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Abstract

Despite its small formation volume, Red Sea Intermediate Water (RSIW) has been
observed as far south as the Agulhas Retroflection where it is involved in inter-ocean
exchange. The spreading and contribution of RSIW has been established previously
by combining all available hydrographic data. Considering the variable seasonal
formation of RSIW and complex circulations patterns along its path south one would
expect variable input of RSIW into the Agulhas Current system. Such variation in
input cannot be established by combining all available data and can only be looked at
using synoptic hydrographic sections. This is the aim of this thesis. To this aim a
multi-parameter water mass analysis was used to establish the water mass content of
RSIW along 36 hydrographic sections in the greater Agulhas Current system. In
setting up the source water mass matrix a second question arose concerning the
vertical spreading range of RSIW when North Indian Deep Water (NIDW), which is

also defined as a oxygen poor water mass, was included in the source water matrix.

Results showed the smallest input of RSIW comes from east of Madagascar. In terms
of variability, the maximum RSIW contribution differed by more than a 100%
between different sections at the southern tip of Madagascar. Although slightly
smaller, this variability was also observed in the northern and southern mouth of the
Mozambique Channel. Variability in the maximum RSIW contribution strongly
correlated with the net transport of RSIW. This variability in the maximum water
mass content and net transport of RSIW were observed as far south as the southern
Agulhas Current. Differences in the transport and maximum contribution along the
Agulhas Current were in some cases more than a 100%. It was thus concluded that the
transport of RSIW along the Agulhas Current is highly variable making any estimates
of transport for more than a singular hydrographic section impossible. In terms of the
maximum density level, RSIW spreading appears in some cases to lie as deep as the
~0,=27.70 even when NIDW was introduced into the source water matrix. Although
RSIW was detected as deep as the 27.7 surface, it was found that the bulk of the high
salinity, low oxygen water was assigned as NIDW. In some cases all the high salinity,
low oxygen water present was NIDW. We thus conclude that not all high salinity, low

oxygen water in the south-west Indian Ocean is RSIW.




Chapter 1
Introduction



Red Sea Intermediate Water in the Greater Agulhas Current System

Global climate change has received a great deal of attention in recent times due to its
potential catastrophic impacts. The ocean through the global thermohaline circulation
is a major component of the global climate system and therefore of critical
importance. South of Africa this involves the exchange of water masses- between the
Indian and Atlantic Oceans in the Agulhas Current Retroflection region. Relatively
salty warm surface and intermediate waters are transferred from the Indian Ocean to
the relatively cooler fresher Atlantic Ocean whilst there is an inflow of relatively
cooler and fresher North Atlantic Deep water into the Indian Ocean at deeper levels
from the Atlantic Ocean. The transfer of Indian Ocean water occurs in the form
filaments and mesoscale eddies shed by the Agulhas Current. This Agulhas leakage of
Indian Ocean water has been shown to stimulate and stabilize the northern
overturning circulation of the Atlantic Ocean that results in the formation of North
Atlantic Deep Water (Weijer et al., 1999, 2000). Red Sea Intermediate Water, the
warmest and most saline intermediate water in the southwest Indian Ocean has been
shown as a contributor of salt and heat to the south-east Atlantic and is therefore of

some importance (You et al., 2003).

Red Sea Intermediate Water: Source region and source water characteristics

The Red Sea, a rift valley (~2000 km long and on average <300 km wide) separating
Africa and Asia (figure 1), is characterised as having one of the most saline surface
waters in the world ocean with salinities reaching 41 psu in the northern part of the
basin. This high salinity water is formed as a result of excess evaporation over
precipitation (~2.06 m yr''), negligible river inflow and restricted exchange with the
open ocean (Morcos, 1970; Privett, 1959; Bower et al., 2000; Jean-Baptiste et al.,
2004; Sofianos et al., 2002). The flow parallel to the main axis is composed of a wind
and thermohaline driven upper layer and a deep thermohaline driven system which are
separated by a strong pycnocline. Exchange between these two layers is restricted to
winter-time deep convection at the northern end and upwelling over the whole area
(Woelk and Quadfasel, 1996).Tracer studies, however, would suggest that even the
subsurface circulation is largely affected by the seasonal modulation of the monsoon

(Eshel et al., 1994).
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Figure 2: Schematic of the processes involved in wintertime deep water formation in

the northern Red Sea (Woelk and Quadfasel, 1996)

The Red Sea’s only connection with the open ocean is through Bab el Mandab Strait
into the Gulf of Aden-Indian Ocean (figure 1). The shallow Hanish Sill (~137 m) just
north of the Strait however prevents any free communication between the deep water
of the Red Sea and that of the open ocean (Woelk and Quadfasel, 1996). According to
Murray and Johns (1997) the flow through the Strait is is two layered for most of the
winter consisting of a deep outflow which extends ~75 m off the bottom and a
surface inflow overlying it. In summer the flow changes to a three layer flow structure
with a surface outflow (~upper 20 m), a thick intermediate inflow of cold low salinity
water and a weak deep outflow (lowest 25 m) that occasionally vanishes. The outflow
of Red Sea Intermediate Water (RSIW) through the Bab el Mandeb Strait into the
Gulf of Aden varies seasonally and intra-seasonally as a result of the monsoon wind
and buoyancy fluxes. The transport of RSIW drops to very low levels in summer
(mean ~0.05 Sv, 1 Sv = 10° m%™) stopping altogether for brief periods. During the
winter months the transport of RSIW reaches a maximum (mean ~0.6 Sv). Strong
intra-seasonal variability is however observed during this period with the outflow
varying between 0.2 and >0.7 Sv on time scales of several days up to a month
(Murray and Johns, 1997).




As the outflows descends from the sill depth of ~150 m along two channels it entrains
less dense, fresher Gulf of Aden water and reached a neutral buoyancy in the western
part of the Gulf in multiple, intermediate depth, high salinity layers which are centred
around 600 m. Different mixing histories along the two bathymetric channels have
been thought to cause this multilayered structure (Bower et al., 2000). In summer the
outflow waters equilibrate upstream of where the bathymetric channels empty into the
Tadjura Rift whereas in winter this occurs where the channels empty into the Rift.
This occurs between the potential density range 27.0 and 27.5 (Bower et al., 2002,
2005). The product waters formed in winter also differs slightly from that formed in
summer. In winter the outflow waters are warmer and saltier compared to summer.
This difference is not attributed to differences in the Red Sea; rather it is as a result of
a change in the mixing regime (Bower et al., 2000). Once in the Gulf of Aden, RSIW
is strongly influenced by cyclonic and anti-cyclonic eddies. RSIW gets entrained in
these eddies and modified via mixing with less saline Indian Ocean water (Bower et
al., 2000; Bower et al., 2002). In the eastern half of the Gulf RSIW is concentrated in
a single thick layer centred on the potential density level ~27.2 (Bower et al., 2000).

RSIW in the Indian Ocean

As RSIW leaves the Gulf of Aden it spreads into the Indian via the Socotra Passage
and around Socotra Island. During the winter monsoon RSIW spreads into the Indian
Ocean mainly through the Socotra Passage, down the African continental slope
(Schott and Fischer, 2000; Beal et al., 2000). This pattern seems to change during the
summer monsoon with the RSIW inflow into the Somali Basin coming from the east.
This means that RSIW rounds Socotra Island rather than flowing through the passage
(Fisher et al., 1996). During this period RSIW flows southward, principally toward
the interior of the Indian Ocean whilst RSIW along the western boundary re-circulates
northwards through the Socotra Passage (Fisher et al., 1996; Beal et al., 2003). Beal et
al. (2003) have speculated that this stemming of the export of RSIW at the western
boundary occurs during the late summer monsoon when the Somali Current runs
deep. The outflow of RSIW via these routes into the Indian Ocean has been shown to
occur at least partially in the form of lenses or anti-cyclonic eddies (Shapiro and
Maschanov, 1991; Shapiro et al., 1994; DiMarco et al., 2002; Chapman et al., 2003).
During the winter months, north of 2°S RSIW seems to hug the African continental






The greater Agulhas Current System

Flow regime in the greater Agulhas Current System

The subtropical gyre in the southwest Indian Ocean with the Agulhas Current on its
western boundary has the strongest flow of any of the other two southern hemisphere
oceans (Quartly and Srokosz, 2002; Stramma and Lutjeharms, 1997). The Agulhas
Current has three source regions namely the Mozambique Channel, the East
Madagascar Current and water coming from the east that forms part of a recirculation
cell in the southwest corner on the Indian Ocean. Most of the estimated 70 Sv
transported by the Agulhas Current comes from water that recirculates northwards in
the western and central parts of the Indian Ocean Basin (Gordon et al., 1987; Stramma
and Lutjeharms, 1997). The northward branching water comes from the Agulhas
Return Current that at the Agulhas Retroflection transports around 54 Sv whilst
around 76°E the transport eastward is only 15 Sv (Veronis, 1973; Stramma, 1992;
Stramma and Lutjeharms, 1997, Lutjeharms and Ansorge, 2001).

The flow field in the Mozambique Channel has been unclear until recently and has
now been shown to be dominated by large southward moving anti-cyclones and
smaller cyclones (de Ruijter et al., 2002 and Chapman et al., 2003). The anti-cyclonic
eddies appear to be over 300 km wide and penetrate right to the bottom. These eddies
propagate at an average speed of 4.5 km/day and there is typically a train of 3 anti-
cyclonic eddies present in the channel at any one time (de Ruijter et al., 2002;
Schouten et al., 2003). The volume transport through the channel across its narrowest
part has remarkably large variations that range between 20 Sv northwards to 60 Sv
southwards. Anti-cyclones are usually formed in this region when the current regime
is strong (Ridderinkhof and de Ruijter, 2003). It has been suggested by Schouten et al.
(2003) that these eddies are caused by Rossby waves with a periodicity of about 90
days. It has however been observed (Schott et al., 1988; Quadfasel and Swallow,
1986) that the dominant period is around 50 days making it unclear how these waves
interact to form these eddies. On average 4 anti-cyclonic eddies are formed each year
(Schouten et al., 2003).




Across the narrowest part of the Mozambique Channel close to the African
continental slope, the Mozambique Undercurrent flows northwards at two different
depths namely at intermediate and deep levels (1500 and 2500 m) (Ridderinkhof and
de Ruijter, 2003). Calculations in the southern part of the channel showed it carried
roughly S Sv of Atlantic origin water into the channel of which the intermediate depth
water was mostly Antarctic Intermediate Water (AAIW) whilst at its deeper level it
carried North Atlantic Deep Water (NADW) (de Ruijter et al., 2002). The average
flow based on current meter observations through the narrowest section is 14 Sv
southward. (Ridderinkhof and de Ruijter, 2003). This is similar to the eddy induced
transport of about 15 Sv calculated by de Ruijter et al. (2002).

The East Madagascar Current is fed by the South Equatorial Current (SEC) which
flows westward around 17-25°S. The SEC current bifurcates when it reaches
Madagascar into a northern and a southern branch around 20°S (Chapman et al.,
2003). The southern branch of the East Madagascar Current has a width of <120 km
(Lutjeharms et al., 1981, Swallow et al., 1988; Chapman et al., 2003). Most studies
put transport of the current around 20 Sv (Warren, 1981; Swallow et al., 1988; Schott
et al., 1988; Donohue and Toole, 2003). Water from both the northern and southern
branches of the East Madagascar Current (EMC) reaches the Agulhas Current proper.
In the case of the former it occurs via the Mozambique Channel within eddies moving
down the channel (DiMarco et al.,, 2002). From previous publications the flow of
water from the southern branch of the EMC to the Agulhas Current is less clear.
Schott et al. (1988) have indicated that the EMC rounds the southern end of the island
and flows westward as a stream. The flow at the southern termination has been
pictured by Tchernia (1980); Supported by hydrographic data (Griindlingh, 1993) and
surface drifter data (Shenoi et al., 1999) as flowing up the west coast of the island
turning anti-clockwise at the northern end of the Mozambique Channel after which its
joins the Mozambique Current. Other possibilities are that it flows due west to the
African shelf and then turn south to the Agulhas Current or that it never reaches the
African coast but retroflects in the vicinity of the Madagascar ridge aé satellite
remote-sensing would suggest (Griindlingh 1987, 1993; Lutjeharms, 1988; DiMarco
et al., 2000). Conditions associated with the Agulhas Current that allows it to
retroflect are the background eastward flow, conservation of potential vorticity and

bottom topography (de Ruijter and Boudra, 1985; Ou and de Ruijter, 1986; de Ruijter
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et al., 1999; Matano, 1996). In the case of the EMC the background flow is to the
west which means that any Retroflection would be localised and probably result in the
formation of anti-cyclonic eddies (de Ruijter et al., 2004). These eddies have been
observed using satellite remote sensing (Lutjeharms and Machu, 2000) and from
hydrographic observations (de Ruijter et al., 2004). De Ruijter et al. (2004) found that
anti-cyclonic eddies are associated with a cyclonic eddy with a central jet between the
two. Each of these eddies had a diameter of about 250 km. They also show that the
water associated with anti-cyclones comes from the oceanic side of the current whilst
the water from the cyclone is from the inshore part of the EMC. Between April 1995
and June 2000 they identified 17 dipoles each feeding about 8 Sv of EMC water per
dipole into the Agulhas Retroflection region assuming each is roughly the same size
as the one sample during the Agulhas Current Sources Experiment (ACSEX) cruise.
The south-westward movement of these dipoles and their interaction with the Agulhas
Retroflection have been shown to result in an extreme early reflection of the Agulhas
Current (de Ruijter et al., 2004).

The Agulhas Current

The main axis of flow for the Agulhas Current is southwest along the continental
slope of the east and south coast of South Africa. Harris (1972) has reported that a
front in both hydrographic properties and acceleration potential separates the inner
and outer portions of the Agulhas Current. Water shoreward of the front was inferred
to come from the Mozambique Channel whilst the offshore cooler, fresher, high
oxygen waters came from the East Madagascar Current and the recirculation cell in
the southwest Indian Ocean. This observation has also been highlighted in other
studies (Menanché, 1963; DiMarco et al., 2002). In the northern Agulhas Current (27-
34°S) the current flows along a narrow continental shelf and steep continental slope
where it exhibits minimal meandering (Griindlingh, 1983). The passage of a Natal
Pulse (Lutjeharms and Roberts, 1988) can however result in the current meandering
more than 100 km offshore. The passage of Natal Pulses ranges from 5-20 days at
32°S (Beal and Bryden, 1999). In the absence of these pulses the mean current core is
at the surface some 20 km offshore at 32°S (Beal and Bryden 1997). The steady flow
observed in the northern Agulhas Current changes south of Port Elizabeth. Here the
shelf widens and the current flows in a meandering fashion (Lutjeharms et al., 1989;
van der Vaart and de Ruijter, 2001).
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Farther downstream the current separates from the shelf and retroflects with the
majority of the water flowing eastward as the Agulhas Return Current (Lutjeharms
and van Ballegooyen, 1988; van der Vaart and de Ruijter, 2001). As explained above
this Retroflection in the current occurs as a result of the conservation of potential
vorticity, bottom topography and the prevailing eastward flow. The position of the
Retroflection is highly variable and lies between 10 and 21°E (Lutjeharms and
Gordon, 1987). The eastward flowing Agulhas Return Current meanders significantly
partly due to topographical features like the Agulhas Plateau (Lutjeharms and van
Ballegooyen, 1984; Quartly and Srokosz, 2002). The current terminates finally
between 66°E and 70°E (Lutjeharms and Ansorge, 2001).

Although the majority of water in the Agulhas Current System is carried back into the
Indian Ocean as part of the subtropical gyre, approximately 9 Sv at intermediate level
alone carried into the Atlantic Ocean annually as a result of the Retroflection
occluding and forming Agulhas rings that move off into the south Atlantic Ocean
(Boebel et al., 2003). This process of ring shedding is controlled upstream by Natal
Pulses that move down the current (van Leeuwen et al., 2000). On average 4 to 5
rings are shed annually (Byrne et al., 1995; Schouten et al., 2002). The rings are on
average 200 km in diameter and have been observed to merge, split, deform and to
reconnect with the Agulhas Retroflection (Olson and Evans 1986; Lutjeharms and
Valentine 1988; Schouten et al., 2000; Boebel et al., 2003). Slightly smaller (120 km
diameter) cyclones interact with these rings in the southeastern Cape Basin or “Cape
Cauldron” resulting in vigorous mixing and stirring taking place (Boebel et al., 2003).
Leakage from the Indian Ocean to the Atlantic Ocean also occurs on a much smaller
scale in the form of filaments (Lutjeharms and Cooper, 1996). Model studies have
shown that this leaking Indian Ocean water plays an important role in the Atlantic

meridional overturning circulation (Weijer et al., 1999, 2001).
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Figure 4: Schematic of the greater Agulhas Current System (Lutjeharms and Ansorge,
2001)

RSIW in the greater Agulhas Current System

What do we know or what has been proposed?

Mozambique Channel

Chapman et al. (2003) have suggested that RSIW crosses the equator as individual
boluses which are mixed into the background near the Comores, raising the salinity.
This high salinity water then crosses the Davie Ridge in anti-cyclonic eddies formed
at the northern part of the Mozambique Channel. These anti-cyclonic eddies dominate
most of the southward flow in the channel. Along the southward path of these eddies
isopycnal mixing occurs between RSIW in the eddy cores and Antarctic Intermediate
Water present in the Mozambique Undercurrent (de Ruijter et al., 2002). On average 4
anti-cyclonic eddies move through the Mozambique Channel annually (Schouten et
al., 2003). You et al. (2003) has indicated that RSIW contributes between 20;30% (on
Gy > 27.45; o, = neutral density surface) of intermediate water that passes through the
Mozambique Channel and feeds into the Agulhas Current. Beal et al. (2000) have in
turn suggested this value to be only around 6-7%. This large difference in the source
water mass contribution is primarily due to the fact that the two studies have two
different source regions. The source region used in Beal et al. (2000) is much closer to
the actual source of RSIW in the eastern part of the Gulf of Aden, which results in a
much more saline RSIW source water type. In fact, in their study they showed that
through mixing the RSIW contribution at the position where You et al. (2003) defined
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it was only 40% of the total water mass content. Taking this into account the two
results seems comparable. The lower contribution of RSIW on the upper density
levels seen in You et al. (2003) suggests a greater interaction of RSIW with AAIW
and IIW. Indications are that water coming through the Mozambique Channel
contributes primarily to the inshore portion of the Agulhas Current (Harris, 1972;
Gordon et al., 1987; DiMarco et al., 2002).

East Madagascar Current

The southward flow of RSIW does not exclusively occur through the Mozambique
Channel as low oxygen, high salinity water, has also been found within the East
Madagascar Current (Donohue and Toole, 2003). Float data presented by Chapman et
al. (2003) do not support this finding. It has to be noted however that the level at
which the lowest oxygen occurred is much deeper than the 800-900 m depth of the
float data. You et al. (2003) have indicated a RSIW contribution on o, = 27.55 of
above 10%. This neutral density surface is somewhat deeper than the maximum 900
m depth of floats. This contribution is however considerably smaller than that
observed in the Mozambique Channel (You et al., 2003; Beal et al., 2000). Above this
level their calculations concur with that of Chapman et al. (2003) that little or no
RSIW is found in the East Madagascar Current. The low oxygen, high nutrient water
found east of Madagascar seems to be concentrated in the East Madagascar Current
and not offshore (Donohue and Toole, 2003).

Agulhas Current

South of the Mozambique Channel, RSIW has been observed as part of the Agulhas
Current proper as a filament (Toole and Warren, 1993) and as individual lenses in
other parts of the South Indian Ocean as far south as 28°S (Griindlingh, 1985;
Donohue and Toole, 2003). Although there is a general net southward movement of
RSIW in the Agulhas Current, Donchue et al. (2000) claim some part of it is
transported northwards again by means of the Agulhas Undercurrent. The transport of
RSIW down the northern section of the Agulhas Current is restricted to the landward
side of the current with AAIW on the outside (Gordon et al., 1987; Beal and Bryden,
1999). In the northern part of the Agulhas Current, RSIW contributed 6-7% to the
intermediate water as defined by Beal et al. (2000) which resulted in a 0.95 Sv RSIW
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transport off the east coast of South Africa (Beal et al., 2000; Beal and Bryden, 1999).
This transport result was similar to the influx of product water at their source region
resulting in their hypothesis that whatever RSIW is mixed into the Indian Ocean is
eventually exported at the western boundary. Further south, RSIW has been traced as
far as the Agulhas Current Retroflection region and has also been observed in rings
that have been shed into the Cape Basin of the South Atlantic Ocean (Gordon et al.,
1987; Valentine et al., 1993; van Aken et al., 2003). Thus despite its small formation
volume RSIW contributes to the supply of heat and salt that stimulates and stabilizes
the meridional overturning cell in the Atlantic (Weijer et al., 1999; 2001). Between 4
and 5 rings are shed each year by the Agulhas Current (Byrne et al, 1995; Schouten et
al., 2000). At the Retroflection You et al. (2003) have indicated a RSIW contribution
of between 10-20%. This is slightly higher than that observed by Beal et al. (2000) if
you consider the source water type used by You et al. (2003) is considered to

represent only 40% of the source water type used by Beal et al. (2000).

In the Cape Basin, the intermediate water from the Indian Ocean is quickly
dissociated from the rings where it is blended with water from the South Atlantic
Current and the tropical Atlantic (McDonagh et al., 1999; Schouten et al., 2000). The
RSIW source characteristics are thus rapidly obscured by the vigorous mixing which
takes place there (Boebel et al., 2003). Transport measurements of intermediate water
masses calculated by You et al. (2003) indicate a net transport of 0.3+1 Sv of RSIW
eastward down the Agulhas Current at 20°E. In their section across the south east
Atlantic RSIW is responsible for 0.441 Sv of the total transport. Not all RSIW in the
Agulhas Current is transferred into the South Atlantic as some patches of RSIW can
still be seen spreading along the Agulhas Return Current (You, 1998).

From the evidence above it would appear that RSIW spreading in the Indian Ocean
and more specifically in the south west Indian Ocean have been fairly well described
and quantified. Some questions however still remain unresolved that previous studies

could not address. These questions are detailed in the following section.



Chapter 2
Key Questions
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1) What is the flow pattern of RSIW in the greater Agulhas System and is the
flow intermittent?

Both You et al. (2003) and Beal et al. (2000) have used a combination of all the
available hydrographic data to determine the general spreading path of RSIW. Beal et
al. (2000) used a simple mixing model in which RSIW is defined as a single water
type using only its salinity characteristic over the density range 27.0 to 27.6. Their
two-end-member mixing model consisted only of RSIW and AAIW, excluding ITW
(or Banda Intermediate Water as they have referred to it) since its salt input was
unresolvable from zero when compared to its salinity when it leaves the Indian Ocean,
assuming this happens via the Agulhas Current. You (1998) and You et al. (2003) on
the other hand have used up to 6 or 7 parameters (temperature, salinity, oxygen,
silicates, phosphates, nitrates and potential vorticity) to define their water masses
which included IIW. Instead of a examining a single water type over the entire density
range in which it is found they computed the influence of RSIW on a number of
density surfaces using several water types. Their model thus seems to be more robust
than that used by Beal et al. (2000) and could help resolve the influence of IIW. On
the other hand, You et al.’s density range was much smaller than that of Beal et al.
(2000) and in most cases the maximum contribution of RSIW seemed to occur on the
deepest density surface which means that the RSIW layer was not fully resolved.
When comparing the results from Beal et al. (2000) with the maximum contributions
from You et al. (2003) and taking into account the difference in the water mass
definitions discussed above, the spreading pathways and water mass contributions are

comparable.

Both the models of Beal et al. (2000) and You et al. (2003) have serious
shortcomings. It has been mentioned in several papers that RSIW spreading in the
Indian Ocean occurs at least partially in the form of boluses or lenses (Shapiro et al.,
1994; DiMarco et al., 2002). Whilst combining all the available hydrographic data, as
done by both Beal et al. (2000) and You et al. (2003) would give a good idea of the
spreading paths it cannot resolve temporally varying features such as these. Also the
influence of Mozambique eddies(which dominate the southward flow in the
Mozambique Channel) on the transport of RSIW as events or as distinct lenses cannot
be established in this way. This possible intermittency of the presence of RSIW is an

important aspect of its role and can only be determined by using synoptic
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hydrographic data. By comparing synoptic sections at similar geographical positions
with each other and with other sections further upstream this possible intermittency of
RSIW in the Agulhas Current System will be investigated by quantifying the RSIW

contribution along the individual hydrographic sections.

2) What is the full spreading range of RSIW in the south-west Indian Ocean?
The range over which RSIW spreads in the Indian Ocean is somewhat difficult to
establish. Warren et al. (1966) have noted RSIW influence over the potential density
range 27.0 to 27.66 or a neutral density range of about 27.15 to 27.8. Its core in the
southern Indian Ocean at 32°S has been reported to lie as deep as 27.6 (~6,=27.8)
whilst in the northern Indian Ocean it has been reported to lie as shallow as 27.2 (~o,
=27.25). This change can be attributed to much more vigorous mixing taking place
between RSIW, IIW and AAIW above the 27.6 density level. Beal et al. (2000) in
their study have used the potential density range 27.0-27.6 (~o, =27.125-27.7) whilst
Donohue and Toole (2003) have reported RSIW influence between the potential
density range 27.0 and 27.7 (~o, =27.125-27.8). However, with a maximum neutral
density level of 27.7-27.8, warm oxygen poor North Indian Deep Water (NIDW) as
defined by Beal et al. (2003) and reported to lie below the neutral density level 27.6
needs to be considered as a possible source water mass. Wyrtki (1971) supports the
idea of introducing NIDW, as just below this level there are a phosphate and nitrate
maxima in the northern Indian Ocean. These maxima do not have their origin in the
Red Sea but in the northern Indian Ocean and are formed as a result of nutrient
regeneration (Wyrtki, 1971; You, 2000). Also considering dianeutral upwelling in the
northern Indian Ocean at this level this water mass might have some influence within
the RSIW layer (You, 1999).

Characteristics of NIDW

NIDW as defined by Beal et al. (2003) is generally understood to be upwelled
Circumpolar Deep Water that enters the Arabian Basin from the south (Toole and
Warren, 1993; Warren, 1992). The water mass was classified as having a high
salinity, low oxygen and high nutrients (Warren and Johnson, 1992; Spencer et al.,
1982; Mantyla and Reid, 1995). Its high salinity and low oxygen is obtained as a

result of vertical mixing with intermediate level water masses (Warren 1992, You
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1999). Warren (1992) identified this water mass as lying roughly between 1500 to
3500 m which would put its upper potential density level around 27.7 (o, =27.8)
which is slightly lower than that indicated by Beal et al. (2003). Wyrtki (1971) has
indicated the phosphate and nitrate maxima to lie between the potential density range
27.6 and 27.8 (o, =27.7-27.8)‘. Along the 107 World Ocean Circulation Experiment
(WOCE) section (figure 5.1) the nitrate maximum is situated just below the 27.7
neutral density surface which would make it safe to assume that the upper range of
NIDW lies from around 27.6 as indicated in Beal et al. (2003). Since NIDW gets its
high salinity (and temperature), low oxygen signature from RSIW/PGW it would be
safe to say that the range of influence of RSIW would thus be much deeper than the
maximum 27.55 neutral density surface used by You et al. (2003) in line with

observations in Donohue and Toole (2003) in the southern Indian Ocean.

NIDW spreading in the south-west Indian Ocean

Figures below give some indication of the spreading of NIDW as defined by Beal et
al. (2003) by means of the nitrate maximum. In the Indian Ocean the nitrate maximum
that is found below the neutral density 27.7 (figure 5(a)) shaols to just below the 27.6
level at the Mascarene Plateau. South of the Mascarene Plateau (figure 5(b)) we
observe the intrusion of southern Indian Ocean water masses just below the 27.8
neutral density level resulting in a double nitrate and phosphate maximum. This
nitrate maximum just below the 27.6 neutral density level is also observed in sections
just north of the narrowest part of the Mozambique Channel (figure 5(c)) and at the
southern mouth of the channel (figure 5(d)). Along the section at the southern mouth
the oxygen minimum is now lying much deeper and the nitrate maximum co-inside
(figures 5(d) and 5(e)). In most cases along this section the salinity maximum is also
found at this level. This is in contrast to what is observed just north of the
Mozambique Channel where the oxygen minimum and intermediate salinity
maximum are separate from the nutrient maximum. Further south this nutrient
maximum layer is described in some detail by Toole and Warren (1993) as lying a
few hundred meters below the AAIW at around 1500 or roughly on the neutral
density surface 27.7. They do not assign a specific name to this layer but indicate
more extreme core values to have come from the north with more moderate values

coming from the south.
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The linear system of equations which are solved for the relative contributions of all

the source water types for each data poiht can be expressed as:
Gx—-d=R

where G contains the matrix of parameter values that define the water types, d the
vector containing the data, x the relative contributions of the water samples and R the
vector with the residuals. In order to make parameters of incommensurable units
comparable, normalization of the source water matrix is necessary which is obtained

by normalizing the elements in G by the whole range of each parameter in G. This can

be written as
G,=(G,~-G,)c,
where
5 j= 1/ nZG i
i=1
and

o, =\/1/nZ(Gﬁ ~G,)’

i=]

All variables are unfortunately not equally reliable due to differences in instrumental
or analytical accuracy and/or high environmental variability. To account for this each
parameter is weighted using:

2
W,;=03/0 max

where §; max is the maximum of the water mass variances of parameter j (Tomczak and
Large, 1989). For a more detailed description of the OMP analysis methodology the
reader is referred to Tomczak and Large (1989), Poole and Tomczak (1999) and
Tomczak (1999). In this study a total of seven parameters were utilized to describe the
individual source water types: temperature, salinity, oxygen, phosphate, nitrate,
silicate and potential vorticity (see Table 1). In order to take into account nutrient
regeneration the following equations were used to calculate the initial phosphate and
NO (Broecker, 1974) using a Redfield ratio of 175 (Broecker and Takahashi, 1985)
for the ARC and WOCE cruises:




PO = PO~(0"™2-0y)/Re
NO = 9NO3+0O;

This increases the number of conservative parameters as suggested by You (1998)
along with temperature and salinity. However, to retain the vertical resolution of the
MARE I, MARE II and ACSEX I cruises, non-conservative phosphate and nitrate had
to be used because of the limited number of oxygen samples that were analyzed on
those cruises. It is assumed that this will have minimal effect on our results since
according to You (1998) water mass spreading occurs at a far greater rate than

nutrient regeneration.

Source water matrix

You et al. (2003) has indicated intermediate source water masses in the south Indian
Ocean to be RSIW, south Indian Antarctic Intermediate Water (siAAIW), Drake
Passage Antarctic Intermediate Water (dAAIW), Indonesian Intermediate Water
(IIW) and a transformation end member of these sources, Atlantic Antarctic
Intermediate Water (aAAIW) over the neutral density range 27.25 and 27.55. This
range is based exclusively on the spreading of the AAIW core in the Indian Ocean.
Beal et al. (2003) have indicated the spreading range of RSIW to be between
~op=27.1 and 27.6. This is almost similar to the range used by You (1998). Some
studies suggest the range to be greater, but Wyrtki (1971) indicate that in the source
region this would include the phosphate and nitrate rich waters below ~c,=27.60
which do not have their origin in the Red Sea but in the northern Indian Ocean. At the
shallow end of the density range (~5,=27.25) You et al. (2003) have shown RSIW to
add little to the water mass mixture in the south-west Indian Ocean. For the sake of
comparison it is assumed that this is the upper range of RSIW in the south-west
Indian Ocean. It was also decided for that reason to keep the maximum density level
at ~0,=27.55 which is only slightly shallower than the maximum ~c,;=27.6. Although
the two boundary density surfaces of this analysis are kept similar to that of You et al.
(2003) the source water matrix is slightly different to that of You (1998, 2003) as it is
found that along the sections under investigation aAAIW could be excluded. You
(2002) argued that aAAIW must be included when looking at a basin-wide water
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mass mixing scheme. It does not represent a water mass volume but is apparently
needed by the mixing model. However with the introduction of the overlaying and
underlying central and deep water masses this water mass was not required by the
mixing model I used. These water masses did not form part of You (2002) source

water matrix.

Data used to define the above-mentioned intermediate water masses in their
respective source regions were obtained from the National Ocean Data Centre
(NODC) database. RSIW source water types were defined in the area 51-55°E and
12-15°N just north of the Socotra Passage through which it flows into the Indian
Ocean on the ~0,=27.25 and ~0,=27.55 surfaces (Table 1). This area does not extend
as far east as the source region used by You (1998) whose area extended into the
Arabian basin to include the influence of Persian Gulf intermediate water. Schott and
Fisher (2000) have however shown the main route for RSIW into the Indian Ocean to
be through the Socotra Passage during the winter monsoon when the outflow of
RSIW is at it strongest and not around it as the source region used by You (1998)
suggests (his Figure 3) and thus the smaller source region. Noted however is that You
(1998) included a shallower density surface ~6,=27.125 on which Persian Gulf water

would have some influence and would probably necessitated the larger source region.

The source water types for siAAIW and dAAIW were defined in the source regions
60-64°E and 30-40°S for siAAIW and from 50 to 60°W just north of the Subtropical
Convergence for dAAIW on ~0,=27.25, ~5,=27.40 and ~c,=27.55 (Tablel). The
source region for siAAIW coincided with the region where the youngest AAIW in the
western central Indian Ocean was found by Fine {1993) using CFC analysis. dAAIW
has its origins in the South Pacific and enters the Atlantic through the northern Drake
Passage after which it is modified in the Falkland Loop (McCarthy, 1977; Piola and
Gordon, 1989; You, 2002) where it is defined in this study. The above two water
mass definitions do not differ dramatically from that used by You et al. (2003). IW
has its origins in the deep basins of the Indonesian archipelago and was defined in the
geographic box 110-120°E and 8-15°S on ~0,=27.25 and ~o0,=27.55 (Table 1).
Whilst this geographic box is similar to that defined by You (1998) and used in You

et al. (2003), source water definitions are considerably different. The source water
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type described in these two studies is slightly warmer and saltier which is described as
North Indian Intermediate Water (NIIW) by Bray et al. (1997) and Wijffels et al.
(2002). This water mass (NIIW) is formed north of the equator through mixing of
marginal sea (RSIW) outflows and cross-equatorial intermediate water flow (IIW and
AAIW) (Wijffels et al., 2002; You, 1998).

In order for the system of equations to be over-determined the number of source water
types used to establish the relative contribution of each of the source water masses
cannot exceed the number of parameters. The ten water types described above would
thus make the system of just seven parameters under-determined. Furthermore large
mass conservation residuals around ~0,=27.25 and ~0,=27.55 from initial tests of our
method over the density range 27.25-27.55 suggested the inclusion of Indian Ocean
Central Water (ICW) or Upper Circumpolar Deep Water (UCDW) and North Indian
Deep Water (NIDW) in some of the hydrographic sections. This is understandable
since ICW overlay all the intermediate water masses in the southern Indian Ocean
whilst UCDW and NIDW are overlaid by the intermediate water masses. To
accommodate for this the range over which RSIW spreads in the Indian Ocean
(~0,=27.25-27.70) was split into two ranges ~c,=27.25-27.40 (above the AAIW
minimum) and ~6,=27.40-27.70 (below the AAIW minimum) reducing the number of
source water types needed for each range. This was not always sufficient along some
sections and it was decided that along the sections where ICW or UCDW was
necessary for inclusion in the source water matrix, [IW would be defined only on
~0,=27.25 in the shallower density range whilst siAAIW on ~0,=27.55 would be
excluded from the source water matrix over the neutral density range 27.40-27.70.
This seemed feasible since according to You et al. (2003), siAAIW contributes only a
small amount of the water mass fraction compared to dAAIW on this density level
and the fact that [IW is almost exclusively found on ~@,=27.25 whilst being almost
absent below this density level in this region. Mass conservation residuals indicating
how well the defined source water masses represent the actual water masses show
this assumption was feasible. The above assumption was also tested by reducing the
density range ~o,=27.25-27.55 into two ranges namely ~0,=27.25-27.40 and
~0,=27.4-27.55 using all the source water definitions within the ranges and in order

to make sure it made no difference to the RSIW source water mass fraction. Along the



29

sections where either ICW or UCDW were included, [IW made up less than 5% of the
water mass fraction over the entire range or was totally absent and could thus be
excluded from the water mass matrix. This was also the case along MARE I and II

sections.

UCDW west of Madagascar was defined in the same region as dAAIW upon the
neutral density surface on which its characteristic oxygen minimum surface (o,
=27.8) is found whereas for east of Madagascar it was defined in the same geographic
area as siAAIW. This is based on You (2000) showing most of the deep water in the
Natal Valley flowing in from the west whilst east of Madagascar its origins are in the
south. NIDW was defined in the Arabian Basin in the geographical box 10-20°N and
55-70°E on o, =27.75 more or less where the phosphate and nitrate maximums are
found. It is assumed that You (2000) was correct in his assumption that NIDW is
simply aged UCDW and this water mass was only included when using non-
conservative nitrate and phosphate i.e. when oxygen was a limiting parameter, thus
reducing the number of conservative variables. The use of non-conservative
parameters would introduce an error due to the biological effect that is implicitly
reflected in the residual term. In order to make all sections comparable this calculation
was done for all the sections under investigation. This calculation is also useful in
comparing the full range of RSIW spreading with that of previous publications that
did not use the conservative variables initial phosphate and NO. ICW was defined on
o n =27.0 using data collected along the WOCE IS5 cruise track. Mass conservation
residuals for the individual sections are not shown, but all fell within 1% of the water
mass conservation percentage. The only exceptions to this were along some sections
that extended to the Sub-Tropical Convergence. All the source water definitions are

shown in Table 1.

After its percentage contribution at each data point had been determined the transport
of RSIW was calculated using geostrophic calculations for the ARC, WOCE and
MARE sections whilst for the ACSEX sections the more accurate Lowered Acoustic
Doppler Current Profiler (LADCP) measurements was used. In order to take the
possible patchy distribution of RSIW into account the transport of RSIW at each

station had to be calculated separately. For the sections along which geostrophic
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calculations was used, the transport at each station was simply the average value
between two points. The geostrophic transport associated with the first and last
stations was assumed to be that calculated for the first and last station pairings. The
transport at each station within the chosen neutral density range was then multiplied
with the average RSIW contribution of the corresponding stations for the specified

density range.
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Tables
Table 1: Source water type definitions using potential temperature, salinity, oxygen,

silicate, NO, initial phosphate and potential vorticity as well as the parameter weight

Water type on e¢°C) | S O, H4Si04 | NO PO4° PV
neutral density (umolkg) | (umolkg) | (umolkg) | (umolkg) | (x10°%)
ICW (27.0) 9 3469 |212 10.0 389 1.04 0.110
SiAAIW (27.25) | 6.8 34.57 | 206 16.6 441.2 1.21 0.103
SiAAIW (27.40) | 4.5 3436 |210 33.0 490 1.53 0.080
siAAIW (27.55) | 3.51 3440 | 192 49.0 489.9 1.45 0.062
dAAIW (27.25) (440 34.17 | 297 10.3 509 1.55 0.090
dAAIW (27.40) | 3.46 3420 | 278 20.0 535 1.65 0.050
dAAIW (27.55) |2.78 3430 233 42.0 509 1.66 0.061
RSIW (27.25) 12.01 |35.75 |24.1 42.3 298 1.15 0.035

RSIW (27.55) 9.09 3548 {199 74.9 336.7 1.34 0.025

W (27.25) 6.89 3461 | 853 72.6 403.9 1.38 0.030
W (27.55) 4.65 34.60 {919 105.9 425.8 1.43 0.017
UCDW (27.80) |2.53 3455 | 170 74 490.4 1.56 0.043

Atlantic Ocean

UCDW (27.80) |2.67 3458 | 176 65.4 490 1.60 0.040

Indian Ocean

NIDW (27.80) 5.10 35.03 |39 110 384.8 1.49 0.020

Weight 42 42 4.8 1.57 5.92 1.8 4.34
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Section A2 (WOCE I04east) (see figure 7)

This section at the southern tip of Madagascar crossed a well-developed East
Madagascar Current with observed surface currents reaching 80 cm/s (Donohue and
Toole, 2003). The current is clearly shown in the downward slope in the isotherms
and isohalines (figure 9(ii)) from the slope to about a 100 km offshore. Further
offshore the upward slope in the isotherms and isohalines is consistent with the strong
northward flow shown in Donohue and Toole (2003) which they have associated with
a cyclonic eddy. This difference in the flow regime compared to the previous section
is also accompanied by a shift in the property distributions. The position of the
oxygen minimum and salinity maximum are now observed along the Madagascar
slope as opposed to offshore. As would be expected the salinity minimum also
appears fresher than that observed along section Al indicating stronger southern
influence (figure 9(ii)).

The distribution pattern of RSIW within the density range 27.40-27.70 indicates two
separate cores situated along the Madagascar slope and around 200 km offshore
(figure 9(i)b). The core along the slope is associated with the East Madagascar
Current whilst the offshore core appears to be associated with a cyclonic eddy
(Donohue and Toole, 2003). Along the slope, RSIW at its core contributes between
15-20% of the water sample whilst offshore (around 200 km offshore) it contributes
only 10-15% of the water sample. However when NIDW is introduced into the water
mass matrix, the RSIW core along the slope contributing only slightly less than 15%
to the water mass mixture of the sample (figure 8(i)c). Offshore it still contributes 10-
15% to the water mass mixture of the sample at around 1000 m. This finding is
consistent with You et al. (2003). NIDW was, however, not part of the source water
matrix in You et al. (2003) was and we found it to contribute 20% of the water mass
mixture centred on the neutral density surface 27.6 (between 1050 and 1100 m) along
the Madagascar slope. It would thus appear that most of the high temperature, high
salinity and low oxygen water found along the East Madagascar slope is NIDW as
opposed to RSIW as indicated by Donohue and Toole (2003). Over the density range
27.25-27.40 RSIW contributed just less than 10% (figure 8(i)c) of the water sample at
it core along the Madagascar slope. More over, much of the high salinity, low oxygen
water seen in the T/S around the potential density level 27.25 and above (figure 8(ii))

15 found to be IIW which is also described as a low oxygen, high salinity water mass
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4.2) Region B (Mozambique Channel)

Source Water mass matrix

As explained in the methods section (Chapter 3) non-conservative phosphate and
nitrate was used for sections B1 to B5 instead of the conservative parameters initial
phosphate and NO. This necessitated the inclusion of NIDW into the water-mass
matrix. Because of the limited number of parameters it is assumed that siAAIW is the
major AAIW in the Indian Ocean or at least in the Mozambique Channel (You et al.,
2003) and dAAIW was excluded from the water mass matrix. Mass conservation
residuals indicated the sole use of UCDW as defined in the Atlantic as sufficient and
that UCDW as defined in the Indian Ocean can be excluded from the source water
type matrix south of the narrowest part of the Mozambique Channel. This is

consistent with the flow pattern of deep water as indicated in You (2000).

As a test we compared RSIW contributions obtained from using non-conservative
phosphate and nitrate to that obtained from using conservative phosphate and nitrate
for samples in which the oxygen parameter was not limited (not shown below).
Results showed similar water mass contributions. The assumption that water mass
regeneration occurs at a much slower rate than water mass spreading does seem to be
feasible and would thus allow for comparisons with other sections using initial
phosphate and NO. For sections B6 and B9 conservative initial PO and NO is
reintroduced as parameters of the source water mass matrix. No nitrate measurements
was made along sections B7 and B8 so neither nitrate or NO was part of the source

water matrix.

Historic sections

Most of historic sections (completed in the 1960’s) in the Mozambique Channel was
placed in the addendum. The reason for this was that although they provided some
indication as to the maximum contribution of RSIW their wide station spacing

(sometimes >100 km) made them less useful.




















































































































































































































































133

RSIW or more specific, your density range and source water matrix. It is clear from
the hydrographic sections analyzed herein that most of the low oxygen, high salinity
water observed in this region is more likely to be NIDW than RSIW as it is portrayed

in some publications.

Mozambique Channel

Unlike the ocean region east of Madagascar, the RSIW content of some of the water
samples in the northern Mozambique Channel was still greater than 25% over the
neutral density range 27.25-27.4. In this part of the channel its maximum contribution
ranged between 15-20% (section B7) to 25-30% (sections B1 and B2) resulting at
most in a variability of 60% in the aforementioned density range. However, compared
with historical sections (sections B11, B12 and B13 in addendum; figures 48(ii)a,
49(ii)a and 50(ii)a) the observed variability in the maximum RSIW contribution was
in excess of 100%. This variability was also observed at the southern mouth of the
channe] where the maximum observed variability was 100% when comparing the

RSIW content of sections B6 and B9. The maximum RSIW contributions for these

two sections at the southern mouth of the channel were 10-15% and 20-25%

respectively. Although slightly less than observed in the northern part of the channel,
this was a much larger contribution than observed east of Madagascar over this
density range. In terms of its distribution over this density range RSIW spreading
appears layer-like in the northern part of the channel whilst in the southern part it
appears confined to the edges of the channel (section B6). This conclusion is
supported by section B15 (addendum) which does not extent to the slope. Along this

section no RSIW was detected in the upper density range.

The maximum RSIW content ranged from 25-30% (sections B2, B7, B8) to 30-40%
(sections B1 and B3) resulting in a variability of around 30% in the northern part of
the channel. At the southern mouth, the maximum RSIW contributions ranged from
15-20% (section B6) to 25-30% (section B5). This resulted in variability of around
60% which was also observed in the total transport. This would indicate variable input
of RSIW into the Agulhas Current proper over the complete density range. The
variability observed in the western half of the channel (sections BS and B6) was also
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observed in the eastern half when comparing section B6 and section B15 in the
addendum (figure 52(ii)c). As mentioned above, the variability observed in the
maximum RSIW was also observed in the net transport of RSIW. At the northern
entrance of the channel, the net transport between the two channel crossings differed
by as much as 0.16 Sv whilst at the southern mouth the difference was 0.31 Sv. It
needs to be noted that in terms of the total transport, water mass contribution is not
the only determining factor as flow and distribution also plays an important role in
determining the net transport across a section. As was the case in the upper density
range, RSIW spreading in the lower density range in the northern part of the channel
appears layer-like. In the south, however, RSIW spreading in the lower range appears
strongly associated with anti-cyclonic and cyclonic eddies. Comparing cyclonic and
anti-cyclonic eddies it appears that the highest RSIW water mass contributions was
associated with anti-cyclonic eddies. Much of the low oxygen and high salinity water
associated with the cyclonic eddies was found to be NIDW. Section B6 shows RSIW
circulating around the outside of the cyclonic eddies, and having variable

contributions at different positions around the rings.

In terms of its maximum density range it is evident that RSIW in the Mozambique
Channel is detectable as deep as the 27.69 neutral density surface. One does have to
be cautious along section B6 where most of the low oxygen and high salinity water
was found to be as NIDW rather than RSIW. Along that section all the high salinity,
low oxygen water below the 27.6 neutral density surface was found to be NIDW in
the western half of the channel. We find the maximum RSIW contribution to be
similar to that calculated by You et al. (2003) and Beal et al. (2000) if a 40% dilution

is taken into account at the point where the above water types were defined.

Northern Agulhas Current

Sections along the continental slope between the Mozambique Channel and just south
of Durban indicate considerable variability in the maximum RSIW contribution over
the density range 27.25-27.40. The observed variability was about 100% with the
maximum RSIW contributions just off Durban (sections C3 and C4) ranging from 10-
15% to 20-25%. This variability is also seen when comparing sections C3 and C1.
Section C1 was completed north of section C3 but had the lower RSIW content of the
two. In the southern part of region C, the contribution of RSIW (sections C5 and C6)
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reaches its lowest value. The contributions range from 5-10% to 10-15% which still
resulted in a variability of around 100%. The variability seen in the southern mouth
of the Mozambique Channel can thus still be seen in the Agulhas Current proper.
Indications in this density range for the sections C1, C3, C4, CS5 and C6 (Agulhas
Current) were that the RSIW came from the Mozambique Channel as opposed to east
of Madagascar if you consider the water mass contributions associated with those
areas. For section C2 it is clear that the water mass mixture in the aforementioned
density range came from east of Madagascar considering the 5-10% RSIW
contribution that far north. It is unclear how eddies spawned south of Madagascar
interact with the northern Agulhas Current but for the sections analysed it would
appear that the water carried in these eddies flows down the current on the offshore
side. This is however not conclusive considering the high offshore RSIW content
observed along section C3. As was the case east of Madagascar, the highest RSIW
water mass contributions were observed along the continental slope. However, RSIW
spreading was not confined exclusively to the slope as offshore cores were observed

associated with eddies.

The variability observed in the density range 27.25-27.4 was also clearly visible in the
density range 27.4-27.7. Off Durban (sections C3 and C4) the difference in maximum
contributions was around 10% and ranged between 10-15% and 20-25% even when
NIDW was introduced into the source water matrix. This again resulted in variability
of about 100%. This variability as (was the case in the upper density range) was also
observed when comparing section C3 with section C1 further north. The variability
seen in the maximum RSIW water mass contributions was, as would be expected, also
observed in the total transport of these three sections. Off Durban, as the maximum
RSIW contributions would suggest, the total transport of RSIW along section C3 was
almost double that calculated for section C4, whilst compared to section C1 it was
also more than twice the volume. The transport of RSIW for sections C1 and C4 was
comparable. In the southern part of region C (sections C5 and C6) the maximum
RSIW contributions over this density range were 20-25% and 15-20% even when
NIDW was included into the source water mass matrix. This would result in a
variability of around 35% which is much smaller than is observed further north. Even
so, this would support the observed variable input of RSIW if you consider that these
values were higher than that observed along sections C4 and C1 further north. The net




136

transport of RSIW between sections C6, C4 and C1 were however not very different
from each other. The unexpected low transport of RSIW along section C6 considering
its maximum RSIW concentration can be largely ascribed to the smaller maximum
contribution of RSIW in the upper density range. As observed in the upper density
range, RSIW spreading occurs both onshore and offshore of the Agulhas Current.
Unlike east of Madagascar, this spreading occurs in one general spreading direction,
namely, south-westward. In terms of the maximum range of RSIW spreading it was
still observed on the 27.69 neutral density surface even when NIDW was part of the
source water mass matrix. In some cases its maximum contribution on this surface
was greater than 15% of the water sample. However for section C4, the maximum
neutral density upon which RSIW was detected was 27.66 upon which its

concentration was just over 5%.

Southern Agulhas Current

In the density range 27.25-27.4 the variability seen in the northern sections was also
observed in the southern Agulhas Current. RSIW contribution to its core water sample
along the eastern most section (section D1) was at least 10% higher than that found
along section C6, the southern-most section analysed in the above region. Also (as
was the case further north along section C3) an offshore core was observed along this
section. According to the flow pattern this core, although much reduced, is south of
the Agulhas Return Current. It cannot be said for certain whether this core rounded
the Agulhas Retroflection further west or simply crossed the Agulhas Return Current
in the east. The maximum RSIW contribution, as is the case further north, is still
concentrated along the continental slope. At the Agulhas Retroflection and in the
southeastern South Atlantic, the maximum water mass contribution of RSIW varied
mostly between 0-5% to 5-10% except in the case of the MARE sections where in
some cases RSIW contributed 10-15% of its water to the sample. If you consider
sections D2 and D3, along which the maximum RSIW contribution associated with
Agulhas Current ranging from 0-5% to 5-10%, it can be concluded that RSIW
contributions in this region vary by as much as 100%. The sparse distribution of data
points does however not lend a lot of weight to the above conclusion. Better sampled
WOCE sections (sections D12, D13 and D14), other ARC sections (sections D4, DS,
D6) and the MARE sections on the other hand do lend support to variable transport of

RSIW down the Agulhas Current if we assume a steady mixing regime.
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In the density range 27.4-27.7 no variability was observed in the maximum

contribution of RSIW associated with the Agulhas Current at the retroflection
(sections D2 and D3). Along the two sections analysed its maximum contribution was
in the range 10-15%. Indications from the other ARC sections that sampled Aguthas
rings (sections D2, D3, D4 and D5) do on the other hand suggest variability in the
deeper density range. This was well supported by observations along other sections
that crossed Agulhas rings, namely, the MARE I sections (sections D7 and D8) and
WOCE sections (sections D11 and D12) where RSIW was almost absent along the
one section or side of a ring but still contributed 5-10% in some of the water samples
along the other section or side. Rings shed by the Agulhas Current showed the
maximum contribution of RSIW at the Agulhas Retroflection and southeastern South
Atlantic to range from 0-5% to 10-15% in the aforementioned density range. RSIW
spreading in the south-east Atlantic appears strongly associated with Agulhas rings.
Its distribution in some cases also appears very patchy with the transport of RSIW
mostly mirroring its water mass contribution (compare for example sections D7 and
D8). This is not true for sections D11 and D13 along which the maximum water mass
contribution of RSIW was in both cases 10-15%. Along these sections the circulation
was the determining factor. It can however be concluded that the transport of RSIW
into the southeastern South Atlantic is highly variable due to a number of factors. This
variability and more important its patchy distribution was not considered by You et al.
(2003) and we find their total transport of RSIW to be somewhat over-estimated. In
some cases the difference was an order of magnitude. Not all the RSIW transported
down the Agulhas Current ends up in the South Atlantic Ocean. The indication from
section D2 is that in the absence of ring shedding, RSIW is transported back east via
the Agulhas Return Current.




Chapter 6
Conclusions
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1) What is the flow pattern of RSIW in the greater Agulhas Current System and
is the flow intermittent?

The East Madagascar Current transports the least amount of RSIW towards the
Agulhas Current. At most RSIW contributed 10-15% to some of the water samples
when NIDW was part of the source water matrix at the southern tip of Madagascar.
Despite its small water mass contribution, considerable variation in RSIW
contribution was observed in both the 27.25-27.40 and 27.40-27.70 neutral density
ranges. With the maximum credible RSIW content east of Madagascar ranging from
6% to 15-20% the resulting observed variability was in excess of 100%. The
southward transport of RSIW at the southern tip of Madagascar was mostly confined
to the Madagascar continental slope along which the highest RSIW contributions
were observed. The offshore cores were observed to be moving either northward or
eastward. Recent observations show the transport of water from the East Madagascar
Current to the Agulhas Current at least in part to occur via eddies. From the dipole
eddies we investigated it would appear, as would be expected, that the eddy formed in
the lee of the island has the highest RSIW content. As the section through the eddy
dipole and other sections at the southern tip of Madagascar would indicate, most of
this transport is confined to the lower density range 27.40-27.70 as opposed to the
upper range 27.25-27.40.

In the northern Mozambique Channel, RSIW distribution in the absence of a strong
boundary current appears layer-like, with RSIW contributions observed in both the
upper and lower density ranges. The presence of cyclonic and anti-cyclonic eddies
across the narrowest part of the channel meant that although the net transport of
RSIW was southward, not all the RSIW in this layer was moving in the same
direction. As the distribution would indicate, this southward transport occurred over
the entire density range considered. Further south the, southward spreading of RSIW
appears strongly associated with eddies, both cyclonic and anti-cyclonic. The highest
RSIW content was found to be associated with anti-cyclonic eddies. In the cyclonic
eddies analysed RSIW appears to be circulating around the outside half of the ring. Its
distribution around the cyclonic rings also appears variable if you compare the
northward and southward flowing limbs of the cyclones. The above conclusions are
however strongly dependant on the source water matrix. When NIDW was excluded

the highest RSIW content water samples were not associated with the cyclonic eddies.
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In terms of content the maximum contribution of RSIW in the northern Mozambique
Channel was more than twice that observed East of Madagascar. Using modern data,
the variability in the maximum contribution observed east of Madagascar was less
clear in the northern part of the channel. When compared to the historical data
however, considerable variations in the maximum contribution of RSIW were
observed across the narrowest part of the channel as well as to the north of it. The
maximum RSIW content ranged from 15-20% to 30-40% in this area which results in
an observed variability of about 100%. Whilst there was some variability in the
maximum RSIW contribution and transport, the flow southward across the narrowest
part of the channel does not appear to be intermittent even though the flow regime
differed from being anti-cyclonic to being cyclonic. Variability in the maximum water
mass contribution of RSIW observed in the northern Mozambique Channel was also
evident at the southern mouth of the channel. The variability was however slightly
less extreme compared to that observed further north, and was in the order of around
60% with the highest RSIW content ranging from 15-20% to 25-30%. The variability
in the maximum contribution also strongly correlated with the total net transport of

RSIW at the southern mouth of the channel.

In the northern Agulhas Current, as was the case east of Madagascar, the highest
RSIW content was observed along the continental slope with the occasional lesser
offshore core. Different however was the fact that the offshore cores moved in the
same general direction as that onshore. As shown in other publications most of the
RSIW observed in the Agulhas Current comes from the Mozambique Channel and
spreads southward in both the upper and lower density ranges. One of the
abovementioned offshore cores was even observed south of the Agulhas Return
Current. In terms of RSIW content variability, the northern Agulhas Current displayed
similar characteristics as its source water regions. Variability in water mass
contributions of RSIW was again about 100% which as in the above cases was also
observed in the total net transport of RSIW. The maximum RSIW contribution ranged
from 10-15% to 20-25% in this region. The observed variability in the maximum
contributions and net transports in the Agulhas Current east of the Agulhas
Retroflection thus strongly suggest variable transport of RSIW. No intermittency was
however observed. At the Agulhas Retroflection the distribution of RSIW was patchy

and in most cases, although much reduced compared to further upstream, observed in
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done in which RSIW and NIDW were not distinguished from one another. In
conclusion it can be said that although we cannot say which of the two water masses
has the greatest water mass contribution, RSIW will almost always have made some
contribution to the low oxygen, high salinity water even as deep as the 27.7 neutral

density surface.
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