal tides
with a mean amplitude of 6 m and a maximum of 12 m.
The outer portion of the central and of the eastern bank
only experiences moderate activity, whereas over the
inner part of the eastern bank there are internal tides
with negligible amplitudes.

Many current measurements have been made over
different parts of the Agulhas Bank — to date few have
been published. It has been demonstrated*° that the
mean flow on the eastern shelf, at least between the
100 m and the 200 m isobath, is parallel to the bathy-
metry and, therefore, to the southern Agulhas Current.
However, the main movement of water does not lie in
the mean or net flow, but in short variations. The results

of a frequency spectra analysis carried out for a current
record acquired in the Agulhas Bank bight (viz. Figure
5.16) is given in Figure 5.26.

It is clear that there are three main contributions to
the current fluctuations observed; namely those occur-
ring at periods longer than three days (i.e. less than
0.014 cycles per hour), diurnal/inertial variations and
semi-diurnal fluctuations?*. The first is probably due
to flow changes in the southern Agulhas Current of
these periods®® or longer. The spectra for the tidal and
inertial frequencies were found throughout the water
column, but with slightly lower energies further down.
The tidal fluctuations have been shown to be essentially
barotropic, while the inertial fluctuations are baroclinic
and highly dependent on the stratification38+,

These measurements are most probably representa-
tive of the Agulhas Bank as a whole. Observations on
the west coast show even more strongly developed
peaks at inertial frequencies3®*, so that the western part
of the shelf might follow suit. The dominance of iner-
tial motion on the Agulhas Bank makes it very difficult
to assess net drifts here07:43¢ except if current measure-
ments lasting days are made at each point.
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Figure 5.23. Temperature—salinity relationships for waters over the Agulhas Bank (circles and crosses)**®*3 and from

the wider South West Indian Ocean*®* (dots).

A part of the Agulhas Bank where knowledge of the
currents is of considerable ecological and fisheries
importance’® is the western shelf edge. It has been
assumed that a strong current jet is to be found here*?’
and that immotile organisms such as fish larvae and
weakly swimming fish juveniles will be carried from
their spawning grounds on the Agulhas Bank to the
upwelling regions off south-western Africa by this
jet’7-8. This hypothesized mechanism would have a
crucial role in the spawning success of the main pelagic
fish species’® found on the west coast. There is evi-
dence that such a jet is found here on occasion’, but
it has been shown to be very intermittent and restricted
to the northern part of this shelf edge. Along the south-
ern part of the western shelf of the Agulhas Bank a
cyclonic lee eddy is prevalent®3%-!. The currents
induced along the shelf by this lee eddy are poleward,
in opposition to the purported jet.

In summary, the role of the Agulhas Current in con-
trolling the hydrographic structure on the Agulhas Bank

seems well established. On the western part of the bank
this may be limited, and this shelf may be more logi-
cally classified with the west coast upwelling regime.
The water masses, stratification and net water move-
ment on the larger eastern bank are all overwhelmingly
influenced by the southern Agulhas Current. Cold bot-
tom water and warm surface water are both replenished
from the Agulhas Current by processes that take place
at its border with the shelf. Wind-driven coastal up-
welling plays a role, particularly in the cold cross-shelf
ridge, but it is the strong winter winds and atmospheric
cooling that lead to the extreme seasonal changes in
stratification.

Atmospheric conditions

It is apparent that the southern part of the Agulhas Cur-
rent, and particularly its interaction with the adjacent
shelf waters, is atmospherically influenced to a far
greater extent than the northern part. This warrants a
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Figure 5.24. Temperature sections across the eastern Agulhas Bank based on hydrographic measurements carried
out in summer (February) and winter (August) of 1982481,

20° 220 240 26°E 20° 220 240 26°E
4 34°
\1 (}
1
/ b 350
[se}
§ o SUMMER . f & WINTER 4 36°S
SURFACE TEMPERATURE (°C) SURFACE TEMPERATURE (°C)
= 34°
9 \\
— LV
- L/x{/ : 35°
&
TEMPEgATURE DIFFERENCE (OC)- TEMPERATURE DIFFERENCE (°C) 36°S
0 0-50m Ve 0-50m
I I I I I I I I I I I I I I
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closer look at the atmospheric conditions that pertain
here.

The atmospheric conditions associated with the
southern Agulhas Current can be grouped into two cat-
egories; winds and other atmospheric variables that
affect mostly the influence of the current on the adja-
cent shelf waters and their stratification and, second, the
influence of the high horizontal temperature gradients
of the current on the overlying air masses.

Winds

As mentioned previously, the large-scale weather over
this ocean region is dominated by the high-pressure sys-
tems centred at about 30° S, with their seasonal meridi-

onal movement of about 6° latitude*®’. These systems
move from west to east, but with substantial modifica-
tions near the coast. Coastal low-pressure cells are
formed as a consequence of the coastal configuration
and topography, and are often associated with large-
scale cold fronts. Gill'®8 has attributed them to coastally
trapped waves in the atmosphere. Propagation of these
coastal lows is from west to east, following the coast-
line. Along the western and eastern Agulhas Bank they
propagate at about 13.7 and 20.4 m/s respectively*s8,

The winds produced by these systems are predomi-
nantly in directions parallel to the coast’?% 3%, Winds
from the east occur slightly more often in summer;
winds from the west dominate during the summer
months. It seems that wind strengths increase to the
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south and to the east over the eastern Agulhas Bank, but
that zonal winds increase particularly over the Agulhas
Current where the atmospheric turbulence may be very
high3%, A maximum average speed of more than 4 m/s
is measured at Port Elizabeth in October and Novem-
ber, while the westerly winds in winter go as high as
4.7 m/s. However, while the strong summer winds have
a maximum occurrence frequency of about 45 per cent
at their peak in February, the strong winter winds occur
about 75 per cent of the time for the months May, June,
July as well as August!®?. It is these strong, persistent
winds that succeed in breaking down the water column
stratification. However, annual averages for these
winds show marked variations*’®, so that the influence
of the wind on the stratification may be very different
from one year to the next.

Sea—air interaction

The influence of the Agulhas Current on the overlying
atmosphere and thus on weather systems affecting the
southern African subcontinent has been shown to be
quite marked!3%149-018 and has been described above.
Correct estimates of the fluxes of latent and sensible
heat above the Agulhas Current are crucial not only for
an understanding of local effects, even though they may
be dramatic®!®, but also for global models of atmos-
pheric circulation. It has for instance been shown®!” that
the operational models used by the National Centers for
Medium-Range Prediction (NCEP) and the European
Centre for Medium Range Weather Forecasts
(ECMWF) underestimate this heat transfer. It has been
assumed that this is due to the coarse spatial resolution
of these models that do not adequately resolve the
warmest core of the current. This is particularly true for

the southern Agulhas Current®!”,

Investigations on the effect of the southern Agulhas
Current on the overlying atmosphere have shown that
the marine boundary layer is about 400 m thicker over
the current'*® than over adjacent waters. Wind speeds
may double. Owing to larger temperature differences
between ocean and atmosphere, wind stresses and tur-
bulence over the current a latent and sensible heat flux
of 340 W/m? from ocean to atmosphere has been meas-
ured here, compared to 100 W/m? over neighbouring
water masses. Over the cold shelf waters the latent heat
flux'#*may be only 40 W/m?. The convectively gener-
ated turbulence in the atmosphere increases exponen-
tially on crossing the landward border of the Agulhas
Current***, The border of the current therefore creates an
intense atmospheric moisture and thermal front in the
atmosphere under alongcurrent wind conditions*#7-8,
Under landward wind conditions the air with enhanced
moisture content may be advected far into the continen-
tal interior**’. In general it may therefore be concluded
that the southern Agulhas Current affects the synoptic
pressure field in the overlying atmosphere, allows more
moisture to be carried inland and may well enhance the
precipitation capacity of passing weather systems.

Of particular interest to local oceanic mixing proc-
esses is the observation*® that a jet of high-speed air
movement may be found over the axis of the warmest
water in the current. This may be brought about by sec-
ondary, vertical circulations due to the enhanced pres-
sure gradients. Such cells have been observed over the
edge of the Gulf Stream*?>, with ascending motions
leading to the development of convective clouds. Such
cloud-lines are distinctive features in the cloud patterns
over the northern, but sometimes also the southern
Agulhas Current!4>!45 (Figure 5.27) and even over

Long, continuous records of sea level at coastal stations, as
well as similar current meter records on adjacent continen-
tal shelves, have demonstrated the existence of coastal-
trapped waves with periods of days to weeks along numer-
ous coastlines of the world’s oceans. A number of attempts
have been made to identify such features on South African
continental shelves as well.

Schumann has carried out the only studies383490-1 of this
kind on the shelf adjacent to the Agulhas Current. Using data
from current meter moorings placed off Natal3®3, he was
unable to find any coherence in the variability between dif-
ferent mooring sites along this coast, suggesting the absence
of such waves here. This has subsequently been confirmed**°
although some signal propagation was observed when the
Agulhas Current was at an unusual offshore location.

Trapped shelf waves off southern Africa

Further analyses of coastal sea level variations from six
sites around South Africa have nonetheless shown*! that
coastal-trapped waves with amplitudes in excess of 50 cm do
in fact occur along the west**? and south coast, but further
propagation upstream of Port Elizabeth is inhibited by the
proximity of the Agulhas Current. It has been suggested that
the wind systems that move along this coastline'3® move at
the correct speed to create a resonance condition, thus
enhancing the amplitudes of these waves.

These trapped shelf waves are not to be confused with the
highly unusual long gravity waves with periods between
12 minutes and 1 hour that have also been observed along the
south coast of South Africa**?. These latter waves are due to
oceanic resonance with regular, short-period pulses in atmos-
pheric pressure, occasionally observed along this coastline.
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Figure 5.27. Photographs of cloud formation over the Agulhas Current at Port Alfred in April 1995. They were
taken*4® during a period of alongshore winds!®. The left-hand photo shows a view from the ship towards the coast.
No clouds of any kind are evident. The next photo shows the simultaneous view towards the ocean from the same
spot. A solid bank of cumulus clouds over the Agulhas Current is present.

intrusions of Agulhas water in the South East Atlantic
Ocean'®. In a study at Port Alfred, at the upwelling cell
described previously, it was demonstrated'*’ that neg-
ligible or even downward heat fluxes could occur over
the shelf whilst strong heat and moisture fluxes from
ocean to atmosphere were prevalent over the adjacent
Agulhas Current. A stable boundary layer was in con-
sequence formed over the cold shelf waters whereas
sufficiently unstable conditions over the current itself
provided the required conditions for cumulus cloud for-
mation. It seems that such conditions may also occa-
sionally be created over other elements of the Agulhas
Current system, such as Agulhas Current filaments'*3.

Summary

The southern Agulhas Current has a decisively differ-
ent character to that of its northern counterpart. This is
seen in the greater variability in its trajectory and on its
more pervasive influence on the adjacent continental
shelf. Both aspects seem to be a consequence of the
different shelf configuration; the wider shelf and less
steep slope allowing greater variegation in the current
behaviour.

The path meanders and the attendant shear-edge
eddies and warm-water plumes are very similar to those

that have been observed in other western boundary cur-
rents. Whereas these eddies in the Gulf Stream have
been observed to move onto the adjacent shelf, this has
not been observed in the southern Agulhas Current. It
would therefore appear that it is only the warm water
plumes that contribute directly to the water and heat
budget of the waters over the Agulhas Bank.

A highly unusual aspect of the southern Agulhas
Current is the intense and persistent upwelling cell
driven by the current at Port Alfred. This cell has a dra-
matic influence on the local atmospheric and primary
productivity, but — most important — seems to have a
crucial role in carrying cold Central Water onto the
shelf. From here this water spreads over the whole floor
of the Agulhas Bank, enhancing the vertical stratifica-
tion as well as the supply of nutrients. All these mecha-
nisms seem restricted to the eastern Agulhas Bank.

The southern Agulhas Current leaves the shelf edge
at the southern tip of the Agulhas Bank, inducing the
intermittent presence of a cyclonic lee eddy. The pro-
cesses controlling the western part of the shelf seem to
be characterised largely by the Benguela Current and
wind-driven upwelling. Having become detached from
the shelf edge, the Agulhas Current can be thought of
as a free jet that terminates in the Agulhas retroflection.
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The Agulhas Current retroflection

The southern termination of the Agulhas Current is
unique for a western boundary current in this respect
that it takes place at the meridional extremity of the
adjacent continent. This is unlike the continental con-
straints to which the comparable Gulf Stream, the
Kuroshio or the Brazil Currents are subject. Since the
African continent separates the Atlantic and Indian
basins, the Agulhas Current, at its termination, is also
the only western boundary current that lies on the bor-
der between two subtropical gyres. This creates unusual
conditions for inter-ocean exchanges of water masses,
energy and biota between these two gyres with a range
of implications for the global oceanic circulation and
for biogeographical patterns. Temporal changes in the
magnitude of this exchange process may therefore have
implications for global water circulation in the ocean
and, if such changes are sufficiently large and of suffi-
cient duration, may influence global climate.

Furthermore, the nature of the termination of the
Agulhas Current — described below — allows warm
tropical and subtropical surface water to remain in the
region for a considerably longer time than in compara-
ble western boundary currents. The thus enhanced flux
of heat?®1%7 and moisture to the atmosphere has a
marked effect on the overlying atmosphere*’® of the
region. Not unexpectedly, statistical investigations!36:497
have demonstrated that this ocean region has a strong
influence on rainfall patterns over southern Africa.
Results from ocean—atmosphere models! are largely
consistent with this view. However, there is consensus
that it is the inter-ocean exchanges of water that have
the most profound climatic consequences.

The interchange processes that occur in the ocean
regions south of Africa are therefore of considerable
oceanographic interest and have wide implications. The
behaviour of the Agulhas Current must naturally play
an important role in these processes. The kinematic
nature of the Agulhas Current, once it has passed the
southern tip of the African continental shelf, is quite
exceptional for a western boundary current. The current
turns back on itself in a tight loop, called the Agulhas

Current Retroflection, with most of its waters contained
in this swift recurvature before they flow back into the
South Indian Ocean. The nature and dynamics of this
peculiar behaviour have received considerable research
attention over the past three decades and are now fairly
well understood. This growth in knowledge represents
one of the major advances in global oceanography of
this period.

Upon closer examination, the scale and the dynam-
ics of the processes in the Agulhas Current retroflection
are seen to be of truly monumental proportions®!3. A
water mass with an estimated flux of 12 000 cubic kilo-
metre per day, i.e. about 1400 times that of the Ama-
zon River, moving at a rate of 150 km/day, is turned
around in a loop with a diameter of about only 400 km
to flow directly in the opposite direction. As could be
expected, this configuration is highly unstable and glo-
bal observations of hydrographic, sea surface tempera-
tures and sea surface height have demonstrated that this
region is the most intensely variable to be found in the
world ocean. The high contrasts in horizontal gradients
for a number of ocean variables found here make this
area eminently amenable to observation, but the rapid
changes that occur severely limit the applicability of a
number of standard hydrographic measurement tech-
niques that cannot be used in a quasi-synoptic fashion.

Notwithstanding these serious limitations to obser-
vational strategies, brought about by the attributes of
the current dynamics itself, much has been learnt about
the nature of the Agulhas Current retroflection.

The nature of the Agulhas retroflection

No matter what oceanographic data with a global dis-
tribution are used, the extremely high variability south
of Africa is always apparent. This result, using modern
satellite data?®!, has to some extent been adumbrated by
analyses of the global*®3 and regional*”® distribution of
eddy kinetic energy from ships’ drift (Figure 4.1) as
well as of hydrographic data**®. Standard deviations of
the detrended dynamic height relative to 1000 decibar
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Using drifting buoys in the Agulhas Current

After the application of satellite remote sensing, the use of
satellite telemetered, drifting buoys has probably contributed
most to the rapid increase in knowledge about the Agulhas
Current system over the past two decades.

The deployment of drifters in the Agulhas Current was
pioneered by Christo Stavropoulos of the CSIR (Council for
Scientific and Industrial Research) in Durban, South Africa,
when a spar buoy with subsurface drogue was launched
280 km south-east of Durban and tracked successfully by the
French Eole satellite for 89 days in 1973%!! (see Figure 7.2).
A similar buoy was moored for 315 days on the Mozam-
bique Plateau®?! using the Nimbus VI satellite for position-
ing and data relaying. With the assistance of the National
Aeronautical and Space Administration (NASA, USA) the
CSIR subsequently constructed another nine buoys, placed
in the Agulhas Current®>%-374 and followed over distances of
more than 14 000 km. Having booked this substantial suc-
cess, an additional eight buoys, from the CSIR, NOAA and
the National Centre of Atmospheric Research of the US,
were then deployed from the South African Antarctic
research vessel RSA to the south of Africa’??. Apart from
gaining valuable new information on the Agulhas Current
system with these Lagrangian drifters that complemented
existing hydrographic concepts®>34%, these experiments also
demonstrated the longevity, robustness and positional accu-
racy of these drifters, in particular in the extreme wave and
weather conditions of the Southern Ocean.

This South African technical information was effectively
used to persuade the international meteorological commu-
nity and funding agencies that a major endeavour to cover
the ocean in the southern hemisphere with drifting meteoro-
logical buoys, for a period of at least one year, was techni-
cally feasible. It was hoped thus to provide a high-resolution
meteorological data set that did not suffer from the large
gaps in global coverage due to the small number of weather
stations, restricted to land, in the southern hemisphere®?3.

This experiment, the First Global GARP Experiment (FGGE,
GARP: Global Atmospheric Research Programme), took
place from October 1978 to July 1979 with 301 buoys being
launched®**. Twenty-three South African buoys formed part
of this international effort’>. Since South Africa was consid-
ered a political pariah at the time, South African participation
was not acknowledged in any official FGGE documents, the
origin of its buoys usually being designated as “Other”!

The use of the FGGE buoys in the Agulhas Current
region has been scientifically very profitable. The role of the
East Madagascar Current3%-3% topographic control on the
Agulhas Current!3? and the eddy kinetic energy over the
wider system3!1346 have all been addressed. Pioneering work
in combining drifter tracks with contemporaneous satellite
imagery in the thermal infrared®?¢ has established somewhat
of a trend for subsequent investigations®-438.

The South African Weather Bureau has continued to
deploy drifting weather buoys in the South Atlantic®?’ on an
annual basis, but a substantial proportion of these have been
undrogued and are of less use for studying ocean currents.
Some more sophisticated buoys have been deployed in the
Agulhas Current itself3%°, but only on a limited, experimental
basis.

The utility of drifters for studying the Agulhas Current is
continuing. The possibility of placing subsurface floats to
follow specific water masses?>3—>* has been realised through
a large international programme called KAPEX (Cape of
Good Hope Experiment) and has presented many important
new results and concepts. The onset of Argo profiling
floats® is revolutionising the manner in which deep hydro-
graphic information is becoming available. By 2003 more
than 80 per cent of such data worldwide came from Argo
floats and this percentage is bound to increase. This will
make an enormous difference to the study of the South West
Indian Ocean in future, but will probably not lessen the need
for dedicated research cruises.

show that the region of the Agulhas retroflection has the
highest mesoscale variability of any region in the
Southern Ocean. A structure function analysis for the
Agulhas Current system itself, based on a quasi-
synoptic set of cruises*!#, has furthermore shown that,
within this system, the retroflection component has by
far the most intense variability on all spatial scales. A
totally independent result could be produced by analys-
ing the Lagrangian movements of surface drifters.
Four separate studies to determine the advective
surface flow in the southern hemisphere, by using the
trajectories of the large number of satellite-reporting
drifters during the years 1978 to 1979 (see box), have
been completed?!%-11346, Up to 300 drifting buoys were
placed south of 20° S and in the area of interest more
than 2000 hourly measurements were made. Only in the
Agulhas retroflection region was a total kinetic energy

per unit mass exceeding 4000 cm?/s? found®'?, This
extreme is also found for the eddy kinetic energy, the
variations being most prominent for fluctuations with
periods of months.

The distribution of higher-frequency eddy kinetic
energy, i.e. with periods of days and weeks, also show
an extreme south of Africa, but distributed in a zonal
tongue, from the Agulhas retroflection eastwards?!”.
This suggests a dynamical process with longer periods
confined to the Agulhas retroflection region. Analysis
of current meter records in the Agulhas retroflection by
Schmitz and Luyten®” shows that the normalised fre-
quency distributions of eddy kinetic energy in this
region are comparatively depth-independent, peaked at
the mesoscale and are the most energetic found in the
ocean to date (Figure 6.1). This comparison includes the
Gulf Stream and Kuroshio systems. Records from
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Figure 6.1. The vertical distribution of eddy kinetic energy from current meter records in the Cape Basin (circles) and
in the Agulhas Current (stars) compared to calculated profiles from a numerical model’® for the region, all for the period

1993-1996.

current meter moorings in the Cape Basin and in the
Agulhas Current retroflection in general give higher
values for the eddy kinetic energy, but with a similar
depth distribution.

Sea surface temperatures

Variability in current behaviour can also be gauged from
short-term variations in sea surface temperatures, par-
15¢

5 10°

ticularly in regions where high horizontal gradients in the
sea surface temperatures are known to be present. Such
analyses'3%418 show very high values for the Agulhas
retroflection, but also a tongue of high variability extend-
ing eastwards (Figure 6.3). This tongue is probably a
function of meanders in the Subtropical Convergence!!
and eddy-shedding processes associated with the Agul-
has Return Current®. This is suggested by a compen-
dium of the locations of thermal fronts in the region over
30°E
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Figure 6.2. Superimposed thermal borders of the southern Agulhas Current, Agulhas retroflection and Agulhas Return
Current, for a period of one year®!. These data are from declouded images in the thermal infrared from the METEOSAT II
satellite. The most distinct one for every 12-day period was used. The stability of the Agulhas Current (particularly of its
northern part), the relative stability of the Agulhas Return Current and the severe instability and eddy shedding processes

of the Agulhas retroflection are all very apparent.
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Figure 6.3. Sea surface variability south of Africa for the period 1992—-1998. The altimetric data were from the TOPEX/
Poseidon satellite. High levels of variability associated with the Agulhas retroflection are particularly prominent. (See

also Figure 3.14.)

a period of a full year (Figure 6.2). Eddies, and rings,
are seen to be present predominantly around the retro-
flection region while, downstream, movement in the
location of the Subtropical Convergence is probably
responsible for most variability there. General variabil-
ity in sea surface temperatures presents instructive cir-
cumstantial data but tells one little about the ocean
processes responsible for the variability. Satellite
altimetry can potentially do this.

Preliminary analyses of altimetric data have sug-
gested that the Agulhas retroflection is a region of very
high sea level variability??> with the presence of large
vortices®!. The first definitive study of global mesoscale
variability based on altimeter data from the SEASAT
satellite, by Cheney et al.!3, has confirmed all that had
been suggested before with perhaps less reliable data.
Not only does the Agulhas Current retroflection repre-
sent a large region of high mesoscale variability, in its
core the values are higher than anywhere else on the
globe. This is amply demonstrated in Figure 6.3.

Similar investigations using subsequent altimetric
measurements by other satellites have substantially
confirmed these results®!, although the area of high
variability and its intensity naturally differ slightly
between different periods. At least one study?® has sug-
gested that there is a seasonal cycle to the variability at
the Agulhas Retroflection and that this cycle extends
about 30 per cent from the mean. It has a maximum in
the austral summer and a minimum during the austral
winter, consistent with previous results that were based

on another satellite’’. Based on only slightly more than
three full years of data, these interesting results still
need to be verified more robustly.

Modelling

Last but by no means least, global, eddy-resolving
circulation models?”3277 also successfully simulate this
region of particularly high mesoscale variability. Where
eddy kinetic energy from the Geosat altimeter data ex-
ceeds 1000 cm?/s? in the Agulhas retroflection region,
it has been found to be only larger than 500 cm?/s? in
a model’®, although the present models do simulate the
area of higher variability adequately. Eddy kinetic
energy has for instance been modelled’®? with a fair
degree of success (Figure 6.1) in a primitive equation
model with a /3° x 1/3° spatial resolution.

Modelling has also been used extensively in an
attempt to understand why the Agulhas Current retro-
flects and why it does so at this particular loca-
tion*0%-380-383 Tt has been shown that the geographic
distribution of the wind stress curls is crucial to the
behaviour of the termination of the Agulhas Current.
Since the line of zero wind stress curl lies well south of
the poleward termination of the African continent, the
current is a free inertial jet beyond this point and in a
purely barotropic model with realistic values for lateral
friction will move into the South Atlantic Ocean’®’.
Otherwise, the increasing negative relative vorticity of
the Agulhas Current overshoot will eventually lead to
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Origin of the term and concept retroflection

A review of the historical development
of concepts on the circulation directly
south of Africal®2% shows that two
flow paradigms have been prominent
since the earliest times. The first holds
that all of the Agulhas Current’s waters
flows into the South Atlantic Ocean;
the second the opposite, namely that
none of it goes westward, but that all is
returned to the Indian Ocean. Over the
past 150 years these two concepts have
battled for supremacy.

It is instructive to note that a recur-
vature of a major part of the Agulhas
Current is inherent to the current por-
trayal put forward by James Rennell as
early as 18327. Subsequent studies®**
that made use of sea surface tempera-
tures’80 as well as ships’ drift, under-
taken particularly in the Netherlands!?3% in the 1850s,
strongly supported this concept. In fact, in some of these
Dutch publications’8? it is explicitly stated that the previous
concept of the Agulhas Current rounding the Cape of Good
Hope and moving northward in the South Atlantic Ocean is
without any doubt wrong. The major work on this subject by
K.F.R. Andrau was subsequently seldom referred to directly,
more-or-less lost to science, and portrayals of a bifurcation
in the Agulhas Current — some water going east, some west
— became more fashionable?*281:284 (Figure 3.1). The qual-
ity, quantity and geographic distribution of the data available
at the time were such that both interpretations could logically
be sustained simultaneously, even when combinations of
hydrographic data first allowed a portrayal of the whole
water column by Dietrich in 1935%°. Even he considered the
coastal upwelling system along the west coast of southern

Africa as representing an Atlantic branch
of the Agulhas Current*?. As late as 1972,
Darbyshire®% still concluded, quite em-
phatically, that no true return current ex-
isted for the Agulhas for three of his four
surveys?!3.

A comprehensive, quasi-synoptic and
detailed set of cruises covering the full
Agulhas system®” was undertaken for the
first time only in 1969. When the data
from this project were being analysed by
Nils Bang?*## in the early 1970s, he was
particularly struck by the discontinuous
nature of the flow, with a host of fronts
and mesoscale features. Bang evidently
struggled with the interpretation of these
data, suggesting a number of alternative
explanations for the current’s disposi-
tion®0. Searching for a suitably descrip-
tive term that would convey the impression of a dynamic
flexing activity instead of a static, geometrically stable
process, he came across the term “retroflect”, commonly
used to describe the turning back on itself of the mammalian
gut!4,

This excellent verbal portrayal of the flow regime, sug-
gested by the new data, established a novel conceptual
framework for all data gathered before and since. The catchy
descriptive terminology aided the acceptance of the recur-
vature concept by a wider community, particularly once it
became clear that all succeeding information fitted it well.

The concept of the Agulhas’ retroflection, as well as the
new nomenclature, is now firmly entrenched, the term
retroflection being widely employed in oceanography to
describe the behaviour of a number of other currents, such
as, for instance, the Brazil Current’97:687,

an eastward turning®! in both barotropic and baroclinic
configurations. Retroflection can also be brought about
by increasing the large horizontal friction®®2. Lesser
horizontal friction will lead to strongly variable flow.
Some’®3 have tried to show that under certain circum-
stances time-dependant phenomena, such as ring shed-
ding, are essential to the existence of a retroflection. To
study the requirements for a steady retroflection regime,
an investigation has been carried out’’® by modifying
the wind forcing, the bottom topography, the lateral
friction and the layer depth in a model with steady
barotropic flows. It has been found that steady retroflec-
tion regimes can be created under a number of condi-
tions, for instance with large friction or with dominant
inertial effects when friction values are low. Instabili-
ties in this barotropic steady flow’*! may produce inter-
monthly and inter-annual variability. Nevertheless, in

this barotropic model the frequency of ring formation
is set by the physics of the large-scale instabilities and
the rectification processes due to these instabilities
decrease the degree of retroflection of the mean state.
More about wind-driven and other modelling is to be
found below under the rubric of the dynamics of the
Agulhas retroflection.

Direct measurements

Although the nature of the variability in this retroflec-
tion region, as well as its approximate geographic
extent, may be estimated from the abovementioned
data, only few continuous measurements, such as cur-
rent observations, have been made here to date. One
deployment of current meter moorings, spaced over the
full southern Agulhas Current and Agulhas retroflection
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Figure 6.4. The vertical distribution of the current kinetic energy for representative components of the Agulhas Current
retroflection®, a summary of the available data at 55° W longitude (east of the New England seamounts, Gulf
Stream 1), a mooring located at 68° W (west of the New England seamounts, Gulf Stream 2), one placed at the New
England seamounts (Gulf Stream 3) and the Kuroshio®'?. The energy of the Agulhas Current is high, compared to the

other western boundary currents, at all depths.

region>%8, has presented data that give some indications
of the nature of the current variability. These results
may profitably be compared to those found in similar
western boundary currents’” (Figure 6.4).

It shows that the kinetic energy distribution of the
currents is very similar, so that in this respect the
Agulhas Current is not exceptional. Differences in
kinetic energy below 1000 m are mostly due to the
dissimilar location of a current meter mooring relative
to the current system it was supposed to monitor.
Differences between the western boundary currents are
of the same order as the differences found between dif-
ferent parts of the same current system (Figure 6.4).
The spatial distribution of kinetic energy amongst the
different western boundary currents also is very simi-
lar, peaking at the mesoscale>”.

There is therefore abundant proof, from a number of
totally independent data sets, for the very high meso-
scale variability of the Agulhas Current retroflection,
implying some continuous process resulting in substan-
tial changes in current structure and position of the main
flow elements.

Current predilection

The first description of the southern termination of the
Agulhas Current that combined hydrographic data from
a number of different deep-sea cruises has already been
presented by Dietrich in 19354, It shows a substantial
part of the transport, but by no means all*?, flowing
back into the South Indian Ocean in a recurvature of the
current to the south-west of Cape Agulhas. An analy-

sis of widely spaced hydrographic stations in the region
in the early 1960s was the first to demonstrate un-
equivocally the presence along the Subtropical Conver-
gence of intense eddies®!!, and the analysis of the
combined data set collected for the International Indian
Ocean Expedition (see box) allowed for contouring that
also showed some intense eddies here’>. However, it
was only once a full oceanographic project, consisting
of three simultaneous research cruises with closely
spaced stations over the full region, had been com-
pleted that the true nature of the terminal region of the
western-most extent of the Agulhas Current became
clear?®*** (Figure 6.5).

In Figure 6.5 the characteristic disposition of the
Agulhas Current, based on these data, is demonstrated
quite admirably. Having passed by the southern tip of
the Agulhas Bank, at about 19° E, the current turns
abruptly south carrying its water as far as the 42° S
parallel before moving in a north-easterly direction.
The neck of the retroflection proper was only about
180 km wide. On this occasion the Agulhas Current,
under the influence of a Natal Pulse, was even closer to
the Agulhas Return Current in the vicinity of Port Eliza-
beth, but this is an unusual configuration. It is none-
theless of considerable importance, since this close
juxtaposition of opposing currents may occasionally
bring about an upstream retroflection here®*#12, South-
east of Cape Town (Figure 6.5) a large, anti-cyclonic
eddy is evident in the hydrographic data. The volume
transport in this feature relative to 1100 m has been
estimated®? to have been 15 x 10° m3/s, while that of
the Agulhas Current itself was 40 x 10° m%/s.
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Studying the Agulhas system with large observational programmes

Progress in the understanding of the extended Agulhas
system has come about mainly in two ways: by local
efforts with a limited geographical scale and by large,
usually international, programmes on a much more ex-
tensive scale. Investigations using the R.V. Meiring
Naudé from the CSIR (Council for Scientific and Indus-
trial Research, South Africa) in Durban’!” formed a key
component of the former. This is described in an inset of
Chapter 4. One of the most important international pro-
grammes that stimulated oceanographic research in the
region for many years to come, was the International
Indian Ocean Expedition®** of the 1960s. Its effect is
described in an inset to Chapter 2. But there have been a
number of other sea-going programmes since that have
had a decisive influence on the development of our
understanding of this current system.

The ARC (Agulhas Retroflection Cruise) took place
in 1983 from the US research vessel Knorr. Initiated by
Dr Arnold Gordon of the then Lamont-Doherty Geo-
logical Observatory, it included a number of South
African and Dutch participants. It aimed at understand-
ing the inter-ocean exchange
of waters at the Agulhas ter-
mination® and consisted of
one of the most extensive
cruises in this region up to
that time. Many of the results
it achieved were seminal®! 48,
It was followed in 1987 by the
South African SCARC7%7
(Subtropical Convergence
and Agulhas Retroflection
Cruise) from the R.V. SA
Agulhas. This multi-discipli-
nary cruise was one of the
first to use satellite remote
sensing to guide its sea-going programme*>® and inves-
tigated seven Agulhas rings and eddies. It successfully
documented one of the most extensive leakages of Sub-
antarctic water>?® across the Subtropical Convergence.
These single-cruise projects were followed by a number
of multi-cruise programmes.

The BEST (Benguela Sources and Transports) was a
collaborative programme>3’ involving the Woods Hole
Oceanographic Institution, the National Oceanic and
Atmospheric Administration of the US and the (then)
South African Sea Fisheries Research Institute and took
place from 1992 to 1993. Its prime aim was to establish
the flux of Agulhas water in the South East Atlantic
Ocean by the judicious combination of bottom mounted
instruments, hydrographic observations and satellite
remote sensing. It successfully established that most of

Arnold L. Gordon

the flow in this region was due to Agulhas rings33¢ and
not the Benguela Current. The geographically largest and
most elaborate research programme in the Agulhas sys-
tem to date has been the KAPEX (Cape of Good Hope
Experiment)©77-678.650 yndertaken by a number of
German, US and South African organizations from 1997
to 1999. It covered the Agulhas system from Durban on
the east coast of South Africa to beyond the Walvis Ridge
in the South Atlantic Ocean. During the programme a
number of sound sources were placed in the region and
a large number of RAFOS floats launched to pass through
this international array. The results of this highly suc-
cessful programme filled a special issue®?” of the journal
Deep-Sea Research I1.

A subsequent multi-
disciplinary, Dutch-South
African programme initi-
ated by Professor Will de
Ruijter of Utrecht Univer-
sity consisted of two obser-
vational parts: the MARE
(Mixing in Agulhas Rings
Experiment)®® and the
ACSEX (Agulhas Current
Sources Experiment)®°,
The MARE was carried out
over a period of one year
on three cruises at six-month intervals, starting in 1999.
It aimed at studying the slow demise of one particular
ring over this period. The ACSEX was carried out dur-
ing four cruises on the Dutch research vessel Pelagia in
the Mozambique Channel and in the region south of
Madagascar. It has shown that no coherent Mozambique
Current exists, but that the flow in the Mozambique
Channel is characterized by the regular formation of
eddies that subsequently drift poleward”?8. It has been
continued by LOCO (Long Term Ocean Climate Obser-
vations) in which a current mooring array continues to
monitor the flow through the narrows of the Mozambique
Channel.

In later years, the ACE (Agulhas Current Experi-
ment)’%® was funded by the UK to study the fluxes of
the Agulhas Current by placing a number of current
meter moorings across the current at Port Edward, off
South Africa’s east coast. It has presented the most
accurate estimate of this flux to date and in the process
discovered an Agulhas undercurrent%®, The ASTTEX
(Agulhas—South Atlantic Thermohaline Transport
Experiment) consists of a similar set of moorings in the
South East Atlantic that builds on the results of BEST
and will try to quantify the flux of Agulhas water in the
Cape Basin.

Will P.M. de Ruijter




158 The Agulhas Current retroflection

il

2|5° E

— 35°

- 40°S

Figure 6.5. The Agulhas retroflection as evident in hydrographic measurements collected in March 1969. Shown here
is the depth of the sigma-t 25.80 surface®!. Dots represent hydrographic stations; arrows inferred directions of
movement. The concentration of isobaths identifies the core of the Agulhas and of the Agulhas Return Current. Closer
inspection also shows a Natal Pulse off Port Elizabeth (viz. Figure 5.15) and an Agulhas ring west of Cape Town.

Retroflection inconstancy

As might be expected from the multifarious results per-
taining to the current’s variability (viz. Figure 6.2) this
is by no means the only configuration of the Agulhas
retroflection. Satellite imagery, particularly in the ther-
mal infrared®, has shown it in a number of positions”!.
It has in fact been demonstrated that the Agulhas ret-
roflection loop, or its products, may extend continu-
ously as far as 10° E, i.e. outside the Agulhas Basin
(viz. Figure 1.2) and well into the Cape Basin®'? west
of the Agulhas Plateau. This demonstrates that the
Heezen Ridge, which separates these two basins at
about 5° E, seems to have no, or limited, restraining
effect on the Agulhas retroflection loop.

A representative thermal infrared image from the
NOAA 9 satellite for the Agulhas retroflection is given
in Figure 6.6. The question arises how representative
this one image might be and how much it truly tells one
about the movement of water through the system. Using
satellite imagery for 623 days it has been shown that the
average diameter of the retroflection loop is 341 km
(standard deviation 72 km), that anti-cyclonic shear-edge
features to its north are 307 km (89 km) and eddies to
its north-west (viz. Figure 6.5) 324 km (7 km)**,

Based on about 1000 useful images, the maximum east-
erly position of the retroflection has been shown to lie
at 20°30' E longitude, the westerly position at 9°40' E°!.
In general the Agulhas retroflection seems to lie
between 20° E and 15° E, with no preferred locations,
as has been surmised previously®. Although the range
of these features is relatively large, it does demonstrate
some consistency in the occurrence and characteristics
of these features. Comparing these surface temperature
portrayals with the tracks of some drifters has shown
that there exists a close and reliable correspondence
between them.

A drifting buoy that became entrained in the Agulhas
Current south of Port Elizabeth®* clearly circumscribed
a tight retroflection loop at about 15° E longitude before
drifting eastwards (viz. Figure 7.3). Other buoys have
done the same®'3. Buoys passing through the retro-
flection show advective rates of more than 1 m/s, very
similar to those observed in the Agulhas Current itself.
Comparing®* the main features of all the available drift
tracks with the main features of the retroflection, as
evident in the results of hydrographic measurements,
demonstrates that the portrayals of the nature of the
retroflection in satellite imagery are very accurate ones
of the water movement through the region. What can
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Figure 6.6. The Agulhas retroflection®® region south of Africa manifested in the sea surface temperatures. This thermal
infrared image is from the NOAA series of satellites for 13 November 1985. Red—yellow hues indicate warmer water,
black the land and white the clouds. A denotes the southern Agulhas Current, B the western extent of the retroflection
loop and C the Agulhas Return Current. Note the cold upwelled water off Cape Town, the cold Subantarctic Surface
water at the westernmost extremity of the retroflection loop and the cold coastal water being advected along the Agulhas
Bank from the vicinity of Port Elizabeth by the Agulhas Current.

these images then tell us about the transient comport-
ment of the retroflection?

Temporal behaviour

First, they show?! that the Agulhas retroflection loop
normally protrudes farther and farther westwards into
the South Atlantic Ocean with time (Figure 6.7). The
mean rate of this progradation is about 10 km/day.
Sometimes during this process the Agulhas Current and
Agulhas Return Current amalgamate, somewhat up-
stream of the furthermost extent of the loop, and a sepa-
rate, independently circulating annulus of Agulhas
water, an Agulhas ring, is formed. This process was first
identified in satellite imagery®’, although the possibil-
ity of such a process of loop occlusion had been hypoth-
esised before***5!! based on the same mechanism

already observed in the Gulf Stream at the time>'4-13,

Could a major meander in the incipient Agulhas Current
trigger or force the occlusion of a ring? Such a mean-
der could be a Natal Pulse®? that had travelled this far
downstream intact. This would constitute a mechanism
very different from that found acting in ring shedding
events in the Gulf Stream system.

An analysis of the downstream progression of Natal
Pulses, using satellite altimetry that had been validated
by thermal infrared information*’!, has shown that
nearly all ring shedding events at the Agulhas retroflec-
tion are preceded by the appearance of a Natal Pulse at
the Natal Bight, with a lag time of 165 days (Figure
6.8). All the Natal Pulses investigated as part of this
particular study proceeded downstream at the previ-
ously estimated®? speeds of about 20 km/day, up to the
latitude of Port Elizabeth. Downstream of here their
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Figure 6.7. The zonal location of the westernmost limit of the Agulhas Current retroflection from thermal infrared im-
agery from the METEOSAT satellite for 1978 and 1979°!. Peaks indicate the furthest extent of each progradation event
as the Agulhas retroflection loop has pushed into the South Atlantic Ocean. Dotted lines represent less reliable results.

progression slowed to about 5 km/day. This is indicated
by the increased slopes of their distance-made-good
lines in Figure 6.8 beyond a distance of 800 km from
Durban. On these Natal Pulses reaching the retroflec-
tion region, a ring was shed in each case.

For this study, extending over more than a year, at
least one ring was formed without the intervention of
a Natal Pulse. It has therefore been assumed**!316 that
rings will form spontaneously when the retroflection
loop has been extended sufficiently, but that the inci-
dence of a Natal Pulse will precipitate such an event.
Thus ring shedding may be forced by the Natal Pulse
itself or by it interacting with meanders on the Agulhas
Return Current*®!. Since the Natal Pulse itself may be
triggered by eddies coming from elsewhere®? this
means that the control for the frequency of ring shed-

ding may reside in other parts of the Indian Ocean. It
has been shown that monsoonal winds in the Indian
Ocean create Kelvin waves that hit Indonesia, then
propagates southward along the Indonesian coast and
in turn trigger Rossby waves that propagate westward
across the subtropics of the Indian Ocean. When they
reach Madagascar and the Mozambique Channel they
generate eddies which in turn are responsible for the
eventual shedding of Agulhas rings. Others®? have
shown that this whole process may be dependant on
ENSO cycles and the presence of the Indian Ocean
dipole. Inter-annual variability originating in climate
modes in the equatorial region of the Indian Ocean may
therefore affect the frequency of ring shedding at the
Agulhas retroflection®?,
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Figure 6.8. A space-time diagram of altimeter (Geosat) and thermal infrared (NOAA) observations along the south-
east coast of South Africa starting from 1 November 1986. The ellipses denote Natal Pulses from altimetry; rectangles
confirmational sightings in infrared images and crosses observations during which no Natal Pulses were evident.
Dashed lines show the assumed tracks of Natal Pulses whereas arrows give observed ring shedding events. The
horizontal black bars indicate a cloud-free infrared-image of the full region during which no Natal Pulses were
observed. The internal coherence of these independent data sets is impressive*°!. They show that Natal Pulses proceed
downstream at a nearly identical and uniform rate until they reach a distance of 800 km from Durban, after which they
all slow down. This is along the Agulhas Bank. Shortly after they reach the retroflection region, a ring is shed (arrows)
in nearly all cases, suggesting the important role Natal Pulses play in triggering ring shedding events.
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Figure 6.9. Northward penetration of cold Subantarctic Surface Water (blue-green) during the separation of an Agulhas
ring. These thermal data are from the NOAA 14 satellite and show the characteristic development of such an event
on 16 to 17 December 2000. A similar occurence may be seen in Figure 6.6.

Spawning events

Normally, each of the progradation events of the
Agulhas retroflection loop that terminates in the shed-
ding of an Agulhas ring lasts about 40 days®!. Within
each event, westward penetration of the retroflection
loop shows an increasing rate of progress until abrupt
ring spawning occurs. This event duration may, how-
ever, be quite variable. There seems to be no clear
periodicity and for long periods there may be no spawn-
ing events at all>'7.

First results have suggested an annual production of
six to nine rings. Other investigators have estimated
only four to five ring shedding events per year’+404518,
Garzoli et al. have monitored the movement of Agulhas
rings past a line of inverted echo-sounders placed along
30° S latitude in the south-eastern Atlantic Ocean’'”
and have determined that a minimum of four to six
Agulhas rings per year entered this region during the
period from 1992 to 1993°%. In such an extremely vari-
able system it would be highly unlikely that the fre-
quency of shedding events would be identical for each
year, although the probable average seems to be stable,
about one every two months*!3, This may be com-
pared”> to the shedding of rings from the southern
Brazil Current that exhibits quasi-periodic ring forma-
tion roughly every 150 days and the East Australian
Current with 130 days.

At least one of these events at the Agulhas retroflec-
tion has been hydrographically observed and measured
at sea®!. The newly formed ring essentially retains all

the kinematic characteristics of its parental Agulhas
Current, at least initially. It extends to the same depth,
has the same velocity and temperature structure, but
starts cooling very rapidly at the sea surface?®2.

Accompanying flows

These ring-shedding events are accompanied by a
number of significant, secondary circulations. One of
these is the equatorward penetration of a cold wedge of
Subantarctic Surface Water, between the newly formed
ring and the new retroflection loop (Figure 6.9). This
seems to be an inherent part of the dynamics of the ring-
shedding process. Usually the width of this throughflow
remains relatively modest®! with the cold water spread-
ing laterally only to the north of the gap between the
retroflection loop and the newly spawned ring. How-
ever, on occasion it has been observed to be wider than
150 km>'2. Shannon et al.>?% have described an event in
which such cold water extended as far north as 33° S
latitude, a distance of 1000 km, and was observable at
the sea surface for a period of two months. This particu-
lar intrusion covered an area of 734 x 10°km?, 5 stand-
ard deviations greater than the mean area for such
intrusions established from an investigation extending
over nine years®’.

On this occasion temperatures of the sea surface
were below 17 °C here and salinities below 34.9, and
these anomalous water characteristics extended through-
out the upper water column, suggesting that this repre-
sents true advection of cold water and not only an out-
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Figure 6.10. An example in three dimensions of northward intru-
sions of cold, Subantarctic water at the Agulhas retroflection during
October to December 1983%7. The left-hand panel shows the surface
isotherms with arrows indicating cold intrusions. The features iden-
tified by letters are: A, the Agulhas Current retroflection; B, a newly
spawned Agulhas ring; C, an older Agulhas ring; D, a warm Agulhas
eddy; and E, the Agulhas Return Current. Dots indicate hydrographic
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stations. The hydrographic section in the right-hand panel shows a vertical salinity section along line 2. This line is
indicated in the left-hand panel. It intersects two Agulhas rings and the section shows the water with lower salinity
between these as well as its low salinity surface expression (arrow). Lines on top of this panel show the location of
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Figure 6.11. The geographic orientation and lengthwise dimensions of Subantarctic water intrusions at the Agulhas
retroflection for the period 1981-1990. This portrayal is based on thermal infrared observations from satellite®’.
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Table 6.1. Characteristics of the intrusions of Subantarctic Water into the Agulhas retroflection region®’ from thermal

infrared observations by satellite.

Zonal distribution
Meridional distribution
Average number per year 5
Temporal occurrence frequency

One intrusion present

Two intrusions present simultaneously
Three intrusions present simultaneously
Average length of intrusions

Average width of intusions

Average surface area of intusions
Average duration of intrusions

8°Eto22°E
Subtropical Convergence ~35° S

38 per cent

21 per cent of times when intrusions are present
49 per cent of times when intrusions are present
30 per cent of times when intrusions are present
410(+220) km

80(x100) km

159(=118) x 10° km?

28 days

cropping as suggested by some numerical®? models.
Other studies®’ have supported these conclusions and
demonstrated that these wedges of cold water found
between newly shed Agulhas rings and the Agulhas
retroflection may extend deeper than 1500 m (Figure
6.10). On this occasion two wedges were evident at the
same time. From the vertical sections across these fea-
tures it is clear that these cold wedges are only weak
surface expressions of a much larger body at depth.

Over a period of a decade cold wedges associated
with the shedding of Agulhas rings were found to lie
between 8° and 22° E, i.e. the expected zonal range for
ring shedding events (Figure 6.11). Their general ori-
entation nearly always was in a south-west/north-east
direction. Intrusions are evident about 38 per cent of the
time (see also Table 6.1). The recurrence of this pulse
of cold water, probably carrying a collection of foreign
biota, has an as yet unquantified effect on the South
East Atlantic Ocean®3?. The converse, i.e. an unusual
flux of warm Agulhas water into the South East Atlan-
tic, has also been observed*®.

In this particular instance of an enhanced flow of
warm water, the configuration of Agulhas retroflection,
Agulhas rings, and winds was conducive to drawing
considerable amounts of surface water from the Agul-
has Current retroflection, through Agulhas filaments
and the like. A large ocean area off Cape Town was
covered with warm surface water that was replenished
from the Agulhas retroflection for an unusually long
period. This exceptional culmination of a number of
factors that seem to influence flow of warmer water
from the Agulhas coincided with 1986 being the warm-
est year on record in the South East Atlantic Ocean*?.
But it is not only the surface waters that are influenced
by the behaviour of the Agulhas retroflection. It has
been demostrated’?’ that the deep boundary current
along the west coast of southern Africa, consisting
mainly of North Atlantic Deep Water (viz. Figure 2.13),

is influenced by changes in the circulation at the Agul-
has retroflection. This temporal variability causes it to
separate from the continental slope on some occasions
and to enter the Indian Ocean in the deep return flow.
The causal relationship between the behaviour of the
Agulhas retroflection loop and changes to the trajectory
of the deep boundary current of the South East Atlan-
tic Ocean has not been established.

As one would expect for a region where waters from
the Indian Ocean tropics, the South Atlantic gyre and
the Subantarctic meet in a dynamic system of extreme
variability, the water masses of the Agulhas retroflec-
tion are a true mélange of water types.

Water masses

Using all the presently available, high-quality hydro-
graphic data of the Agulhas retroflection region, Val-
entine et al.?3¢ have tabulated the water types to be
found here and their thermal and saline characteristics
(Table 6.2, Figure 6.12).

The pictorial representation (Figure 6.12) exhibits
considerable variations in the surface water warmer
than 16 °C and in the Antarctic Intermediate Water. In
the Central Water, between these two extremes, there
is some indication of two preferred temperature—
salinity relationships that represent the hydrographic
characteristics of South East Atlantic and South West
Indian Ocean water respectively. A precise volumetric
analysis of the water masses present?3® shows that the
warm, saline surface water of the Agulhas Current con-
tributes relatively little to the volume of the upper
1500 m of the region. Pulses of cold Subantarctic
Surface Water, with low salinities, make a distinctive,
but very small overall contribution to the volume. By
volume alone, the North Atlantic Deep Water is the
dominant water mass, accounting for 40 per cent of the
total volume.
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Table 6.2. Thermal and saline characteristics of the principle water masses found in the Agulhas retroflection and its direct
vicinity?36.

Temperature range [°C] Salinity range [psu]

Surface Water 16.0-26.0 >35.5
Central Water

South East Atlantic Ocean 6.0-16.0 34.5-35.5

South West Indian Ocean 8.0-15.0 34.6-35.5
Antarctic Intermediate Water

Characteristic 7/S 2.2 33.87

South East Atlantic 2.0-6.0 33.8-34.8

South West Indian 2.0-10.0 33.8-34.8
Deep Water

North Atlantic Deep Water (South-east Atlantic) 1.5-4.0 34.80-35.00

Circumpolar Deep Water (South-west Indian) 0.1-2.0 34.63-34.73
Antarctic Bottom Water -0.9-1.7 34.64-34.72

Salinity
34.0 35.0 36.0
T T T T N T T S T O A N A A M
— 25

— 15

1
Potential temperature (°C)

Figure 6.12. A scatter diagram of the potential temperature—salinity relationship of the water masses found in the
Agulhas retroflection and its direct environment?3®. These data are all from CTD (conductivity—temperature—depth)
measurements taken to the ocean bottom and represent the wide range of water masses to be found in this mixing region.
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Figure 6.13. The potential temperature—dissolved oxygen characteristics of the water masses in the Agulhas
retroflection regionzm, SAMW: Subantarctic Mode Water; SICW: South Indian Central Water; AAIW: Antarctic
Intermediate Water; UCDW: Upper Circumpolar Deep Water; NADW: North Atlantic Deep Water; LCDW: Lower
Circumpolar Deep Water; AABW: Antarctic Bottom Water. Oxygen content is particularly valuable in distinguish-

ing between different water masses at intermediate depths.

By comparing the temperature—salinities character-
istics found in the Agulhas retroflection (Figure 6.12)
to those found in the northern Agulhas (Figure 4.15)
and southern Agulhas Current (Figure 5.3), it can be
seen that the two components of the surface waters of
the Agulhas Current, Tropical Thermocline Water and
Subtropical Surface Water, arrive in the retroflection
region fairly intact. The central and intermediate waters
in the retroflection region by contrast show many more
outliers towards lower temperatures than they do far-
ther upstream, indicating the influence of the sub-
antarctic waters, understandably not so evident to the
north. Of interest in Figure 6.13 is also the presence of
Subantarctic Mode Water, made manifest by its deep
oxygen maximum?*%. This water is introduced along
the southern edge of the subtropical region and, befit-
ting the proximity of the retroflection to the Subtropi-
cal Convergence, is much more prominent here than in

the South Indian Ocean as a whole (viz. Figure 5.3).

Gordon et al.??" have shown that the water of Indian
Ocean origin introduced into the retroflection region by
the Agulhas Current is restricted to the upper 2000 m.
They have also shown that a substantial, or at least a
very conspicuous, remnant of Red Sea Water is carried
downstream as part of the Agulhas Current flow. It is
not clear whether this Red Sea Water passes through the
Mozambique Channel?*, or whether it comes from east
of Madagascar?®. Its low-oxygen characteristics are
clearly seen in potential temperature—dissolved oxygen
plots for the region (Figure 6.13).

Shallow oxygen minimum

Of particular relevance to an understanding of the cir-
culation and mixing of water masses in the Agulhas
retroflection is the presence of an oxygen minimum?3°
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found at depths of between 100 to 150 m. It is marked
as Tropical Thermocline Water in Figure 6.13, and is
associated with the warm surface water of the Agulhas
Current. During some cruises that have intersected
Agulhas rings?*°, this minimum was not found in older
rings, suggesting that this particular water mass had
been mixed out.

Water in the tropical surface layers in general has
significantly lower levels of dissolved oxygen than in
the subtropics®. On moving southwards, this water is
overlain by Subtropical Surface Water with a higher
oxygen content and underlain by the deeper oxygen
maximum of Subantarctic Mode Water (Figure 6.13),
thus creating a shallow oxygen minimum. This layer of

A Stations

low oxygen extends to the south within the western
margins of the Indian Ocean. Warren?>2, as was noted
previously, has suggested that this particular minimum
may represent the effects of biological oxygen con-
sumption due to decaying organic matter.
Nonetheless, the layer is characteristic of the core of
the Agulhas Current Water. In sequential stations car-
ried out from west to east along an isobath of the
Agulhas Bank (Figure 6.14) it can be seen that this
tropical signature can be used as a valuable tracer of
Agulhas Current Water>3!. Chapman?3!, by making use
of all appropriate historical data, has been able to show
that a layer, with a thickness of between 50 and 150 m,
depleted in oxygen by about 1.1 to 1.5 ml/l occurs con-
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Figure 6.14. A temperature section (uppermost panel) and concomitant dissolved oxygen section (middle panel) across the

Agulhas retroflection loop?3!

showing the distinctive oxygen minimum layer (ml/l), centred at 100 m, that is associated with

the core of the Agulhas Current. The lower panel shows an oxygen section along the southern African shelf break”!
(umol/m?) demonstrating the abrupt end of this shallow oxygen minimum at the termination of the Agulhas Current. The
location of the sections is shown in the map. See also Figure 6.15.
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sistently at the edge of the Agulhas Current, also along
its retroflection loop. It is so characteristic of Agulhas
Current water that it may be used to trace water from
the Agulhas Current retroflection as far north as 32° S
and 10° E in the South Atlantic Ocean?!.

Agulhas retroflection nutrients

A hydrographic section across the Agulhas retroflection
loop (Figure 6.15) demonstrates that in this region the
nutrient concentrations are usually inversely related to
temperature. The lowest levels of phosphate and nitrate
are thus seen to be associated with the outer rims of the
loop, representing the Agulhas Current and the Agulhas
Return Current. All kinematic products of the Agulhas
retroflection, such as Agulhas rings, eddies and fila-
ments, carry this signature with them. At the Subtropi-
cal Convergence the concentrations of these nutrients
are much higher (Figure 6.15), Subantarctic Surface
Water being characteristically higher in all nutrients
except silicate. The outer edges of the Agulhas Bank are
also shown to have higher levels of nutrient concentra-
tions, probably as the result of the inshore upwelling
between the Agulhas Current and the shelf slope (viz.
Figures 5.2, 5.4,5.9).

Water mass modifications

An inspection of precise temperature and salinity data
from the Agulhas Current retroflection (e.g. Figure
6.12) show a number of significant outliers. Outliers in
the low-salinity direction are for the greater part due to
the effect of water from south of the Subtropical Con-
vergence or from the South East Atlantic Ocean. Sub-
antarctic water may make its presence felt by mixing
processes along the lower limb of the Agulhas retroflec-
tion loop, i.e. along the confluence of the Agulhas
Return Current and the Subtropical Convergence. Its
major influence on the temperature—salinity character-
istics of the region is probably a result of the spasmodic
occurrence of wedges of subantarctic water moving
northward into the region when an Agulhas ring is
spawned (Figure 6.9). Within the thermocline of the
Agulhas retroflection this subantarctic influence in-
creases with depth?*,

Since the high, and seasonally persistent, heat fluxes
from the ocean to the atmosphere are well known for
this region!2!147, the possibility exists that thermohaline
alterations to water above the thermocline would be
evident in the water masses found here. This is indeed
the case. Gordon et al.>*, using a quasi-synoptic, high-
quality hydrographic data set, have found that upper
thermocline water in the Agulhas retroflection, upon

exposure to the colder overlying atmosphere, forms
water that is anomalously salty to that of the Agulhas
Current proper. Such modified water is found predomi-
nantly as thermostads within the Agulhas retroflection
loop, but also in Agulhas rings?*?. Modifications of
water masses in this region are particularly important
for a number of reasons.

There is evidence that the Agulhas retroflection is a
source region for Subtropical Mode Waters in the
potential temperature range 17.4 °C to 17.8 °C382 for
the South Indian Ocean and, in a more modified form,
for the South Atlantic. This exceptionally cold Sub-
tropical Mode Water is found extensively in the east-
ern South Atlantic. The convective changes that bring
about these modifications have been considered to be
highly episodic, while there may be longer periods
where the active mixing is restricted to a near-surface,
wind-mixed layer?®2. Nevertheless, the water that has
been cooled in the Agulhas retroflection is believed to
be principally responsible for cooling the near-surface
layers in the Indian Ocean and for ventilating thermo-
cline and intermediate waters of the South West Indian
Ocean®32. Although it is considered difficult to use
water mass indicators to trace water of South Indian
origin in the South Atlantic, it appears possible that
water altered at the Agulhas retroflection may play a
determining role in the nature of the South Atlantic
thermocline.

Fluxes in the Agulhas retroflection

The transport values of the Agulhas Current are
known to increase downstream (Figure 6.16), but the
rates of increase that have been estimated to date
differ markedly, between 2.7 x 10° m?/s per 100 km3%0
to 6 x 10° m?/s per 100 km?%°. Calculations of what this
volume transport increase should be, based on the zon-
ally integrated interior transport of the South Indian
Ocean, driven by the known wind-stress curl, lie
between 9 x 10° m?/s per 100 km at 25° S to zero at
37° $334, With the adjustment of the wind stress values
to more accurate ones, estimates of the volume flux of
the Agulhas Current, based on the wind stress, at 37° S
have been adjusted downward from 72 x 10° m3/s33* to
about 55 x 10® m3/s'87, This reduces the downstream
increase to 2 x 10® m3/s per 100 km. The observed flux
values as well as rates of downstream change are far in
excess of those predicted by purely linear, thermohaline
and wind-driven dynamics>33. This has to date not been
adequately explained.

The fluxes within the Agulhas retroflection itself
have been calculated based on the hydrographic data
collected during only a few suitable cruises.
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Figure 6.15. A hydrographic section across the Agulhas retroflection loop®3! showing the temperature, salinity, nitrite and
phosphate (umol/m?) for this feature. The accompanying map shows the location of the section relative to the retroflection
at that time. The inverse relationship between temperature and nutrient concentration for these waters is immediately dis-
cernible. See also Figure 6.14.
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Figure 6.16. Volume transport values for the Agulhas Current downstream of 30° S333. The Agulhas retroflection
lies downstream of 900 km in this figure. Individual papers referenced here by author(s) and year can be found in

the Bibliography.

Gordon et al.?** have estimated that 70 x 10 m?/s
above 1500 m passed into the Agulhas retroflection
region through the Agulhas Current (95 x 10° m3/s
relative to the sea floor) during one particular cruise. Of
this, 10 x 10° m3/s continued to flow west; the rest
joined the retroflection proper. There was a recir-
culation, within the loop of the Agulhas retroflection,
of 15 x 10° m3/s. About 55 x 10° m?/s left the retroflec-
tion as the Agulhas Return Current. Early, upstream
retroflections, local recirculation and time biases in the
coverage of the region during one particular cruise
make it notoriously difficult to draw up a balanced
budget for the water masses entering and leaving the
Agulhas retroflection region (e.g. Figure 6.16).

Agulhas rings

The presence of intense vortices near the southern tip
of Africa has been surmised*®>° from or observed’>-!!
in hydrographic data for a long time. In Figure 6.5 the
dynamic topography of the Agulhas retroflection region
and vicinity clearly shows, for instance, the presence of
such a substantial eddy south-west of Cape Town. It
may be assumed to have been an Agulhas ring and to
have had its inception in the Agulhas retroflection. It
had a characteristic diameter of about 400 km and a vol-

ume transport of 5 to 10 x 10° m3/s to 1100 decibar®?.
On one cruise?? the spawning of such a feature has
actually been observed®! and the nature of a newly
formed ring could be established in detail (Figure 6.17).

Ring characteristics

First, having been recently spawned from the Agulhas
Current, the surface expression of an Agulhas ring is
that of a warm annulus with Agulhas Current surface
water clearly distinguishable as a circular ribbon of
high temperatures®! with a tell-tale, subsurface oxygen
minimum?>3!, Hence the designation Agulhas ring. These
characteristics are not seen in other mesoscale eddies
cast off from the Agulhas Current*3, particularly along
the Subtropical Convergence®. These latter features are
therefore preferably called Agulhas eddies. However,
Agulhas rings do not retain this distinctive surface
structure for a long time. Convective mixing due to
severe heat loss to the atmosphere%, as well as substan-
tial mixing due to high levels of wind stress, rapidly
erases all surface contrasts between rings and their sur-
roundings in the South East Atlantic Ocean. Before this
happens to a substantial degree, surface expressions
represent the dimensions of Agulhas rings quite well.
Based on more than 600 thermal infrared images
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from the METEOSAT satellite, it has been established
that, at the sea surface, the average diameter of an
Agulhas ring is 324 km, with a standard deviation of
97 km*!4, An investigation on the characteristics of
Agulhas rings sufficiently robust to reach the Walvis
Ridge’!? has shown that the diameters of these features
have no noticeable seasonal variations. Agulhas rings
closer to Cape Town that have lost their contrasting sur-
face expression, but that are circumscribed by encir-
cling Agulhas filaments**°, have diameters of 307
(£89) km. This apparent reduction in size may be an
artefact of the Agulhas filaments partially overlying
Agulhas rings”?, thus making them seem smaller than
they are.

Characteristics of a newly spawned ring have been
observed at sea a number of times’®->. Detailed obser-
vations of a ring in March 20007%% have shown that it
had a maximum anomaly of sea surface height of
0.70 m, a radius of 120 km and a volume of 38 x 102 m3.
A strong azimuthal current of about 1 m/s gave this ring
a kinetic energy of 18 x 10'>J. The ring was strongly
baroclinic, but also had a significant barotropic compo-
nent. The hydrographic structure of the ring as well as

10° 15° 20°

its velocity extended down to a depth of 4500 m (Fig-
ure 6.18). This is the first solid evidence that Agulhas
rings extend to such depths. This does not of necessity
imply that all individual rings are this deep. The Agulhas
Current itself at times extends to the bottom®®’, but at
other times is much shallower’*®. One would expect this
therefore to be true of Agulhas rings as well. The
hydrographic properties of the ring so meticulously sur-
veyed in March 2000 differed from those of the ambient
waters only at temperatures greater than 12° C. Based
on a number of criteria, this specific ring has been con-
sidered a very large one’®. An indication of the range
of diameters to be observed is evident from Figure 6.19.

The two rings observed during a particular cruise
(Figure 6.17) had different shapes and sizes. The older,
more northern ring, was more nearly circular and had
a diameter of about 200 km. The southern one was
more elliptical with minor and major diameters of
100 km and 250 km respectively?*, When ring dimen-
sions are defined by their average diameter of maxi-
mum radial velocity, they seem smaller. Duncombe
Rae'?” has carried out a statistical analysis of 18 rings
observed in the general vicinity of Cape Town (Figure

35°

40° S

Figure 6.17. The dynamic height anomaly of the sea surface relative to 1500 decibar, given in dynamic metres>*°. The
Agulhas retroflection loop is clearly circumscribed, as well as two Agulhas rings to the west of the retroflection. Regions

shallower than 3000 m are indicated by shading.
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Figure 6.18. The full velocity structure of a relatively young Agulhas ring in the Cape Basin’®>. The speeds are in m/s.
The shaded region indicates movement to the north-east. Speeds of slightly less than 0.1 m/s were found right down to the
sea floor on this occasion.
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Figure 6.19. A compendium of Agulhas rings, their diameters and their geographical locations from eleven

independent sets of hydrographic measurements'?’

6.19) and, according to these hydrographic data, esti-
mates a mean diameter of 240(x40) km. This is prob-
ably the most reliable assessment of the dynamic
dimensions of the rings to date. The mean depth of the
10 °C isotherm, a good proxy for the dynamic topog-
raphy of these features!?’, is 650 (+130) m for this set
(Figure 6.19) of rings. The range of a number of vari-
ables connected to Agulhas rings is given in Table 6.3.
The geographic distribution of this set of rings suggests
a general north-westerly drift.

Rings translating

A subsequent survey of eddies in the Cape Basin®>~7,
during three major cruises, located seven eddies in the
region®?’, Five of these were positively identified as
Agulhas rings. The passage of these rings was associ-
ated with depressions in the 10 °C isotherm lasting from
100 to 400 days at a particular spot. After the passage
of aring the thermocline appears to shallow appreciably
before relaxing to the local mean depth for that tem-
perature®?’, suggesting the passage of an attendant, but
smaller, cyclonic eddy.

The depth to which particles are actually trapped in
an eddy, and thus move with it, may depend on the ratio
between the azimuthal speed and the translational speed
of the eddy>38. Based on the advection rates that have
been observed for rings to date®*4%* or calculated?, it
has been estimated'?” that the trapped depths lie
between 670 m (for the highest drift speeds) and 110 m.
This would imply that, although depressed isotherms

south-west of South Africa.

may indicate a ring depth of 4000 m or more, only
intermediate and shallower waters are carried along, the
rest of the signal progressing as a wave in the density
field only. It still needs to be established whether this
theoretical limitation on the trapped depths of Agulhas
rings actually applies. Detailed modelling?’! has sug-
gested that the baroclinic velocity of an Agulhas ring
would exhibit an inversion at a depth of about 1250 m
(Figure 6.20). There are measurements that seem to
show this, but it seems that the deep velocity structure
of a ring may very much be a function of its age.

Ring distributions

Using this perturbation of the temperature field to iden-
tify mesoscale features in the South Atlantic Ocean
during the abovementioned three dedicated cruises has
resulted in the overall distribution of eddies for the
Cape Basin®? given in Figure 6.21. These cruises were
carried out over a 17 month period>* in 1992 and 1993
to survey the region, making it a relatively synoptic
survey. The distribution is not dissimilar to that por-
trayed in Figure 6.19. It was shown’!” that two to six
rings co-existed in the Cape Basin at any one time.
Subsequent altimetric studies*® as well as investiga-
tions with floats®?” have largely substantiated these
numbers, but shown that they may vary considerably
from year to year. It has for instance been estimated®”®
that during the KAPEX endeavour nearly 12 Agulhas
rings were to be found in the south-eastern Cape Basin.
The abovementioned hydrographic surveys have, how-
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Table 6.3. A compendium of ring parameters for a number of published observations of Agulhas rings’®, V 2 18 the maximum
tangential speed, L 1is the radius where this maximum tangential speed is found, Vol, is the volume of the ring above the 10° C
isotherm, APE is the available potential energy relative to the depth of the thermocline outside the ring, KE is the kinetic energy
if the ring is considered as consisting of two layers, AHA is the integrated heat excess above the 10° C isotherm (relative to a
temperature profile which is representative for the surrounding water) and ASA is the integrated salinity excess above the 10° C
isotherm (relative to a salinity profile which is representative for the surrounding water).

Source Programme  Ring Vo L. Vol , APE KE AHA ASA
[m/s] [km] [10®m’] [10%]] [10®J] [10*]] [10" kg]
Van Aken et al. (2003)7 MARE-1 Astrid 1.0 120 38 20 18 0.8 4.1
Van Ballegooyen et al. (1994)!'? SCARC A3 160 34 1.5 8.7
A4 140 33 2.4 13.1
A5 95 11 0.7 4.4
A6 125 17 1.1 4.6
Olson and Evans (1968)* ARC RE 0.9 130 26 51 9
CTE 0.6 115 30 31 6
Duncombe Rae et al. (1996)**° BEST Bl-1 0.4 85 17 2 0.2 1.2
1992-1994  B2-2 0.5 65 17 11 2 0.6 3.8
B2-3 0.3 85 7 1 0.6 3.7
B2-4 0.3 95 23 2 0.4 1.7
McDonagh et al. (1999)>* All Ring 1 0.6 71 15 5 1 0.4 24
Ring 2 0.8 75 24 8 3 0.2 1.4
Garzoli et al. (1999)" KAPEX Ring 1 0.4 100 31 43 1 0.9
1997 Ring 2 0.2 110 42 52 1.3
Ring 3 0.3 100 19 15 0.8

ever, turned up some novel features that have not been
observed here before and that are of considerable
importance.

First, a number of cyclonic eddies have been found
on the periphery of the retroflection region (viz. Figure
6.21). Modelling of this ocean region with high spatial
resolution?”3 has suggested the production of dipole
pairs of eddies — one anti-cyclonic, the other cyclonic
— at the Agulhas retroflection. It is not clear whether the
cyclonic features observed during this set of cruises of
1992 and 1993 support the simultaneous shedding of
eddies with opposing flow directions. For a proper
understanding of the vorticity balance of the ring-
spawning process as well as the long-term stability of
Agulhas rings it would be of crucial importance to
establish the formation mechanism for these cyclonic
eddies. There are theoretical results that suggest®34-
that baroclinic rings, accompanied by weaker cyclones,
would inherently have a greater degree of stability.

Subsequent investigations®?7-3! have indicated a
totally new and important phenomenon in this regard:
independent Cape Basin cyclones. It has been demon-
strated®?7-8 that cyclones are an ubiquitous component
of the circulation in this part of the South East Atlan-
tic Ocean. They move in a south-westerly direc-
tion%26-628 from the edge of the African continental

shelf, crossing the average north-westerly path of
Agulhas rings with advection speeds of 3-5 cm/s, very
similar to those of Agulhas rings®?®. This phenomenon
is most evident in regions surrounding the Agulhas
retroflection loop and not at the retroflection itself
where Agulhas rings are first formed, indicating that
these cyclones do not necessarily form part of the ring-
shedding process. The criss-crossing movement of
Agulhas rings and cyclones is in agreement with sim-
ple theories>3® for vortex propagation on a 3-plane®?
through a weak background flow. This crossing of the
paths of cyclonic and anti-cyclonic eddies has also been
observed®? in other, similar ocean regions, such as the
North East Pacific Ocean and the South East Indian
Ocean. What are the currently known characteristics of
these Cape Basin cyclones, and what role might they
play in the mixing of water from Agulhas rings in this
basin?

Cape Basin cyclones

It would seem that three, perhaps related, cyclone types
are to be found in the Cape Basin. The first are eddies
that were previously imbedded in Natal Pulses®?® 932,
the second lee eddies shed from the western side of the
Agulhas Bank®%-! and the third type cyclones shed
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Figure 6.20. The baroclinic speed in a sec-
tion across a modelled Agulhas ring?’!,
Speeds are in cm/s with solid lines represent-
ing motion towards the reader. The model
suggests that the baroclinic motion will
exhibit a velocity inversion at depths greater
than 1000 m, but with greatly reduced speeds.

(Below) Figure 6.21. Distribution of meso-
scale disturbances to the depth of the 10 °C
isotherm in the Cape Basin of the South
Atlantic3?°. These locations are based on
measurements undertaken during three
cruises as part of the BEST series in 1992
and 1993. Thin lines denote the tracks of
these cruises. Circulation features are
denoted AR (Agulhas Current ring), BR
(Brazil Current ring) and C (cyclonic eddy).
The temperature—salinity characteristics of
the postulated Brazil Current rings, denoted
BR1 and BR2, are given in Figure 6.25.
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Figure 6.22. Vertical temperature sections across a characteristic eddy generated off the western side of the Agulhas
Bank, south-west of Cape Town. The left-hand panel represent actual hydrographic observations; the right-hand panel
temperature distributions simulated by a regional model®3°.

from the continental shelf edge of south-western
Africa®?7-8,

The general behaviour of Natal Pulses has always
suggested®23 that this special meander of the Agulhas
Current has an embedded cyclone in its core (viz. Fig-
ures 4.24 and 5.15). As mentioned before, it has even
been suggested that this particular cyclone originates
from the lee eddy often present off Durban?'> 199 (viz.
Figures 4.20 and 4.21), just south of the Natal Bight.
More recent observations, including current meter
records, float trajectories and satellite remote sensing
products have demonstrated unequivocally®?? that the
cyclone in the loop of a Natal Pulse is persistent along
its trajectory and extends to the full depth of the Agul-
has Current. What becomes of this well-developed cyc-
lone once a Natal Pulse passes the tip of the Agulhas
Bank south of Africa?

Studies combining RAFOS floats and satellite obser-
vations have shown®?? that such cyclones are shed into
the South Atlantic Ocean and are sometimes instrumental
in triggering the occlusion of an Agulhas ring (Figure
6.23). They may even move poleward through the gap
between the newly shed Agulhas ring and the Agulhas
retroflection loop. In many models’® the shedding of
Agulhas rings is accompanied by the formation of an ac-
companying cyclone. Once in the Cape Basin cyclones
of this category seem to disintegrate rapidly. This behav-
iour of cyclones in Natal Pulses is mirrored closely by
shear edge features of the southern Agulhas Current®?’
when they move past the southern tip of the Agulhas
Bank. Both these sets of cyclones may have an effect on
the circulation on the western side of the Agulhas Bank.

It has been shown®3 that cyclonic motion is a recur-
rent, but not persistent, feature of the southern part of the
shelf edge of the western Agulhas Bank. This motion in
the lee of the bank is driven by the passing Agulhas

Current and can be quite easily modelled®**-!, In such
a model®® leakage of vorticity from shear edge — or
border — eddies along the eastern edge of the Agulhas
Bank (viz. Figures 5.7 and 5.8) feeds into the lee eddy
at irregular intervals enhancing it spasmodically. The
modelled lee eddy bears a very strong resemblance to
those measured at sea (Figure 6.22). Both in the model
and in observations this lee eddy is eventually shed into
the Cape Basin where it may interact vigorously®?® with
Agulhas rings and with other cyclones. In a primitive
equation model’®! with a spatial resolution of /6° x 1/¢°,
such cyclones are usually paired with Agulhas rings in
dipolar or even tripolar structures’®. The influence of
border eddies from the eastern side of the Agulhas
Bank on lee eddies as well as on the subsequent behav-
iour of lee eddies is shown schematically in Figure 6.23.

This figure is based on sea-surface height anomalies
and on the simultaneous movement of RAFOS floats
placed in two groups; the first at roughly 400 m depth,
the others at an average of 800 m depth. The behaviour
of both sets of floats was very similar in these cyclones,
indicating their coherent depth structure. As can be seen
from Figure 6.23 (first panel) floats on this occasion
spent some time in border eddies on the eastern side of
the Agulhas Bank. At some later stage they moved
downstream and were caught up in a vigorous lee eddy
(Figure 6.23, third panel). On subsequently breaking
away from the shelf edge (Figure 6.23, last panel), this
lee eddy crossed the Agulhas retroflection loop, cutting
off an Agulhas ring in the process. The south-westward
direction of drift of the lee eddy is entirely character-
istic for such features; there is insufficient evidence to
warrant its influence on ring shedding as equally dis-
tinctive. Of importance here is to note that the mod-
elled®! simulation, that shows vorticity being trans-
ferred from border eddies on the eastern side of the
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Figure 6.23. Evidence at depth for the role of a shear edge or border eddy in the detachment of an Agulhas ring from
the Agulhas Current retroflection®®. The tracks of RAFOS floats at intermediate depths are shown in these panels
relative to concurrent sea height anomalies. Arrows are given at the leading edges of each float track and show the
location of the float on the day given. Anti-cyclonic motion is denoted by the grey scale and the land mass deeper
than 1000 m is shown as light grey. Panels follow in the conventional sequence.

Agulhas Bank to a lee eddy on its western side, has there-
fore in fact been observed. However, a study during the
period 1997-1999%% suggested that of six cyclones iden-
tified on the landward side of the southern Agulhas
Current, two dissipated at their site of formation; four
propagated downstream. It therefore seems clear that not
all border eddies feed the Agulhas Bank lee eddy. Of
especial relevance is the role border eddies may at times
play in the triggering of ring shedding events.

The last of the three types of cyclones being dis-
cussed: Natal Pulse eddies, Agulhas Bank lee eddies
and Cape Basin cyclones, is the least understood. Cape
Basin cyclones in most respects behave in a manner
very comparable to the lee eddy described above,
except that they are formed at the shelf edge equator-
ward of the Agulhas Bank® and therefore do not seem
to be directly driven by the Agulhas Current. In general
they have a diameter of 120 km, smaller therefore than
Agulhas rings that have a typical diameter of 200 km.
They are much weaker than Agulhas rings with which
they co-exist in the Cape Basin. According to float
observations at intermediate depths, Cape Basin cy-
clones on average exhibit kinetic energy levels 60 per
cent less than Agulhas rings®?®. During 1997, 22 such
cyclones were observed in the Cape Basin, seemingly
a representative figure. The mean zonal velocity of
Cape Basin cyclones westward was 3.6(+0.6) cm/s and

the mean poleward drift 0.4(+0.5) cm/s (Figure 6.24).
Azimuthal speeds measured to date reach 22 cm/s. The
lifetime of these cyclones is less than two to three
months®?8, thus much shorter than that of many Agulhas
rings. Because of their short lifetime and the south-
westward direction of their drift, few of them are found
in the northern part of the Cape Basin®? and only one
has to date been observed’8! to cross the equatorward
border of this basin, the Walvis Ridge. The importance
of Cape Basin cyclones lies predominantly in their pre-
sumed role in mixing of eddy and ring features within
this basin.

Notwithstanding their short lifetimes, the number of
cyclones in the Cape Basin at any one time would seem
to exceed that of Agulhas rings by a ratio® of 3 : 2. They
therefore are quantitatively an important component
part of the circulation here. The periods floats, at inter-
mediate depths, spend in these cyclones (44 days) is
similar to that of floats in Agulhas rings (41 days). This
short trapping period suggests that there is substantial
mixing of water from within both types of features with
ambient water masses. It has also been observed®?® that
floats are frequently exchanged between Agulhas rings
and Cape Basin cyclones, evidence of the entrainment
and detrainment of water between these features. This
implies that the presence of large numbers of cyclones
in the Cape Basin substantially enhances the mixing of
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Figure 6.24. The tracks of cyclones in the south-eastern Atlantic Ocean for the period 1997-19999%8 as inferred from
sea surface height anomalies. Bottom topography is described by the 1000 m and 2000 m isobaths.

water from Agulhas rings here, thus shortening their
lifetime in the south-eastern part of the basin. For this
reason it has whimsically been referred to by Boebel et
al.?8 as the Cape Cauldron.

Brazil rings?

The second set of unusual, and unexpected, mesoscale
features observed during cruises in the Cape Basin are
eddies that have hydrographic characteristics somewhat
different from those expected of standard Agulhas
rings>*0. It has been claimed that these anti-cyclonic
features have their origin at the confluence of the Bra-
zil and Falkland Currents in the western Atlantic Ocean
and are advected eastward with the high-latitude limb
of the South Atlantic gyre until they reach the position
shown in Figure 6.21. This somewhat startling conclu-
sion has been based on two sets of data.

First, the potential temperature—salinity characteris-
tics of these two particular eddies below a depth of
600 m, i.e. well away from possible atmospheric influ-
ences, is more closely comparable to that of the Brazil
Current than that of the Agulhas Current. This is shown
in Figure 6.25. Secondly, comparing different CFC
tracers, some of which have a declining concentration

in the atmosphere, some increasing, an age for water in
a feature can be calculated. From such a comparison,
the age of ring BR1 (Figure 6.21) has been estimated
at three years>*?. With a known eastward drift of 20 to
30 km/day in the southern limb of the subtropical gyre
of the South Atlantic, this could place this particular
ring at the Brazil Current retroflection when it was
formed. Others have come to different conclusions on
the origin of these unusual rings.

It has subsequently been shown that the ring that has
been claimed to have crossed the South Atlantic from
the Brazil Current came from the Agulhas retroflection
where it had been spawned 16 months earlier>*!. This
conclusion is supported by both altimetric and thermal
infrared data for the region for this period. The hydro-
graphic and kinematic nature of this anomalous ring
was in all respects akin to that of neighbouring Agulhas
rings, except for the higher oxygen and lower nutrient
concentrations in its core. Since these are consistent
with the characteristics of Subantarctic Mode Water,
formed at the Subtropical Convergence in austral win-
ter, it has been suggested®*? that this front is the origin
of this water that may occasionally be found within the
Agulhas Current. This suggestion has also been put
forward by others’®? who have investigated a number
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Figure 6.25. Temperature—salinity characteristics of two eddies (B1 and B2) observed in the South East Atlantic
Ocean®?” that were believed to have their origin as Brazil Current rings>*°. Their geographic locations are shown in
Figure 6.21. These temperature—salinity characteristics are juxtapositional to those distinctive of the Agulhas Current

and the Brazil Current respectively.

of rings and found some with high saturations and con-
centrations of oxygen in a thermostad at a depth between
600 m and 1100 m. Their analysis has led to the tenta-
tive conclusion that this particular ring had incorporated
a lens of water from the Subtropical Convergence by
coalescing with another eddy. An entirely conclusive
answer on whether Brazil rings can reach the south-
eastern Atlantic has therefore not yet been given.
Nonetheless, the possibility of Brazil Current rings
remaining essentially intact for what must be a consid-
erable period must be largely dependent on the rate of

mixing between the rings and the ambient water
masses. This rate of mixing is currently not known, but
will most likely be a function of the speed of rotation
of these features. This argument will of course also hold
for Agulhas rings.

Ring kinematics

Maximum radial speeds of Agulhas rings lie between
0.29 m/s and 0.90 m/s with an average'?’ of 0.56 m/s.
The azimuthal velocity around a ring, as a function of
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radius from ring centre, is very variable®* (see Table
6.3) Agulhas rings do not come with a strongly con-
strained range of physical characteristics. The available
potential energy of Agulhas rings adequately measured
to date lies between 26 and 51 x 10" J. Altimetric data
suggest’!7 up to 70 x 10" J. The kinetic energies fall
between 2.3 and 8.7 x 1013 J.

Observations of the absolute velocity field of Agul-
has rings, using a sophisticated combination of acoustic
Doppler current profilers, Global Positioning Systems
and high-quality hydrographic data’*’ have demon-
strated that as much as 50 per cent of the total flow in
the core of a mature ring is barotropic. The radius of
maximum velocity in this presumed ring had shrunk to
only 60 km. On the basis of some of these results Olson
and Evans®* and others®!” have concluded that Agulhas
rings are the most energetic in the world and that one
ring, by itself, may contribute up to 7 per cent of the
annual input of energy by the wind for the entire South
Atlantic basin. What does such an intense eddy look
like hydrographically? This is shown in Figure 6.26.

Ring hydrography

The general vertical portrayal of this ring is character-
istic of others observed in the region®®. First, two warm
lobes of the annulus of warm surface water are still
intact. This is not represented in the salinity distribu-
tions, but is evident in the subsurface oxygen minimum
that is more clearly seen on the inshore side of the ring.
Secondly, phosphates are in general low, but in the
extensive 16 °C to 17 °C thermostad high nitrite values
are to be found (Figure 6.26). This thermostad, fully
saturated with oxygen, is believed to be due to cooling
and vertical convection of the Indian Ocean water in the
centre of the ring® over an extended period. Heat losses
in early spring of 157 W/m? for an Agulhas ring have
been estimated®'; 80 W/m? in autumn>*3. Evaporation
and convection lead to increased salinities in the surface
layers®*. Observations of Agulhas rings much farther
afield>** accentuate the marked effect on their hydro-
graphic structure of interaction with the atmosphere
(Figure 6.27) shortly after they have been spawned.
These rings have been found and properly sur-
veyed>* by Arhan et al. well beyond the Walvis Ridge
in the Angola Basin. One, here called R, (Figure 6.27),
had a diameter of about 500 km and a core temperature
of 17.1 °C. The core of its thermostad lay at a depth of
150 m. Ring R, by contrast was only 100 km in cross-
section, had a core temperature of only 13.5 °C and its
thermostad depth was about 400 m. This is very simi-
lar to a ring found even farther west on another cruise®*?
and that was assumed to have come from the Brazil

Current. From satellite altimetry it could be determined
that the former two vortices were the products of one
ring, spawned at the Agulhas retroflection about two
years earlier. This mother ring had split at the Erica
Seamount. Such splitting of Agulhas rings has been in-
ferred for the Vema Seamount as well*%>.

On having split at the Erica Seamount, R, moved off
rapidly into the South Atlantic Ocean, whereas R, got
stalled in the retroflection region for the full winter.
This explains the estimated extra heat loss responsible
for a much cooler thermostad in R, its lower core
salinity and considerably higher dissolved oxygen con-
tent (see Figure 6.27). These results all point to the sub-
stantial changes in the ring configuration that are driven
from the sea surface. Interaction with ambient water
masses will also eventually diminish such a feature until
it is totally absorbed. This will influence the natural life-
time for an Agulhas ring.

Ring durability

Various estimates of the life-time of Agulhas rings have
been made, covering periods from five to ten years®*.
Byrne et al.”> have calculated the dissipation rates of
some Agulhas rings based on both altimetric data and
on potential energy estimates of fortuitous measure-
ments of hydrographic anomalies in the South Atlan-
tic that were assumed to be the remnants of Agulhas
rings. They have estimated a reduction in surface eleva-
