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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 

~crn=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 

2 



3 

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-1
), 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 = 106 m3s-1
) 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 >O. 7 Sv on time scales of several days up to a month 

(Murray and Johns, 1997). 
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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). 

RSJW 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 
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slope very doscly whereas ,outh orhcrc it has been found to become separated from 

the slope. RSIW however still crosses the equator close 10 the western boundary at a 

depth of about 750 m (Quadfa,cl and Schott, l 982). 13cal ct al. (2000) have pointed 

out that south of the equator near 5''8 RSIW occur, at temperatures hetwecn 4•8''C 

and is generally found between 700 to 1000 m. 

As RSIW moves from its wurce southward (figure 3) it continually mixe, with 

Antarctic lntennediate Water (f\AIW) which has its source further south anti 

Indonesian lntermcdiak \Valer (IIW) with it:; source at the Pacific-Indonesian 

Through flow (Y,>u. 1998). This solllhward spr~ading int,> the greater Agulhas Cun-cnt 

Sy:;tem occur:; mostly on the western boundury of the basin. 
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Figure 3 : Schematic or the intermediate circulation in the Indian Ocean (You, 1998) 
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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; Strarnma and Lutjeharrns, 1997). The Agulhas 

Current has three source regions namely the Mozambique Channel, the East 

Madagascar Current and water corning from the east that forms part of a recirculation 

cell in the southwest comer 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; Strarnma 

and Lutjeharrns, 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; Stram.ma, 1992; 

Strarnma and Lutjeharrns, 1997, Lutjeharrns 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). 
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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 5 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 Tchemia (1980); supported by hydrographic data (Grundlingh, 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 tum south to the Agulhas Current or that it never reaches the 

African coast but retroflects in the vicinity of the Madagascar ridge as satellite 

remote-sensing would suggest ( Grundlingh 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 (Menanche, 1963; DiMarco et al., 2002). In the northern Agulhas Current (27-

340S) the current flows along a narrow continental shelf and steep continental slope 

where it exhibits minimal meandering (Grundlingh, 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 IO 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 (Lutjehanns 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 

O"n > 27.45; O"n = 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"n = 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 (GrUndlingh, 1985; 

Donohue and Toole, 2003). Although there is a general net southward movement of 

RSIW in the Agulhas Current, Donohue 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 0.4±1 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. 
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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 IIW 

(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 (-crn=27.8) 

whilst in the northern Indian Ocean it has been reported to lie as shallow as 27.2 (~crn 

=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 (~cr11 =27.125-27.7) whilst 

Donohue and Toole (2003) have reported RSIW influence between the potential 

density range 27.0 and 27.7 (~cr11 =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 NID W 

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 



18 

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 (crn =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 (crn =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 S(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 S(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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It would thus seem that RSlW docs spread bdow lhc maximum 27.55 neutral density 

level used in You et al. (2003 ). If this is thc case, it is unckar what tht.: full density 

range would he if I\ IDW is considered at the deepest density level of RSIW. Both 

RSIW and :--JIOW have a salinity maximum and oxygen minimum relative to Nher 

waler masses in lhcir density range and in conjunction with diancutral upwelling it 

would make it difficult to separate these two water masses when simply using salinity 

or oxygen. Cntil now all low oxygen, high salinity water in the south west Indian 

Ocean has mostly heen tenneJ RSIW even on neutral density surfaces as dct.:p as 

27.7. It could thus be possible that Nll)W could have been wrongly attrihuted as 

RSIW. This leaves us with the questions about what the full range of RSIW is in the 

south western Indian Ocean and would this result in the redassilication of previously 

observed high salinity, low oxygen water. Also, if RSIW spreading docs reach this 

deep the complete quantification of RSIW transport is yet to he estahlisht.:d using the 

much more robust method used in You et al. (2003) since their study did not take into 

account the full spreading range. 
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The data used in this study comprise bmh hisLoric and modern boHle data collected 

wi1hin the region of 1he gre:iter Agulhas Current system. The historic <laLa were 

obtained from the '-lational Ocean Data Cemre database and included such cruises as 

1he Agulhas Retroflection Cruise (ARC) completed in 1983 and historical sections or 

the Mozambique Cha1mel compktcd in the 1960's. The modem daLa comprised all 

World Ocean Circulation (\V()CF.) ,.n1ise lines (103. 104, 105w, 105p, I06, SR02, ;\ 12) 

in the greater Agulhas Cunent region. data collected during the .Vlixi,ig of Agulht1$ 

Rings Experiment (MARL::) I. /vl.Allli JI and data collcctl'd during the Agulhas 

Current Sources Experiment (ACSF.X) l. ACSF.X 11 and ACSF.X lJ1 cruises. The 

individual cruise tracks an<l sLaLion positions are sh0\\11 in figures 6. 14, 24 and 31. 

The cn1ise tracks of the MARE were through a singulc ring that was sampled twice 

roughly five months apart. The cruises were sub-<livi<le<l into four regions, namely the 

northern source regions {rt'gions A and R), the northern Agulhas Cu,Tent (region C) 

and the southern A&111lhas C111Tent and Retrot1ection region (region D) (figure 6). 

Fig 6: lVlap showing Lhe regional sub-divisions of the Ag11lhas Current System 
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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 point 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 

where 

- n 

G1 =llnLGJi 
i=l 

and 

n -

a1 = I/nL(G1;-G1 )2 
i='1 

AH 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: 

where ◊Jmax 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: 



P04° = P04-(Cfa12-02)/Re 

NO= 9N03+02 
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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 

--0-0=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 --o-n=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 (--o-0=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 ~crn=27.55 which is only slightly shallower than the maximum --o-n=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 5 l-55°E and 

12-15°N just north of the Socotra Passage through which it flows into the Indian 

Ocean on the ---On=27.25 and ~crn=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 ---On=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 ~crn=27.25, ---00=27.40 and ---00=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). IIW 

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 ---0n=27.25 and ~cr0 =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 wanner 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 ~crn=27.25 and ~crn=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 

(~crn=27.25-27.70) was split into two ranges ~crn=27.25-27.40 (above the AAIW 

minimum) and ~crn=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, IIW would be defined only on 

~crn=27.25 in the shallower density range whilst siAAIW on ~crn=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 IIW is almost exclusively found on ~crn=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 ~crn=27.25-27.55 into two ranges namely ~crn=27.25-27.40 and 

~crn=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 
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sections where either ICW or UCDW were included, IIW 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 ( 0-0 

=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"n =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 

cr n =27.0 using data collected along the WOCE 15 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 0(°C) s 02 HtSi04 NO P04° PV 

neutral density (µmol/kg) (µmol/kg) (µmol/kg) {µmol/kg) (xlOss-3) 

ICW (27.0) 9 34.69 212 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 34.36 210 33.0 490 1.53 0.080 

siAAIW (27.55) 3.51 34.40 192 49.0 489.9 1.45 0.062 

dAAJW (27 .25) 4.40 34.17 297 10.3 509 1.55 0.090 

dAAJW (27.40) 3.46 34.20 278 20.0 535 1.65 0.050 

dAAIW (27.55) 2.78 34.30 233 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 35.48 19.9 74.9 336.7 1.34 0.025 

IIW (27.25) 6.89 34.61 85.3 72.6 403.9 1.38 0.030 

IIW (27.55) 4.65 34.60 91.9 105.9 425.8 1.43 0.017 

UCDW (27.80) 2.53 34.55 170 74 490.4 1.56 0.043 

Atlantic Ocean 

UCDW (27.80) 2.67 34.58 176 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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4. I) Region A: East and south of \1aclagascar 
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Fig 7: '.\,lap showing the individual c"Tuise (racks of the hydrographic sections 

investigated in region A. Sections A I and A2 were completed as part of WOCE 

whereas sections A3 to A6 were complelcd as pa11 of ACS EX II 



4. 1) Region A (Erw of,Hadagasc:ar) 

WOCE sec1ions 

Section A I (WOCE 101 line) (see figure 7} 
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This section nms along 20"S where th<: South Equatoria l Current bifi,n;alcs northward 

and southward at the l:<•ast to fom1 the East \,1adagascar C u1TenL Surface cwn.,nts did 

not reveal n strong southward boundary current as the section was too close 10 the 

South Equatorial hiforcalion laiitude. '[he strongest velocities along this sect ion were 

instead associated with a weak surface tnlpped offshore cyclonic eddy centred at 50°E 

(Donohue and Toole, ]003). The circulation paltems described above can clearly he 

seen in the isohalines and isothenns with the cyclonic eddy observed about 120 km 

offshore (figure 8(ii)). Al imermedi:ite depths the high salitlity, low oxygen mioi111um 

water core normally associakd wHh RSIW appears 400-600 km offshore hclow the 

poten1ial dcnslly level 27.25 (figure 8(ii)). 

Along 1his section two hig.11 con1e11t RSIW cores were observed ~, the upper part of 

the den5ity range 27.4-27. 7 (ftgme 8(i)b) th;,1 were situated between 400-550 km 

ollshorc tm<l around 900 km ollshorc. In these cores RSIW contributed between 15-

20'1/o or the water mass mixture in the samples. The core at 450-550 km coincided 

with the high salinity, low oxygen core whilst the core observed around 900 km does 

not show this strong correlation (sec figures 8(i)b and 8(ii)). When :--JJDW was 

introduced into the source water matrix RSIW still contributed l 5-20°/4, or the water 

samples with the highest f{SIW contribution cores ~•ill observed around 450-600 km 

offshore and 850 km offshore. LADCP mea5,irements indicate the flow to be 

southward al the two data points where the RSIW core mixing fraction i5 between 15-

20% whilst between these two data points the flow is northward {Donohoe and Toole, 

2003). This above 10% mixing fraction or contribution is consistent with what You ct 

al. (2003) calculated for the neutral density surface 27.40 for this region. In the 

density range 27.25-27.4 (figure l:l(i)a) the Rf:;IW content was less than 10°;., or the 

water sample in three cores which are associated wi th lhe underlying RSJW layer 

(figures 8(i)a and h) . In (<.,Tm~ or ii spr~~ading range the RSI\V core is found to move 

southward ahove the neutral density level 27.64 (around 1200 m). It~ rnngc or 

influence does however reach down to the maximum neutral density level of 27.68 in 

hoth matrix configurations. 
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crn~27.40-27 70 along section Al (see figure 7) . Dots indicate bottle ,ample locatio11s. 
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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)) 

is found to be IIW which is also described as a low oxygen, high salinity water mass 



39 

Jt'SM'...,_..tr\lS\ t 1ACr-f~j 

""°' ,o 
.;,o 

- ,- -7 
~o 
~ J 

3 ·"" 
: ;w 

] 
~ 

• •fX • 
Ii ... 

t, 

C 

. ...2 
100 
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r,0 =27.40-27.70 along se-:1ion 1\2 hllC fiiure 7). Dots inuicatc bo11h: sample locatk111~. 



ASCl:X II cruise S<'Climu 

Section A3 (see figure 7) 
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This east-west sectiNt was ,1<:cupicd along the same latitude as the previous section. 

1 lowever. the flow regime wa.; slightly di fferent than the llm,- along section A} in rh al 

there was no olfahore <.:<ldy. The !low regime is clearly <lepictcd in thr.: slopes or the 

isorh,wms and isolrnlines (figure 10b). Sim ilar to section A2. ;m oxygen minimum was 

ohservv-xl along the :'vla,bg;ascar slope t>ut mtlit:ations from the T iS diagram in<licale 

very lill le to nn l{SIW tfigure Wh). Due to limited botile samples the max imum 

densi ty in our choscn densi ty range for this sedion was only 27.49 which meant 

(.'l)W and NIDW could he excluded from the source water mass matrix . Initial nrns 

over density range 27.40- 27.70 indicated th~t we could also exclude dAAJW " 'ater 

lyl)t:~ on the 1\~trtral density surfo<.:cs 27.4 ,u\d 27.55 from th<.: waler mass matrix. 

R,~sults from the revised source wmer ma>-8 matrix show that RSIW co11tent in the 

water samples collected w:1s less th,111 5% (figure lOJ) which would suppo1t the 

previous linJings thal the East :Vlad:,gascar Current transports small or negligible 

amounts of RSIW inlo the: greater Agulhas Current System ahove the neutral de11sity 

27.55 (You et al., 2(Hl3). The higher oxygen minimum in this den~ity range (figure 

IOh) compared with the previous hydmgrnphic section correlates well v.ith the 

slig.htly lower water rnass contribution . The sparse vertica l resolution does however 

make any concrete conclusions impossible. 
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Section A4 (see figure i) 

Tht: flow regime displayed by the isotherms and isohalincs for sc.:tion A4 (figure 11 e) 

show a hllundary cum!lll flowing slluth west and llllshllre nnrth eastward flow. No 

RSIW was detected in the de11sity ra11ge 27.25-27.40 and could thus not be co11tourt:d 

consistent with low RS!W contributions ohse1ved in the abovementioned section 

where it contributed al Jnl'SI less than 5% ot' the water mass mixture of the samples. 

The TiS diagram on the other hand would suggest that RSJW is present within this 

density range (figure 11 c). As in the case of section A2 this high salinity water was 

found tll be IIW. Over the dcnshy range 27.40-27.70 RSIW at its cnre contributed 

between 15-20'1/o of the water sample conce11trated close to the continental slope 

(figure I la). In contrast with st:ctions Al and A2, RSlW conlribulcd at mllst i% Ill 

the water samrles along the slope when l\'IDW was included in the source water 

matrix. This is a significant reduction in its contribution that was not observed along 

the other two sections. As was the ci,sc along section A3, RSIW influence is llhservt:tl 

as deep as 1hc neutral density surface 2i.64 which wa., the deepest neutral surface 

within the deeper neutral density range. 
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Secti,m AS (see figure 7) 

The downward slope of the is,1them1s and i~ohalines along the slope suggest a strnng 

Ea,! :Vladagas~ar C11rrcnt flowing in ,i south west direction (figme 12(ii}l. The llpward 

,lope in the i,oline, further offahNe suggests ea,terly tlow further offshore. ;\;; was 

the ca,l' along the ,1ther section, al thl' southern lip nf :Vladagascar. a "tlinity 

m:1ximu111 and oxygen minimum is observed ,1long 1he slope (figure I 2(ii)). Similar to 

section i\4 RSlW at it, m,1st conce111rared over the den,ity rnnge 27.40-27.70 

contributed hetween J 5-20% of the ,:1;;-1ter s:1111ple ;1Jong lhe cominental slope. lts 

di,trihution appears layer-like in that it i;; ,1b,crved in all the offshore station, in 

which il c,mlril->uted. 5-10% nf the water sample (figure I 2(i ·11->·1. (\msislen1 with 

section A4 the ~ontribution from RSIW was much red11ccd in this de11sity rnnge when 

NllJW was introduced into the ,ource wat,:;r mas, matrix. With the introduction of 

~!OW the RSJ\V contrihmion was reduced lo arnund 6% alnng the slope with a 

second core observed arnun,l 250 km nllshore (figure l 2( i)c). Unlike se~ tion f\4, 

RSIW i, dctcctahle in den,ity range 27.25-27.40 hm c,nn,ihutiug less than 5% of the 

water samples cnllccted (figure 12(i)a). This would be eonsistent with what is 

obse1ved in the T/:S diagrnm (fig11r~ 12 (ii)). Like all of the pre,ious ,ection,. the 

inl1ue11cc of RS!W (RSI\V co111ent >5%) i~ observed bclnw the 27.6 neutral density 

level fhr h,ith source waler mass e,mlig11r..1lions. 
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Scctic,n ,V, (sec figure 7) 

As in the case of the ah(l\·C section the isotherms ,,ntl isohalines for this section 

suggest a boundary cum:'nt ai intem1ediate level moving we,stward with the offahore 

flow heing c.1;,tward. ,'\1:;,o consistenl with the other ;,.x,1ions an inrenne<li'1te $.tlinity 

maximum and oxy11en minimum is (>bscrveJ along th..:. slope (figure IJ (ii)). This 

north ~outh section shows a very simil;ir picture .is all the other .seL1ions clescrihe<l 

above with a RS!W core found dose lo 1hc contin,mtal slope and constilu1111g between 

15-20% of !he water sample over the density range 27,40-27.70 (figu1·e 13 (i)h). 

Unlike the ahovementione.l two sections and consistent with sections t\ I and /\2, 

RSIW still contribuu,d between I 0- 15% of the water sample at its core even when 

NIDW is introduced into the source water mmrix. Lillk to no (RSiW conlL'tlt - <5%) 

RSIW is. dc1cctcd over density rnngc 27.25-27.40 (figure l3 {i)a) which is cons is.tcnt 

with what was found along most sections cast of :Vtadagascar. The somewlwt higher 

salinity ohserved in the T!S diagram (figure 13 (ii)) within this density range was in 

fact found to be IIW (not shown). The maximum l{SIW penetration (RSIW content -

<5%) for this section also went beyond the 27.6 neutral density level for both source 

water ma5s configurn1ion;, ( figures. I J( i) b ~ntl c). 
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4.2) Region 13: Mozambique Channel 

12°s 

33°E: 36°E 39°E 45°E 

l'ig 14: Shows the cruise tracks of!he individual sectioris in !he Mozambique 

Cllan.nd. S.:ctions Bl !o 85 were completed :1s part ol'thc ACSEX I cruise; section 

86 is a WOCE cruise and sections B7 and B8 were completed as part of the ACSEX 

Ill cniisc. 
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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 B 1 to BS 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. 
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Section HI (see figure 14 J 

This section _jusl north of the narrowest par! of the Mo:i:ambiquc Channel cxlentletl 

only 80 km offshore. LADCP measurement,- in tie Ruijrer et ~I. (2002) show lhe 

surface flow to he southward as the slightly downward slop<.: in th<: isoth<.:rms ,Ind 

isohalim:s suggests (figure I S(i)c). Two di;tinct RSIW cores are observed along this 

section around 28 km olf.,;hore o f the African continental slope. In the shallow core 

(around 900 mJ RSIW contributes greater than 30% of the water sample whilst in the 

deeper core it contributes just less than :?5% of the water sample (figure J5(i)b). This 

waler mass mixing fraction is similar to that indicated in You et al. (2001). Their 

results mtlieatetl values higher than 30% in the Mozambique Channel on the 11eutn1I 

den~ity surf.1ce 27.55. The shallow RSI\\/ core lie; within the oxygen minimum layer 

and occurs where there is a downwelling in the phosphate and nitrate concentration 

for this layer. The deeper RSIW core co-insitletl with the salinity maximum and 

somewhat lower phosphate anti nitrate va lues at 1200 m around 28 km offshore 

(figures 15( i)b, c and I 5(ii}). 

Unlike observations east of Madagascar, RSTW at its core <.:ontrilmtetl 25-10% of the 

water sample over the neutral density m11ge 27.25-27.40 j ust off the continental slope 

(figure l S(i}a). This eore w-insitled with a upwelling of the oxygen minimum at this 

position (ilgure 14(i)e). In tem1s of its neutral de11sity range HSIW still contributed 

over 20% to the water mas~ fraction on the neutral density surface '.!7.69 even with 

Nll)W as part of the source water mass matrix. Along the I02 \VOCE se<-1ion 

completed just 0011h of this section RSJW was found to he m,sociated with an anli­

..:ydonic edcly (Di Marco et al .. 2002). Since this section only extended tlO km offshore 

this cannot be ruled oul. Sea surface height anomalies shown in de Ruijter et al. 

(2002) <lo however not suggest this. The net transpo11 of RSIW across this shol1 

section for both density rang.es was - 1..6 7 Sv. 
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Scctio,1 B2 (sec t1gure 14) 

This section across the 11arro,n:st pa11 of Mozambique Channel from the Mo.cambique 

coast to the middle of the channel cmssc<l the southward flowi ng limb of a allli­

cyclonic eddy (d,: Ruij tcr er al .. 2()()2) sh<>wn in the slightly d<>w11ward slope of the 

isotherms and isohalines ( ligure 16(i)c). It needs to he noted here that I.he 

geographical dist:mcc covered in 1hc lower density range is slightly shorter than that 

of th,: upper rknsity range. Station I is not represented in the lower density rang.e 

because it <lid not reach into the deeper density range. 

Two RSIW cores are observed in both neutral density ranges 27.~5-27.40 and 27.40-

27. 70 which could be considcrod as just two sepamlc cores over the complete rlensi ty 

rnnge ( figu re I 6(iJ a and b), The RSIW cores arc situated j ust west and cast or the 

strongest southward flow itssociale<l within the anti-cyclonic eddy. The weslcm core 

appears to he more strongly associated wi th the extreme oxygen minimum whilst the 

RS IW core in the middle of the channel co-insi<lerl with both the salinily maximum 

and somewhat less extreme oxygen minimum (figu re l 6(i)c). At these positions there 

is also a rlownwclling in 1hc phosphate ;incl nitrate values ( figu re 16(iil). The source 

water mass contribution of RSIW in the middle or the channel was h<.:tw,~cn 25-30% 

of the waler sample whilst in the RSIW core dose to the Afiican continental slope it 

contributed just helm,, .10% of the water sample. As was the case in the ahovc section 

the most saline water was found below the neutral density surface ~7.(i6 t iust hdow 

1200 m) in the cen tre orthe d rnnnel suggesting consid,~rablc mix ing in the upper part 

or the chosen intermediate density rang.c (ligurc I 6( i)c). The RSIW cores arc however 

found with in the 27.25-27.55 neutral density range whi lst the full range o f RSIW can 

he c.o ns idered to be deeper than lhe maximum neu tral density of 27.(,9. Across this 

section the m,t RS IW transport was -2.62 Sv. 
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St1ction 83 (sec figure 14 l 

This ,ecti~m complclcs the cross section of the n,nrnwest pmt :Vloz;unhique Channel 

from _iusl casl of lhc middl<~ of lhc diannd lo lhe Madaga~car coost. It covers mostly 

the nc.>1ihward fl<,wing li1nb of the anti-cyclone mentioned above and is sh<•Wn by lhc 

upward slope (>f the isolines (ligurt: I 7{i)c) as well as in the LAOCP mea~nrements in 

de Ruijter et al. (200:!}. Along this section it is shown thal RSIW does indeed 11ow 

dose lo the :>.,Jadagascar slope where it c(,nttibute<I greater than 30'1/o of the water 

sample. This is similar h• whai was found by You el al. (2003) centred ju~t below the 

neutnil den,ity surface 27.40 (figure I 7(i}b}. This is slightly highc.,'f lhan the 25-30% 

observed along lhe wcslem half c•f the channel where the k•west oxygen value, were 

observed (figure 17(i)c). Since the tl(,w at the level at which RSIW is found i~ slightly 

no,thward it is likely that this water came from the African slope and cin:ulatcd with 

the anti-cyclone. Allhough it would appear as if the highest RS1W contribution is no 

longer associated with the most saline, oxygen depleted water -which i, now fr,und in 

the middle <'f the ch,mnel- actual values indicate the middle only to be more saline by 

0.004 psu and the difference in oxygen concentration being ahout l.4 µmoli l. It needs 

to be noted however that lhc phosphate and nitrate concentrations ,ire ,lightly higher 

at t.he ~,osition of the oxygen minimum aml salinity maxin10111 when comparecl 10 the 

eastern section (figures I 7(i) b. c and l 7(ii)). The RSI\V contribution at this position 

(middle of lhe ch,mnel) was however sti ll in excess of20%. 

Station I :ilo11g this ~.xtion rcprc,ems lhe strongest nntthward flow according to cit: 

Ruijtcr ct al. (2002) which would indicate that the highest RSIW contributions were 

circulating around the ('Ut~ide pa11 of ring. Contrary LO the higher c,mtribution in the 

eastern half in the l<•wer density range we obsen-e a lower maximum cont,ibotion in 

the C,Lslcm half of the channel over the 1lensity range 27.25-27.40 compared to the 

western part with HSIW contributing slightly lcs, than the 25-30% observed western 

half of the chmtncl. In this densit) rnng.: the maximum water sample coutiihution of 

RSIW was 20-25% {figure I 7(i)a). Although observed as ,eparare cores in this 

density rnnge they are in fact associated with the underlying RSIW layer observed in 

the deeper density range. The maximum range of RS!W inlluence, ,tretched beyond 

the maximum 27.68 neutral density level. The net transport of RSIW along this 

11(\nhward flowing limb of the aolicyclone was 1.21 Sv. 
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Sct:tion 84 (sec figure 14) 

/\ccording to the 0ow regime clcscribc<l in de Ruijter ct al. (2002} and shown in the 

downward slope in the isolincs (figure l8(i)c), this section crossed Lhc southward 

flowing limh or :m anti-cyclone siluatcd just off the coast of Mozambique. Along this 

section two RSIW cores are observcci (over the combinccl clensity mngc) about 100 

km Ii-om the continental shelf where RS!W contributed close to 30% of the water 

sample anci about 275 km offshore where it contributed 20-25% of the water sample 

in the density rnngc 27.25-27.40 (tigurc l S(i) a and h) . This is the first section along 

which the highest water sample contribution or RSIW is observed in the upper (27.25-

27.40 as suppose to 27.40-27. 70) density rnnge. The core at a I 00 km offshore is also 

clearly ~isihle in the intem1ediare salinity maximum and oxygen minimum (ligure 

18(i)c}. Unlike in previot,s sections we don't observe the strong downwcll ing in the 

phosphate ancl nitrate concc,nrations at the position ,,f the RSIW core (figure 18(ii)}. 

h ncc<ls to be notccl however that there is a slight rc<luction in the nitrate maximum 

along this section compared lo that further north. 

From the surface currents shown in de Ruijter et al. (2002) it would appear as il'thcsc 

cores are on the landward and off.shore side of the strongest southward flow 

associated with the anti-cycl,,ne similar to what was observed Ill lhe nnrthem 

\-1<>7.ambique Channel. Also the RSJW maximum contribution value found in the 

lanclward core is consistent with that obscrv(, ... 1 and associated with the anti-cyclonic 

eddy in the norlhcrn part of the Mozambique Channel (scclions 82 and B3). As was 

the case in the above sections RSJW influence appears to reach beyond the :n.68 

maximum level. Along this section the net transport of l{SIW amounted to -1.89 Sv 

which is slightly lower than that across 1hc southward flowing limb of the anti ­

cyclorie in the northem \1ozambiquc Ch,1nncl. The cross section of this anti-cyclonic 

eddy does however not appear lo stretch lo the midcile (<le R11ijtcr ct al., 2002) of the 

e<ldy which could account for the difference. 
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Section 85 (see fii,;urc 14) 

Completed at the southern exit of the Mozambique Channd this st:ction. as was the 

cas,~ in the almvt: section. panially cmsse<l an anti-cyd(>nic eddy (cle Ruijter ct al .. 

2002). Along this section R.SIW at its core contributed 25-30% of the water sample on 

the outsic.Jc:, half of tk eddy (li~ure l9(i}b and figure 19(i)c) according tn the flow 

regime depicted in de Ruijtcr et al. (2002). This core as would he c.xpccted was 

ass(>ciatcd with the salinity maximum and oxygen minil1lttm as well as a slight 

downwdling in the phosphate and nitrate concentrations (ligure I 9(i) c and I 9(ii}). 

The extreme oxygen minil1lum however now lic:s deeper and to the west of the 

maxunum RSIW cont.rihution ar whid1 position KSIW contributed 20% of the water 

sample. At this pt>sition there is also a downwdling in the phosphate an<l nitntte 

concentrations (figure l9(ii)). The core is observed in Lhe neutral density range 27.40-

27.70 a.s oppose to the 27.25-27.40 range along the abovemenlioned section. 

Compared with other s~-ctions in tht: channel very liulc RSIW was l<lllnd along the 

continental slope outside the e<ldy. The flow along the slope was shown 10 be slightly 

northward in de Ruijter et al. (2002) using LADCI' measurement,. This is als() shown 

in the sl ightly downward $\ope in the i~otht:nns with the salinity ~~-ction ( figure 18(i) 

c) slwwing the water along the slope to be mostly fresh AJ\lW. This finding, s upports 

that of de R uijtcr cl al. (2002) that eddic$ in the Mozambique Channel arc the carriers 

of RSIW towards the Ag,1lhas Current. 

In contrast to the other sections further ll(H1h in the Mozambique Channel it is found 

that the waler sampk contrihution of RSIW in the density rnngc 27.25-27.40 is 

considcrahly reduced compared to that ohserved in the density range 27.40-27.70. It 

now mi1T(>rs ohservations ea-'I of Madaga$ca1· when comparing the upper and lower 

density ranges. Its contnbution to tht: water sample was however still in excess of 

I 5% 250 km offshore. TI1is is still considerahly higher than was found ea5t of 

Madagascar. The maximum neutral density level upon which RSIW was detected was 

27.60 where it contributed just over 5% along the slope. Across this section the net 

transpon (>f RSIW was only -0.76 Sv, considcrahly lower than the section$ funhcr 

north of it. 
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Scclion R6 (WOCF. scc1ion 104, sec ligure 14) 

In this section across ihe southern mouth of the MoL.arnhi<1ue Channel the flow is 

<lominate<l hy two cydonic e,ldies (Donohue and 'Toole, 2003; DiMarw ct al.. 2002). 

These lwo leatures am shown in the doming of lhe isothenns and isonalines at about 

50 km and around 600 km from the African slope (ligtirc 20(ii)l. Considering thc 

salinity <lis1rihutio11 it would appear as if tht: RSIW was concentrnte<l mostly oulside 

these eddies. This pattcm is also clearly sccn in the oxygen distribution with thc 

lowcsl oxygen concentrations found outside the cyclones (figure 20(i i)). Along this 

section potential vorticity constraints did not allow for the most s~oline water along the 

African contincnlal slope to be included because it was a hPttom value. To overcome 

this problem another data poim with the same values as the deepest waler sample was 

included, the only difference being that it was 5 m deeper. It i, as,umed th is would 

not have any effcct since we do not expect drastic changes in the parameter valm:s 

over such a short distam:c. 

Similar to the ahovementioned section we !ind that RSl'\V in density range 27.25-

27.40 is much reduced compared to sections funher nonh. ln this density rnnge two 

separate cores are observed: one along the African continental slope and another 

along the Madagascar slope with RSlW cou11ibuting <ll'Ound I 0% of the water sample 

(figure 20(i) a). These cores do howcver not .ippear to he indepernlent from the 

undcrlying RSlW. ln the dcnsi!y rnngc 27.40-27.70 RS!W contributed between 20-

25% of thc water sample in three separate cores which were separated by the two 

cyclonic eddies (figure 20{i)h, 20(ii)i, This is sligntly Jess 1han the 25-30% in the 

abovementinned ,ection completed just north of thi, one. However wnen r, IOW is 

introduced into the source water matrix resulting in a more direct comparison with the 

above section, RSIW contributcd only between 15-20% of the water sample in a core 

situated in the southwal'd limh of the cyclonic eddy along the ,lope. In the southwal'd 

limb of !he offshore cyclonic edcly it only contrihutc<l 10-15% of the water sample. 

This is much reduced from tne 25-.10% in the above ,eel.ion hut similar to that 

observed ,ilong section B 15 (figure.: 52 in addendum) at the souther!l ex it of the 

Mo.<ambiquc Cha11nel. Thc net !nmsport of RS!W across this section was only -0.45 

Sv which as the watel' sample fraction is lower than that calcula1ed for section B5 

.iround the ,ame latitude. It necds to be noted however that section BS doe, not cl'o,s 

the whole channel imd that RSIW is not confine.I to the westcm half of the channel as 
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ind icalo:-d along this section and sec1ion B 15 iu the addendum. In 1em1s of 1hc neutral 

densi1y range we now ol;so:-rvc a considerable change between the lwo source wa1er 

mass c(lnfigurations not previously seen in 1he channel . RS!W now seem 1<1 be lll(IStly 

C(lllslrkted above the 27.55 neulrnl density level in the wes1crn part of the dmnnd 

whilst in 1h.:- cas1crn pan it re,\ch.:-d as deep as 27.68. 
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This section , similar to section B2. crossed the narrowest part of the MoLambiquc 

Channel from lhe African ,,oast to the middle o fthc channel an<l ~h,,ws a very simi lar 

RSI\V <lis11ibu1i,,n pattern even though the now pattern is different. A,;,-ross the 

narrowest part of Otc channel the 11,,w is now weak cyclonic (Ridderinkhof an<l <le 

Ruijter, 2003) wmpared 1,, the anti-cyclonic now observed along secti<>ns H2 and ll:l 

of which lhis section crosses mostly the w,:,ak fll'rthw:ml flowing part. This cyc.l(>nic 

tlow is als(> obse,·,,ed in the upward slope of the isotherms (figure ?. I (ii )). Unlik.: 

se.ctiun B2 tllls sec1.ton docs no\ exlcnd to the mid<l lcofthe channel. 

Despite. all the differences, RSIW as was the .:ase along ~cc.;tion B2, con1ributcd 25-

30'1/o I.(> the water sample at its core ovi::r the density mnge 27.40-27. 70 (ligurc ;:> 1 (i)c) 

which was flowing both southward and north ward all be it sluggishly (Riddcrinkhof 

and de i{uij1cr, 2003 ). However when NIDW was excluded frflfn the source water 

matrix ( figure 2 1 (i)h), the RSlW c,,re appeart'<l to be also flowing s luggishly 

nm1hward. In this matrix configuration the RSJW conlent is sl igh1ly higher amounting 

w 30-40% of the water sample. Different to section B2 however, lhe highes t 

cont1ihution values are not (>hserved (>Ver density range 27.25-27.40. The highest 

RSIW conttibution in th is density range was between 15-20% of the water sample in 

what appeared 1(> be a layer distribution (figure 21(i)a). TI1c layer is howevc.,-r not 

distinct and formed pait of the RS)W layer (>oservt'<l in the l(>wer density range. The 

net RSfW transp(>t1 across this section is only -0.5~ Sv whicl1 is much reduced but 

sti ll sou thward as was the case along scc.;tion B2. 
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Section 88 (sn: ligurc 14) 

Crossing the southward flowing. limb or the abovemen1ionc<l ,ydonic eddy as shov,n 

in the downward slope of the i,ohalines and isotherm;; (figure :?2(ii)) lhis section 

ct>vered the same line as sc:ction 83 except that it i:xtcndcd funher west to the mi<l<lle 

,lf the Mozmnhiqu,~ Channel. /\ single RSI.W core is observed along. the Madagascar 

slope in which the RSIW content was 25-JO% of the water sample in the• dL•nsity 

rnnge 27.40-27.70 (ligurl' 2~(i)<:). This is slightly kss than the J0-40% ,~ontrih11tion 

along sec·tion R3. II has 10 be noted thal Lht;> flow along the \,fodagascar slope is now 

southward compar<'d to th<' , lightly northward flow in the case of ,ection ID 

( Ridderinkhof and de Ruiiter, 2003). 

Oflshol'l' thl' RSI\V distrihuLion ap11<·ars layer lik<'. The core observed in the middle of 

the channel along S<'<:tion R2 is not <'vid,mt along this section. The comrib\llion of 

.RSIW was ,lightly higher and more in line with what was ohserved along section 83 

when '.\IDW is exclu<lt•d from the ,ourc·l' waler matrix with maximum RSI W 

contributing b<'ing 30-40% in S<'veral water sample;; (figure 2l(i)h). The distribution 

of the high content RSIW water i~ however much greakr along this s<'ction. Owr the 

density range ?7.25-17.40 the highest RSIW core is ol:>sl'rve<l along the Madagas<:ar 

slope where RSIW contributes 20-25% of the water ,ampll' al ils core (figure 2 1 (i)a). 

This is nol an individual c,1re hut lbrm<'d part o f the lay<'r just below it. Across this 

section the net transport of RSIW amoun1e,,i only to -0.96 Sv which as in the above 

ca~,~ wa, kss and in the opposite direction of the previously measured transport along 

scclion 13.l. 
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Historical secti<•n 

Section H9 
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Along this historical section the downward slope of the isothenns and isohalincs 

suggests southward now along the African continental slope (figure 22(i)). Compared 

In the other sccti<•ns described above RSI\.V contributed 20-25% pf the watt!r sample 

al its core over the density rnn,!!e 27.25-27.40 (figure 22(ii )aJ. This is slightly higher 

than the 15-20% dctcclcd along the WOC'E 104 line (section 86) and the /\CSEX I 

sec1ion (section RS) at the southern exit of the Mozambique Charu1el. Also unlike the 

abovcmc,-ntioncd seclions the highest RSIW fraction is found in both the upper and 

lowt!r density range similar lo section Fl4 rather than in the 27.40-27.70 range. Over 

the 27.40 .. 27.70 range only tt.,,·o dat~ points \vC1c availi'tblc. These Lwo dala µoiuls 

were associmcd with stations I and 2 in the upper density range. Jn focl over the entire 

density rangt: lht; distribution or data points is very sparse. This means that except for 

an indication or the maximum contribution of RSIW of available data points no other 

conclusions can be drawn from this section. In both density ranges the RSIW is 

concentrated along tht! cominental slope (figures 22(ii)a and b). 1'his correlates well 

with the higher salinity and lower oxygen values obsc,-rvcd along the slope and seen in 

the T!S diagram (figure 22(i)). The 20-25% contrihution of RSJ\V observed in the 

lower density range compares well with the other sections at the southern exit of the 

channel. t\o :--IIDW was observed in the two water samples analysed in the lower 

density range. 
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This section stre1ched -225 kin froin the I\Jiican continental slope into th(' northern 

l\'mal Valley. The isothenns and is<•halines (figure 2.5(i i)) suggest southw;ird flow 

:ilo11g the slope as would b,~ expected with the i\gullws Current hugging the sh>pc 

(Brydcn and Beul, 2001 ). Offshore however the do111e ,hape of the isotherms and 

i~ohalim}s suggests the prescnrs of:, cydoni1.: eddy about 200 km from the sl,,pe 

(figure 25(ii)). 

Over the density r,mgc 27.25-27.4() RSIW at its c<:>rc c0nstit\lted b1;.1ween I 0- 15% of 

the water s,nnpk which as in the c11se 0f the abnvun<:mioned two seclions wiis 

Slluat(,d along the continental sk•p..: (figme 25( i)a). This cNe was nol distinct but 

formed part or the underly mg layer o r RSIW (lig,m~ 25( i lb). Considering that cast of 

1\ladagascar R SIW was almost ahscnt in this dmsity range it would thus ,tppear that 

the RSIW observed in thi s density range came fr0m the M1r1.ambique Cbannd. 

Although 1hi~ l 0- 15% RSIW wnuihution cmnpared well to values fr•und along 

sections BS and B6 this is less than what was f0und 11long section B9 ju,t north of it. 

Over th;; density range 27.40-27,70 RSIW conlribtlted between 10-15% of the water 

s,1mpk at its core that now is observed as a laye.r across the Natal Valley (figure 

25(i)b). This value is only slighlly higher wh.:n l\lD\V is introduced into the waler 

source malrix. When this was done RSIW contriburt:d ht:twecn 15-20% to the water 

sampk situated closc to the rontinental shelf (figwe 25(i)c). Both the ahove two 

S0ur1.:e watff matrix configuratinn resulls were below that observed in lhe southern 

ex it 0f the Mozambique Channel. As is lhe case in the upper densi ty rang<: the 

maximum RSIW 1.:onlribution indicates the RSJ W sct:n in I his density nmgt: t0 lmve 

com<: li0m the yfozambique Channel. Also similar to abovementioned sections 

lurihcr north lhc RS!W sprcading range w,1s grt:ater than the neutn1I dt:nsity 27.6. The 

t0ti1l net transport of RSJW across ihis section was -0.67 Sv. This is almost similar lo 

tltilt along seclion 135 bul much hight:r than that obscTVed along sccri011 86. 
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Section C2 (F.ddi~ dipole) 

This section crosses a cyclone between two anti -cyclonic eddies situated in the 

Mozambique basin and across part of the '.vtadagascar Plateau. These eddies were 

spawned south of Madagascar where the Fast Madagascar Current separates from the 

shelf (de R11ijter et al., 2004). The divisions between the diffel'ent eddies (figure 26(i)) 

were ohtained fro111 de Ruijter et al. (2004). The tluce eddies can also dearly be seen 

in the howl like structure and doming of the isohalines, isotherms and oxygen 

contours (figure 26(ii)). 

From the distribution 0 1· RSIW cores over the density range ~7.40-27. 70 it would 

appeal' if RSIW contributed to both the cyclonic and to the anti-cyclonic eddies. The 

highest contribution of RSI W i11 terms of purity appears to be in the anti-eyclo11ic 

eddies. This is also seen in the oxygen minima with the extreme oxygen minima 

observed in the anti-cyclones (fig111'e 26(ii)). l!W was only observed in the cydonic 

eddy whidi would probably indicate its water to originate from the inshore p1111 of the 

East Madagasear Cun-ent. The intem1edia1e water of the anti-cyclonic eddies was 

ohserved to he mostly si1\1\IW found in cite offshore environment. Over this density 

1·a,1ge RSIW cont1·ihuted hetween 15-20% of the wat,-r sample in the diflcrcm rnrcs. 

This l'esuh eorl'clates well with other sections east and south of Madagas~al'. However 

unlike most sections in that region, with the introduction of NIDW, RSIW 

contributions is only slightly reduced and still corllrihmcd 15% ol' the water sample 

concentrated in the western anti-cyclonic eddy. Considering its spawning position and 

somewhat higher purity to that observed iilo11g. the cast Madagascar slope it is pnssihk 

that this core came through the Mozanihiquc Channel. This is nm rnndusive as along 

section A2 RSIW still contributed around 15% ol'water sample along the slope. Little 

to no RSIW is visihlc in the density range 27.25-27.40 similar to whar was foun,1 cast 

of fV!adagascar (ligure '.!(i(i)a and h). The absence of l{SJ\V is also dearly illustrateJ 

in the TIS diagram (figul'e 26(ii)) with 011Jy a single data point indicating highly saline 

water in thi,; intermediate density range compal'ed to the other intem1cdiate watcl' 

masses. 
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Crossitlg tltc Agulhas Curretlt an<l a surface intensified eddy Oil the oceanic side of 1hc 

cu1Tent ( Donohue and Toole, 2003) this section stretches from the African c-oast 

across the Natal Valley ro the :-Sfozamhique Plateau. The d rculatio11 features cao also 

be seen in the isolincs il.1 1hc <lownwar<l slope along the continetllal slope an<l dome 

srnictnre further offshore (figure 27(ii)) . 

Ova the density range 27.25-27.40 two separate RSIW cores are visible, one along 

1he African contille1ual slope aod 1.lte ot.her offshore between the c.urrent and the 

surfocc-intcnsilkd c<ldy (!igurcs 27(i)11 an<l 27(ii)). RSIW would thus appear to flow 

on hoth the inside and on the outside of the Agulha, Current. In the core along the 

shelfRSIW c.ontrihuted nearly 20% of the water sample whilst in the offahorc core its 

cootribution w::is ~I ightly less, amonnting t.o 15-20%. The slope core result compares 

well with what was observ.,'\1 alollg sectioo 139 at the southern mouth of the 

Mozambique Challnel. Ooth con~s appear distinct with tlte imroduction of NIDW in 

th~ ~01m:c wat~r matrix (lig:urc~ .!7(i)a and 27(i}c). ,\s was the case along sectiori C l 

the RSIW obst!rved in tlte inside and out.shit! cores would have had to have come from 

the 'vlozambique Channel when comparing it to the RSIW water mass fractions of 

sections cast or Madagascar. With both the inshore and offshore water masses 

originating from th,~ Mozambique Channel it would appear if the water mass 

dist1ihution as ilescrihed hy Harris ( 1972) dot!S not hold for this section. Over the 

density range 27.40-27.70 RSlW contributes 20-25% of tlte water samples found in 

two cores si1uatc<l on the landward side of the ,\gulhas Current and under the current 

even when NIDW is introduced into the source water mass matrix ( figure 27(i)b and 

c). This value is considerably higher than the val1Je found along $ection CI j ust north 

of ii and section B6 in the southcm Mozmnbiquc Channel. The RSIW distribution 

discussed is also clearly visible from ho.th the salinity and oxygen St!ctions with the 

high salillity (also seen in the T!S <liagramJ and low oxygen cores visible on both 

sides of the Agulhas Current (figure 27(ii)). The net transport of RSIW across this 

section was -1 .39 Sv which is higher than m1y value measured at the southern mouth 

of the Mozambique Channel. This t:.ltl however be attributed to the higher current 

speeds of the Agulhas Curren t. 
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Section C4 i105p) 

This section covers much the same station positions as th<' i,bovc section a];o 

extending to th<' Jvfozambiqu<' Plateau. In terms of the flow regime the Agulha.s 

Current is still along the cominental slop<' but unlike the pn:vious section we do not 

have the surface intensified eddy offshore of the curreru (Toole and Warren, 1993 ). 

The llow regime is also clearly depicted in the slopes oi'the i.solines (tigure '.l:8(ii)). 

Over the density range 27.25-'.!7.40 RSI\V at its core contributed just under 10% or 

the water siimple sitmned along the slope. This value i; considerably lower than the 

ncfll'ly '..'0% in the previous section (figure 28(i)a). The core docs not a11pear to be 

separate from RSIW foluld in the underlying layer (ligure 28(i)h and c). Oflshon, 

RSIW contribmed only 5-10% to the water si,n,pl<.' which is ;imikuly much less than 

that ot>served in rhe previous ;cction. This reduction in the water mass percentage i; 

also observed in the higher oxygen minimum observed in this density range (ligure 

2R(ii)). The reduced RSIW core value i;, a lso ob.served over the density range 27.40-

27. 70 (figure 28(i)t> and c). lkre RSJW contributed only between 10-15% or the 

water mass samples at its core compared 10 20-'.l:5°/4, observed in the previous ;cction. 

This diflerence was abo observed when \11 DW wa, inclm1cd in the source w~tc1· 

matrix (igurc '.l:8(i)c). Wi th the inclusion of'\J[J)\V RSlW 15 :1ltno~t exclusively found 

along the continrntal slope compared to if!> almost layer like di;tribution. However in 

combination with the upper density range this layer appear to consist of two cores 

~ituated on either side nr the current th11t co-in;ide with the two oxygen minimum 

cores (figure 28(ii)). From these two sections it would thus appear that although 

RSIW is a t:onsistcm part of the Agulhas Crn,-ent System just south Uurban there 

seems to be some variability in its source water contrit>ution. The presence of l{SIW 

in the ahscnce of offshore eddie; .seem; to be re;tricted mostly Lo the inside of the 

Agulha; Current when NIDW i; included in the source water matrix. RSIW is 

detected as deep as the neutral density surlilcc '.l:7.66 around 250 km offshore and 

27.63 along the slope where it still contribllt<'d above IO% of' the waier sample. The 

vi,riability in its contribulion is also observed in the net transport of RSI W whi..:h now 

amounted to only -0. 75 Sv. This is a considerable reduction compared to the previous 

section. 
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Slx:tion CS 

This section stretched only 45 km offshore from the Alrican continental slnpe and 

would thus cover only the inshore hair of the Agulhas Current (figure 29(ii)). Slightly 

difforent to previous source water matrices we introduced ICW into lhe source water 

matri.\. aJld made the upper neutral density surfoce 27.2(l. This wa, <lone lo introduce 

two more data points that lay ju,t ;llallower thatl the 27.25 surface. RSJW at it core 

contributed 10-15% of the waler ,ample in the density range 27.20-27.40 (figure 

29(i)aJ. This is comparnhle with tl111T found along section C4 even though it wa, 3 

degrees of latitude further south. Over the density range 27.40-27.70 l{SJW 

cons1in1ted 20-25% of the water ,ample at it, core even when NIDW wits introduced 

into the ;;1nu·ce water mass n111tri.~ concentrated around 15-20 km offahore or the 

continental slope (figure 29(i)a an<l h). Tt needs to be noted 1hat the deepest den,ity 

surface was ,hallower than the 27.6 surface or potenlial density surface 27.5 (ltgure 

29(ii)}. Thi; is considcrnbly higher than what wa, found alo11g section ('4 further 

north but comparnble with that of section CJ al the sar11e latitude a, section C4. This 

would sugge,t vamthle input ofRSI\V into the Agulhas Current System. 
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Section CG 00<.i) 

This s,x1io11 ext<~nded from the African continent acn>ss the Agulhas Current a~ fru· 

south as the Suh1ropical Convergence (figure JO(ii)). From the iso lines and oxygen 

conltnu~ it i~ clear thal the llow along Lhis section was dominated hy the Agulhas 

Current ak,ng the continent.ii $lop<' anti a cyclonic eddy 1·11rther south seen in the 

doming or 1l11: isotherms, isohalines and 1he upwelling of the o.,,_ygen minimum (figure 

JO(i i)). RSlW colllributed only slightly over 5% or the waler sampk al ils core over 

dens ity range 27.25-27.40 (figure 30(i)a). This is slightly less than the 

ahovt'me111ioned section but much reduced cornpareJ to seclions further north. As 

would he expecti.,J with the smaller RSlW contribution we now lind that much or the 

water along the sl,,pe in tJ1i$ density rang<' is below 34.(i ps11 ;-is opposed to itbove i1 a~ 

was the cas,:- furtlter north (figure 30(ii}). Over density range 27.40-:n.70 the RSlW 

core was situated along the continental sh,·IJ: The RSlW contribution was 15-20%, or 

the water sample with and wi1ho11t NI OW as p;in of rhc source water matrix. This is 

only slightly less than the over 20-25% in the above section (figure .10(i)b). Similar to 

sl.'ction C., an offsh<'rc core is observeJ with RSIW conlributing j ust over 5% or the 

water sample in the core. This core was observed just north of a cold core eddy with 

Southern Ocean water masses at its core. The 5% observed in the core of the eddy is 

not considered as its mass conservation residual tit was greater than I%. Just south or 

the eddy the Agulh:-1~ Re1um Current Wll$ tlowing eastward (Park et al. 2001 i- The 

maximum depth upon which l{SIW was detected was on rhe 27.66 neutral density 

surface. Along this section the net RSJ\V tmnsport amoumcd to -0.63 Sv 
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4.4) Region D: Southern /\gulhas Current 
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Fig 3 1 : tvlap showing 1hc scclio11s inn,stigatcu in region D. Cruise trm;ks DI -Do 

(magenta) were completed as part of the ARC cruise, trncks D7-D IO are the MARE I 

and ~,1AR~. 11 cruise tracks an<l lJ l 1-15 we,c WOCE program cruise tracks. 



4.4; Sec1io11 {) (wiwhern ,1:;u!Jws Current) 

, fg11/h11,\ Return Curre.nr .sections 

s~s:li t•II \) 1 (,t:t: ligun: 31) 

1 01 

This hydrogrnphic ,;ection extended ti-om the African coast m, l'ar :soutl1 as 42"S, close 

10 the Sulmopical Convergence. Jt cros;;ed the Agulhas Cun·ent and then the !\gulhas 

Ren1rn Cu1Tent at about 250 km from the s1arl ol' the section as well a:s a 01eander in 

tlw AguJlias .Rt:Jnrn Currem ~t 400 km 0n,I 600 km dist:incc (Gnnlon et al., 1987). 

This threefo ld crossing is clearly seen it• the changi11g slopes of the isolines and to a 

de_b'Tee in the oxygen con lours (figure 32(ii) I. 

On.,· the detJsily range 27.2:-<~7.40 RSlW was observed on both sides of the Agulhas 

Currt'llt as ,,as the case off Durbm1 but not :seen in section C6. At its core l~SlW 

cotJtributed between 15-.20% (figure 32(i)al of' the waler sample. This wa:s greater 

than 1hal ob:servcd along sections C5 a11d C6 along which its contributions ranged 

between 5-10% and rn- 15% re~pectivdy indicating consi<lLTablc variability in the 

amount o f RS[W transp011ed down the current over this dt'llsity range. In lhe of'lshore 

core RSIW only cot1\ributcd 5-10% of the water sample which is comparable with 

that observed offshore of Durban along se<:tion l'4 but much rednt:cd compared to 

1h0t ohserved along section C3. The RSIW core along the slope i•; not distinct b\JI 

form part of the RSIW core along the continental slope observed in the underlying 

density rangt, (figure 32(i)b and c) when NIDW is 1ntrodut:ed itJ the source water 

matrix. Over Lhe dmsity range 27.40-27.70, RSIW have very similar di:s11ibution 

patterns and water sample contributions to that of section C6 just to the n011h of it. At 

its core RSJW conrributed betweco 15-20% of the w0ter sample 0Jon,g the comine11t0I 

slope (figun.: 32(i)b ). ln !ht: core underneath Lhe Agulhas Current il:s cotJlrihtniotJ to 

the water sample was 10-15%. Tht, total transport ol' RSJW along this ~ection w~s 

- 1.:36 Sv. This was nearly twice as much as that transported along section C6. The 

biggest difference is obs<.Tvcd in the neutral density range 27.~:>-27.40 ·whLTe the 

difference in transport. between the n-vo sections is 0.56 Sv. Tl1is was due to the foct 

that the RSLW water ma:ss contrib\JtiorJ alot1g this sect ion is more lhatJ twice that 

along section C6 in the upper density range. 
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Se-,tion D'.: {sec ligurc 3 I) 

This section al 1hc J\gulhas Retmlkction along 21 °E crosse<l the J\gulhas Cunent.. the 

Agulh,is Return Current and part of ,m Agullrns Jing to the south (Cordon et ~l.. 

1987). At this point rhe temperJture ,m<l salinity sc<-1ions in<lic~te that the Agullws 

CutTent had mov.:d some distance 01lshorc (ligun; 33{ii)). The water ma~s found 

along the slope is now has :~ salinity minimum 3nd highly oxyi,ten:1ted comp,m:xl to 

further upstream which would indicate it to be 1\J\IW (Hgurc33 iii)). 

Ovc,r the density range 27.'.:5-27.40 (!"igure 33(i)a) hardly any RSIW is observed 

insl10n.: of 1ht: i\gulhas Cun-enl. In fact the only strong RSfW signal is found south of 

the Agulhas Return Current :1ssociated wirh the rin.~ where RSIW contributed 

betwee.u 5-10% nfthe water sample at its core. This core appe,,rs to be dis1ioct from 

the underlying RSIW ,,nly when l\lDW is not a purl of tl1c source water Jn,1trix 

(figures 33(iJh and c). The stronger inshore core compared 10 olfslwre seen further 

upstream of the Retrotlection region is thus not observed m:ross this section. Over th-, 

density range ~7.40-'.:7.70 we find strong RSIW rnres almost directly under th.: 

Aiulha~ Cuncut, on the landward side of the Agulhas CmTcnt, 011 the offshore si<lc of 

the Agulhas Rcturn Cunent and on the onc sick of the Agulhas ring where it 

contrihuted hetween 10-15% of the waler samples at each of the cores (figures 33(i)h 

and c. figure 33(ii)). This would thus indicate that RSIW rounds the Agulhas 

Retroflection and flows east along the Agulh,is Return Current. Also evident is that 

RSIW seems to be closely associatcd with the i\gulhas Current as its movement 

oflshorc is also ohsen,ed in the distribution of the RSIW cores. When ::--IIDW is 

introduced the RS IW contrihution to the ring is slightly reduced hut ils distrihution 

remained more or less the same. The net transporr in the upper density range was 

eastward amou11ti11g to 0.047 Sv. In thc lower density nmge -0.13 Sv was associated 

with the Agulhas Cunt.ml, 0.11 Sv with the Agulhas Return Cunent and -0JJ79 Sv 

with the Agulhas ring resulting i11 a ner trnnsporr of -0.099 Sv. The tot.ii net transport 

ofRS[W over the <.xunhined range wa, a mere-0.052 Sv. 
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Sections D3, D4, D5 (sec figure 31) 

Section D3 crossed the westem half of the i\gulhas Current as it retroflected at around 

400 km and a recently shed rir1g just to the west of it seen as a bowl like structure in 

the iso(hem1s and isohalines (ligure 34c). Lnlike in the previous section where almost 

no R~IW was observed over the density range 27.25-27.40 on the landward side of 

the i\gulhas CuiTent, RSIW now C<lntribute<l 5-10% of the water sample at its core 

(figure 34a) that could only have came from the landward siik of the current The 

core was associated with the underlying RSfW (figure 34b). :--.ro RSIW was detected 

in the water samples associatoo with the Agulhas ring to the west. But it has to he 

noted that the upper density .-ange was poorly sampled and that the above linding is 

(hus not conclusive. Sections 04 and 1)5 also crossed Jhe abovemcntioncd ring. RSIW 

presence alor1g these two sections varies from almost absent to contributing between 

5-10% of the water sample at its core enforcing the perceived variability previously 

mentioned in this density range (ligures 35a and 36a}. As the downward slope of the 

isolines (figures :;sc and 3(1c) would indicate these two sections were both done 

across the western half ,,fthe Agulhas ring (figure 34c). 

Over the density range 27.40-27.70 l{SJW contributed I 0-1 5% of the water sample at 

its core along section D3 (figure 34b). The cores alor1g this section arc associated with 

the Agulhas Current as it retroflects and the ring to the west of it. The core associated 

with the ring appears only on one side which would suggt·st that RSIW is not 

continuous around the ring. llowcver this is not C<lndusivc as the ve11ical resolution 

of data points on the eastern side is somewhat less than that on the western side of the 

ring. Sections 04 and D.5 (figures 35b and 36b} through tht· S(tme ring reveal that 

RSIW docs seem to be continuous around the ring. Its variable contributions which 

ranged betwern 5- 10% and I 0- I 5% indicate small variability's in the amount of 

RSIW at diflerent positions around the r ing (figures 35b and 36b). This variabi lity 

seen around the ring is consisknl with what was observed in the Agulhas Cun-cr1t 

propt-r. 
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Section 1)6 (sec figure 31) 

This north-south section ran through what ~ppears to be the eastern edge of an older 

(relative ro abovementionetl ring) Agulhas iing just west of Cape Town (Gordon et 

al.. 1987). The dimensions and sligh1ly shallower isotherms anti isohalines indicating 

the greater ag" of the ring are shown in figure 37c. Over the density range 27.25-

27.40 RSIW is almost absent as was the case along some sections in the 

ahovemcntioncd ring just west of the Relmllection (figure 37a}. Over density range 

27.40-27.70 RSIW contrihuted just over 5% in the two wacer samples compared to the 

10-15% iu the newly shed ring (section IJ3J just south cast of it (figure 37h). The 

absence or small contribution of RSIW to the inte1media1e depths along this section 

can also he clearly seen in the TiS diagralll (figure 37c). 
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Sections 1)7 and 08 (MAI~ I , see tigur<" :II i 

These two hydrographic sections were made w.:ross a two month old ring ,iust w"sl of 

the Agulhas Retrotlecti<.>n (fis11res ,8(i)c llnd 39(i)c). Compured to sections 03, ll4 

and D5 the TiS diag.ram :issociated with D7 and D8 would indicate so1n<"what less 

salinl· intermediate and thus a smaller amount of RSIW contributfon {ligurcs 38(i)c, 

}()(i)c. He . . ,5c nnd :16cJ. ()MP annlysis of s<"ction D7 resulkd in !he loss of a 

considerable amount of darn points in the 27.25-27.40 range when pot.::ntial vorticity 

\Vas included as a parameter. It was thus t.hx:itkd lo exclude it from the source water 

mass matrix for section D7 to maximiz<" the vertical and horizontal resolution. 

Because of the limited 11um1,er of oxygen samples results are shown for source wat<!r 

mass matrix conli!;\ttrations when usin!;\ initial phosphate and NO as wdl as when 

using non-conserv11tiv<" phosphate nncl nitr11k. This is done for comparative p11rposes 

and to increase the number of data points that would otherwise be excl111ktl due a lack 

01· oxygen data. Using You's ( 1998) argument thnt th<! rnk of wakr mass spr<"ading 

occurs at a far great<"!' rate than nutrient regeneration :md oxygen consumption we will 

assume tlte sections comparable: with each other. 

Over the 27.25-27.40 J.,nsily range l'or section D7, RSlW contributed only 5-10% of 

the w11ter sampk 11t its core situated in the llliddle of the ring (fig.ure 38(Da) when 

using cons.,-rvatiw initiul phosphate and NO as parameters. It 11eeds to be noted 

however that the distribution of data points over this density range are poor with n1ost 

of th<" dut,1 points uround 27JO n<"utrnl densiry surface making any conclusions on 

RSIW cont<!ttt and distribution impossible. This valu.: is slightly higher (I 0-1 S%i 

wh<!n using nm1-cons.,-rvativl' phosphute nnd nitrnte (tigur<" 38/ii)a). Owr the neutral 

density range 27.40-27.70 potential vorticity was once again imrodu.:etl into the 

source water matrix as a parameter. For the water samples analysed RSlW was almosl 

completely absenr. Its maximum comribution was less than 5% (figur<! 3R(i)b). Again 

due to the poor distribulion or data points any conclusions on the pr.:s.,-nc.: ,md 

distribution ofRSIW will be inconclusive. 1\s would be <!xpected from the water mass 

fractions of RSIW. tlw total tran,pnrl of RSTW was a mer<" -0.0056 Sv. 

ror s.,-ction 08 th<" nrnximum contribution of RSJW wm, around 5% (figures 3<J(i)a). 

This incr.,ases to I 0-15% ,11 station l when non-conserrntive phosphute and nitrate 11r<" 

us.,-d as parameters (tigmes 39lii)a). As the di ni.·rences in distance cowrcd would 
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indicate, Slatinn 1 is excluded when using the conscrvatiw parameters of initial 

phosphate and NO due to the lack of a oxygen measurement. The other data points 

would thus lend suppott to You's ( I 993) assumption. ·1 his higher RSIW contribution 

is much higher than wiis fou11d along any other section m the Re,ro{kction in ,his 

density range except for section D7 (ligure .18(ii)a). Similar lo that found in the 

density range -:!7.-:!S-27.40, RSIW in density range -:!7.40-27.70 showed very simi lar 

distribution patterns and maximum contribution values when comparing resu lts 

obtained from the Lwo waler mass matrix conltgurnLions. In this density range RSIW 

seems to be circulating the ring comrihuting 5-10% of the water sample at its core 

( figure 38 (i)b). This is sl ightly higher than that observed along Lhe previous section. 

Although RSIW is observed on both sides of the ring the net tnmspo11 of RSIW was 

0.1 1 using the contributions obtained from the use of non-concervati vc phosphate and 

nitrate as panunekrs. 
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Sections l.>9 ;u1d 1J 10 (tVJ ARP. I(, see figure 31) 

These two sections wen: <lone 5-6 months alicr sections D7 and DR crossing the same 

ring. The centre of the ring had now crossed into the Cape Basin and it is clear that 

cnnsiderable mixing had taken place resulting in a muclt recl uc(:d bowl like structure 

seen in the isolinc$ (figures 40c and 4tc). Because or the limited mun ber or oxygen 

sample, I use.I the non-rnnservative phosphate ancl nitrat~~ to keep th,~ vert ical 

rt:solution , As was the case alolll!, $CCtioll 08. RSIW still cont1ibu1ed a maximum 10-

15% ,,r a water sample in density range 27.25-27.40 (figure 40a) along section D9. 

Along section DI (I it only conrributed 5-10% ,,f the wa,er sample al its core situated 

almost near the middle o f the ring as was the case along section 1)7 (figure 41 a) . Over 

the density range 27.40-27.70 RSIW still seems to be circulari ng the ring along 

secli<>n [)l) conrributing S-10% of the wah~r sample al its wrc (figure 40b). This docs 

nol scclll to bt: the case along scdion D10 wi lh RSIW only found on one side of the 

ring (ligurc 41 b). The warsc vertical resolution along these two sections makes 

uelinite condusii,ns on the maximum water m;iss c1.>ntribution of RSIW difficult. The 

contribution~ were howcve.r comparabk to rhose previously ,,bs<--rvcd in the ring. 
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Sections DI land Dl2 (SR02 WOC:F. se,;tions. sec ligure 31) 

These two sections were completed alnng the World Ocs:an Circulation Experiment 

repe,ll line SR02. Sin.::e we are interested only in RSIW these sections were sho1tene<I 

an<l only extt:nded from the ;\fric,u> ..:onlinc:nt lo the Subtropk:il Convergence :uound 

42' 'S. Alon)! section DI I the ist•lines indicate the presence of two Agulhas rings 

" 'hil st ,1tong D 12 only one ring is observe<! (figures 42c ;mn 43c). Nn significant 

amounts of RSIW (contrihutiuns of ·:•5% of lhs: waler samples) ars: ohserved along 

section l) 11 in density range 27.25-27.40 consistent with many other se<,tions in this 

area (figure 42a). Ovs:r density rang-: 27.40-27.70 or the sams: section the core with 

the greatest RSIW contribution is observed 1igh1 under the n111them ring. Under the 

ring it contrihules > l 0% u f !he water surnplc at its cure whcrctis around the sides of 

the ring it contrilmts:d only 5-1 {)% lu the wakr samples analysed ( ligure 42h). Since it 

is found on lwlh sides of the ring it would appear to he a continuous annulus around 

the ring un like what appeared t(> be the situation around the MARE ring. TI1is 

continuous annulus is also observed :iround the southern ring along this sectit•n where 

RSJW still contrihuted 5- 10% of the water sample in its core. 

Along section DI 2 l{SIW is nearly completely abss:nl in both density ranges 27.25-

27.40 ,llld 27.40-27.7{) (figure 43a and h). lts maximum cnnlrihution in both ds:nsity 

ranges was now less than 5% in the samples it was detected. Whilst the vertical 

rcsoluti<>n all•ng this section was much better compared to section D 11 , the lwli:wntal 

rs:solutiun or 100 km makes it very hard to draw any solid conclusions. At most you 

would only gs:t three statinns through a ring with that resolution. i\llhough we ~annot 

say that RSIW is completely absent we can confinn its patchy dist1ibulion around 

i\gulhas rings. The net RSIW transporl amounted to -0.046 Sv along section DJ I 

whilst along sccti~•n D 12 it was only -0.024 Sv. This is an ords:r uf magnitude smaller 

than that ohserved by You et al. (2003 ). 
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DI] (A 12 WOCE section, sec figure 31 l 

Thi~ section cover;1: rnuch the ~mne ijTOund track -a.c.: the ahovetnentiom.xi hvo ~cctions.. 

The temperature sectiou (Cigure 44c) woul.<l indicate tbat this section does not cross an 

Agulhas ring c1r at kast nnt through the middle as the 1 O"C isotherm is much 

shallower th~n observed akmg the other two ring. section, melltioncd :,bove. Two 

howl like structures are however observed awund 300 km and (,00 km i11 the iwlines 

with the doming; between them indicating cyclonic motion. The T!S diagram (figure 

44c) docs however indicate snmcwhat more saline.: water in the intermediate water 

mass range than what was observed along the two abovementione.:l sections. Over 

density range 27.25-27.40 RSI\V contributed only 5-10% of the wat1:r sample in the 

two cores observed higher than that observed alnng. sedions D 11 and D 12 (figure 

44a). 

Over the density range 27,40-27.70 th is valu1: is slightly higher with RSIW 

contributi11g a,; much as 10-15% of the water sampk at its wrc.: (figure 44bJ. This core 

appears to be associated with an Ag.ulhas ring which was only partially sampled along 

this s1:ction. Limiw<l horizontal resolution al(,ng the northern part of the ring make~ 

any conc.:lusion nf its content variability around the ring impossible. R SIW does 

however appear tn be continuous ,mJund rhc ring. (3,x,strophic velocities iodic11tc that 

this sectio11 at least parri~lly Cl'Ossed another ring to the south of the abovcrnmlioned 

ri1Jg arounti wh ic.h RSJW contribuws only 5-10% of the wat1;;r samples at its core 

observed on both sides of the ring. Along this section the nd tra11sport of RSIW was 

significantly greater than along the previous two sections amounting 10 -0.14 Sv 

which is of similar (mkr ul' magnitude ,L, that of You el al. (2003) but still lower than 

values put forward in their paper for this region . 
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Fig 44: a) RSI\V contribution over the rwo rlensitics 27.25-27.40 and (h) 27.40-27.70 

anti (c) propc11y <lisnibutions oftcmpcralurc, salinity oxygen with a T!S plot along 

section Dl3 (see figure 31). Dots indicate bottle sample locations. 



127 

D 14 {!\ I3a \VOCE S(:Ction, soe figure 3 1) 

<.,eographical ly along almost 1he ~ame liue as lhe other WOCE secti ons this S(:Ction 

probably giv(:s the most accuraw dislribution and wah:1r mass traclions of RSIW in the 

southwest Atlantic Ocean in terms o f its vertical and horizontal resolulions. /\long 

this section Arhan ct al. (I 999) indicated one anti -cyclone through which the section 

goes though roughly the middle ;it around 800 km. The iso) ines indicate partial 

crossings of at lcs1st two other anli -cyclones ( figure 45b) to the north which j,- also 

observed in the sea surface height m1oin:1Jy shown in Arlw11 cl HI ( 1999). Th,) southern 

Agu lh«s ring has undergone coosiderabk modi fications which are visible in the 

surface temperature and oxygen concentrations. Over the density range 27.25-27.40 

110 RSIW was ob:<ervcd whilst over density range 27.40-27. 70 RSIW contributed 5-

10% n f thc: water samples trl two scpan1tc cores ( fig1ire 45a). Both oores appear to be 

,issodat<XI with thc two 1\ gulbas ri ngs that were rmly partially sampled. No RSIW 

sig11al is observed in the water samples associated with the southern nng. Tlus rnay be 

as a re:<u lt of the water ma,s modificatio1ls indicated by A rhan ct al. (1999). Th<: net 

transport o fKSJW water across this s,:,-ction W(IS -0.0761 Sv which as in the case o f all 

the above sections is lower than that observed hy Ynu et al. (2003). 
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Seel ion I) 15 (A I Jb WOCF. seL·tion. see figure 31) 

TJ1is is the:, 11orth-s,.>u th se.:tio11 of the A l 3 line along l(}''E, dnes not cross any 

Agulhas rings d irectly through tlte middle bul as indicated by Artiao et al. ( 1999) we 

do have two rings Jyi ngjusl Wl;'St , ,fthc:, se,·tion. The tem perature and sali ni ty secti ons 

do hnweveronly indicate one eddy like stm cture illong the s<:dioo (ftgun~ 4(,b). lt was 

dccidc:,d to li111i1ed the lenglb 11 1' the sc:,ction to 32°S as going fu1t her north wou ld rne,m 

1he in1rndu,·tio11 of aged AA!W as a water mass in the source water mass matrix. This 

was not possible due lo the limitations imposed 1-,y the li mited numbc,r of parameters. 

i\s wa, the c,Lsc in the ahove se.ction RSJW was n(>t present in dc:nsity range 27.25-

7.7.40 whilst over the dc11sity range 27.'10-27.70 it con trib,ncd less than 5% o f the 

wa ter samples analysed (figure 46:i) . ll1 is is slightly less than what was nhsen,ed in 

the ahoveme111in11ed St'.clion. 
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Emr <!f Mt1dt1gaJcar 

East of :vladagascar the maxi111um RSIW con1rihu1ion was exdusiv.::Jy found in the 

density range 27.4-27.7 whereas in the density range 27.25-27.4 ii was either 

complckly ahsn1t nr it made up a very small pc.-rccntage of the water mass 

conlri bu1i on. This would indicate much more vigoro11s mixing tak ing place between 

R!:>IW, llW and /\AIW nver the densi1y nmge 27.25-27.4 as compared lo the de11sity 

rang<: 27.40-27. 70. In Lhc neutral density range 27.25-27.4 its maximum e,nnrihution 

ranged li:om 0'1/o (com~, lc!dy absent) to aroun.:J 9% a t the southern ti p or Madagnscar. 

This would \!ilher indicate a variable mixing regimt, or variable input from the north . 

Al tl1c south,~rn tip of Mad,1gascar R!:> IW was al1 no$1 exclusively found nlo11g the 

continen tal slope in th<.: sections in which it was dctei;k<l . In the Jowc:r density range 

i ls 1m1x imum contrilmtion was ei ther in the range 0-5%, or 15-20% wh,m using 

conservative initial phosphate and NO n:; pmwne1ers. The section along which its 

c,,iuri hution was 0-5% di,1, however. not cxt.::nd deeper tli:in the 2 7.5 neu trnl densi ty 

level and can thus ,wt be considerc,J when ,ktcnnining variahilily. When NID\V was 

introduced into Ille source water matrix (which means we used non-conservative 

ranged between 6- 15% at the southcm tip of Madagascar. Thus ulthough its 

co11tri bu1i o11 lo water m11ss mixture was relativdy small, variability or about I 00% 

was observed when NIDW is i11trodt11.:ed in to tlie water m11ss n111t rix . In tern1s o f its 

distrihution. the RSlW l·-nre was ohservcd along Lhc slope as was the case in the upper 

dcnsily range. The offshore RSIW cores at the southern tip of:vladagascar were found 

to llow in the opposite direction lo that ohservcJ along che slope. i.e., equatorward. 

The ohservcd maximum RSJ W contributions for this region we re similar L<• that 

presented hy Yo u ct al. l2003) and You ( 1998) when using. conservative pimunetcrs. 

The int roducti on (Ir NlOW into the source waler matri x on the, other hand showed 

their results in most cases to be an ovet·estimme. In terms of the full spreading range 

or R!:>I W, it is clear that RSI W was still detec table be low the neutral densi ty surfoct' 

27.6 even when NIDW was part of the sour,:e water ma trix. l.lowever its contribution 

to the oxygen n1inim1.1111 water mass at Lhe southern li p of Madagascar was in most 

cases j t1st over 5% on this level (excep1. for along section A2), with most of the 

oxygen ,11i11imum water mass being classified as NIOW (>20%). I low 11lt1ch RSIW 

llows down the cast coast or Madagascar is thus highly dependent on the defin ition of 
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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 Bl and B2) resulting at 

most in a variability of 60% in the aforementioned density range. However, compared 

with historical sections (sections Bll, Bl2 and Bl3 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 l 00%. This variability was also observed at the southern mouth of the 

channel 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 I 0-15% 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 Bl5 (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 Bl 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 BS). 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 B5 and B6) was also 



134 

observed in the eastern half when comparing section B6 and section B 15 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 CJ and C 1. 

Section Cl 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 l 00%. 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 Cl, C3, C4, CS 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 maximwn 

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 Cl further north. The variability 

seen in the maximwn RSIW water mass contributions was, as would be expected, also 

observed in the total transport of these three sections. Off Durban, as the maximwn 

RSIW contributions would suggest, the total transport of RSIW along section C3 was 

almost double that calculated for section C4, whilst compared to section Cl it was 

also more than twice the volume. The transport of RSIW for sections C 1 and C4 was 

comparable. In the southern part of region C (sections CS and C6) the maximwn 

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 C 1 further north. The net 
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transport of RSIW between sections C6, C4 and Cl 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 D 1) 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, D5, 

D6) and the MARE sections on the other hand do lend support to variable transport of 

RSIW down the Agulhas Current ifwe 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 Agulhas 

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 Dl 1 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 D 11 and D 13 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. 
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1) What is the flow pattern of RSIW in the greater Agu.lbas 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 modem 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 ofRSIW 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 ofRSIW. 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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bot.h 1.lw upp,\r and l<>w<"r density ranges. The two ,cction~ through the. Agulha~ 

Ct11Tcnl al tlu· rcttollcction do nol support the conclusion of variable RSIW 

cnntrihutinn;; al,lllg the length 0f the cunent. Sections through Agulhas iings she.d hy 

the cum;nt ,he"' a diff.:rnnl picture with variation~ in lhe ma.~imum RSIW 

contributio11 <>b6crv~-d at di fferent po~itio11s around ri ngs. Th,~ maximum RSIW 

content in the rings rangl·d from 0-5% to 10- 15% resulting variability 10 cxCC$S of 

5-10¾ 

~2°s-+------~----~---------'---~-----+-
100t JCOI:: 60°E 

Figure 47(i): Maximum (red) and minimwn (hlue) RSIW contributions observed al 

the southern tip of Madagast:ar, no11hern part of the Mozambique Channel, southern 

mouth of the Mozambique Channel, off Ourban al 30°S, around 27cE, tl1e Agulhas 

Hcuollcction and in the ,outhwe,l Atlantic Ocean. 

from the ;um of all the sections analysed it can thus he concluded based on both its 

maximum water mass contribution as well as the net transport (figure 47(ii)) that the 

transpo11 of RSJW through the greater Agulbas Current ,y,tcrn is highly variable. 

Inter-ocean fluxes of RS!W can thus on ly he established alt•ng a single hydrogrnphit: 

set:tion or on a mt!ticulously detai led ohservation of an Agulhas Ring. 
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Fig.ure 47(ii): Maximum (red) and minimum (blue) RSlW transports observed al the 

southem tip of Madagascar. northern part of the \1o:r.ambique Channel , southern 

mouth or the Mozambique Channel, off Du,ban at 30"!:;, around 27'.'E, the Agulhas 

Retrolle.;tion w-,d in the southwest Atlantic Ocean. 

2) Wit at i.v the Jitll spreadiJtg r,mge f!f RSI Win the so11th-we.~1 !Jtdiun Oce1111? 

From the soctions analysed 11 was clear that not all high salinity, low oxygen water 

observed at intermediate depths along the dilkrcnt sections was RSIW. RSIW does, 

however. appear to occur as deep a.-< the 27.7 neutral dtmsity surface in tht:: south­

western I ndiar1 Ocean. Its maximum contribution on this surface east of Madagascar 

can be as low as 5-10%; the remainder of the high salinity, low oxygen water is 

I\IUW (>20% of the water ma."s content). This was also observed at the southern 

mouth or the \ lozambiguc Channel along. soction 1.\6 where most of the hig.h salinity, 

low oxygen water was NIDW. From the sections analysed in the greater Ag.ulhas 

diffo:ult to state Ute origin of hig.h salinity, low oxyg.en water in the south-western 

Indian Ocean. This resull calls into question much of the earlier work that has been 
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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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