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Abstract

This thesis investigates the variability of the intermediate and thermocline water mass

properties in the South Atlantic, with a particular focus on salinity. These water masses

form the upper branch of the Meridional Overturning Circulation in the Atlantic and

have an important position in global ocean climate. Variability on various timescales

is investigated: decadal changes are investigated using repeat hydrographic surveys,

interannual variability is investigated using Argo float data and the two timescales are

united by investigating a 40 year modern ocean model run. Salinity of thermocline water

masses is shown to vary slowly on decadal timescales. Basinwide changes in salinity are

evident at 24◦S over periods of 25 years. That these changes are representative of decadal

changes and not merely aliasing shorter term variability is supported by analysis of the

model. Increases in salinity at 24◦S from 1958 to 1983 and at 30◦S from 1993 to 2003

are linked with influence from the Indian ocean while a freshening at 24◦S from 1983 to

2009 may be linked with an intensified hydrological cycle. Antarctic Intermediate Water

(AAIW) is seen to increase in salinity at 24◦S from 1958 to 1983 and in the eastern basin

at 30◦S from 1993 to 2003. This is different from the Indian and Pacific Oceans where

AAIW has been observed to be freshening – a change linked with the intensification

of the hydrological cycle. Using the highly correlated relationship between salinity and

oxygen in AAIW, these changes are linked to the influence of the Indian Ocean. Further

investigation of the changes in AAIW in the South Atlantic using Argo data and model

data show that the variability of this water mass is dominated by westward propagating

salinity anomalies. These anomalies originate in the Agulhas influenced Cape Basin of

the South Atlantic and propagate westwards with speeds similar to those predicted for

second mode baroclinic Rossby waves. The techniques developed for analysis of AAIW

salinity using oxygen data are expanded to the other oceans of the southern hemisphere.

The conclusions drawn from this analysis put the AAIW in the South Atlantic in a

global context.
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Chapter 1

Introduction and Background

1.1 Motivation

The goal of this project is to investigate the variability of intermediate and ther-

mocline water masses of the South Atlantic with particular emphasis on salinity.

The South Atlantic connects the Southern Ocean and the North Atlantic between

the continental masses of South America and Africa (Figure 1.1). The thermocline

and intermediate water masses, which flow through it, form the warm, shallow,

return branch of the Meridional Overturning Circulation (MOC) and hence are an

important part of the global ocean circulation.

Interpreting how the variation of the intermediate and thermocline water masses

fits into the broader MOC picture is one goal of this project. The South At-

lantic has been shown to have an important impact on the MOC. Dijkstra (2007)

showed that the overturning salt flux could influence the equilibria of the MOC,

1
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Figure 1.1: The South Atlantic. Major basins (capitals, bold), topographic
features (italics) and oceanographic features (plain text) are highlighted.

which Bryden et al. (2011) investigated further at 24◦ in the South Atlantic. The

results of Bryden et al. (2011) showed that, based on the salt flux calculations in

the South Atlantic, multiple equilibria of the MOC were possible. Input from the

Agulhas region into the South Atlantic plays an important role in ocean circula-

tion and climate (Beal et al., 2011). Biastoch et al. (2008) have shown in their

model that Agulhas leakage into the South Atlantic has an impact on the decadal

variability of the MOC. This leakage was also shown to increase due to the south-

wards shift of the Southern Hemisphere westerlies (Biastoch et al., 2009b). An

increase in leakage may be expected to manifest itself as an increase in salinity of

intermediate and thermocline waters as these are the main water masses that enter
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the South Atlantic from the Indian Ocean. These studies show how the salinity of

the intermediate and thermocline water masses in the South Atlantic can influence

the MOC.

Salinity changes in hydrographic data can be a sensitive indicator of changes in the

hydrological cycle (Wong et al., 1999; Bryden et al., 2003). In a changing climate,

the hydrological cycle is expected to intensify (Bindoff et al., 2007). Many stud-

ies have analysed changes in southern hemisphere intermediate and thermocline

properties to assess changes in the hydrological cycle (Wong et al., 1999; Bindoff &

McDougall, 2000; Curry et al., 2003; Bryden et al., 2003; McDonagh et al., 2005;

Durack & Wijffels, 2010; Helm et al., 2010).

The project aims to analyse variability of the thermocline and intermediate water

masses from decadal to interannual timescales. Decadal timescales will be ad-

dressed using hydrographic cruise data from the 1920’s to 2009. Argo data will

be used as an observational dataset to assess recent variability over a time period

of 2002 to 2009. Argo data have already been shown to be useful in water mass

variability studies (King & McDonagh, 2005; Roemmich & Gilson, 2009; Durack &

Wijffels, 2010; Helm et al., 2010; Schmidtko & Johnson, 2011). To fill in between

the long but sparse time series provided by the hydrographic data and the short

but well-sampled Argo time series, model data are used. The model used is that of

Biastoch et al. (2008). It is a global model with a high resolution nest around the

complex Agulhas region in the South Atlantic, which has been used successfully

to assess the impact of this region on global ocean dynamics.
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1.2 Water Masses and Circulation in the South

Atlantic

The main water masses of interest to this study are thermocline waters, namely

South Atlantic Central Water (SACW) and intermediate waters especially Antarc-

tic Intermediate Water (AAIW).

1.2.1 South Atlantic Central Water

SACW is the major watermass of the South Atlantic permanent thermocline. It

exists from the base of the mixed layer to the intermediate salinity minimum of

AAIW. In θ – S space, this appears to be straight line from the salinity minimum

in Figure 1.2(b).

There are a number of models of how the thermocline is formed. Here the position

is taken that the thermocline is ventilated through the subduction of waters from

the base of the mixed layer. The waters then circulate along the isopycnals. This

is based on the model of the ventilated thermocline (Luyten et al., 1983). The

thermocline is not exactly a straight line in θ – S space but a layered water mass

influenced by warm, saline subtropical water from the upper thermocline and cold,

fresh polar water (in this case AAIW) at the base of the thermocline.

Figure 1.2(a) highlights the density at 200 dbar. The pressure of 200 dbar is

taken as a proxy for the base of the winter mixed layer (de Boyer Montegut et al.,

2004) and hence this figure shows where the isopycnals which form the ventilated

thermocline of the South Atlantic outcrop. When the outcrop of thermocline
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Figure 1.2: (a) Density (σ0) at 200 dbar from WOA05 (Antonov, 2006). 200 dbar is chosen as a proxy for the base of
the mixed layer (de Boyer Montegut et al., 2004). The SAF after Orsi et al. (1995) is indicated with a dashed line. (b)
Potential temperature-salinity plot averaged on density surfaces based on Argo profiles from the western subtropical
South Atlantic. Density (σ0) contours are indicated. (c) Circulation of surface waters in the South Atlantic from
Stramma & England (1999). The currents of the subtropical South Atlantic are indicated. A complex system of
currents and undercurrents are indicated north of 15◦S, which are outside the region of this study. NBC is the North

Brazil Current, one of the major pathways from the subtropical South Atlantic to the North Atlantic.
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Figure 1.3: AAIW circulation from Boebel et al. (1999a) derived primarily
from neutrally buoyant floats.

isopycnals is taken into account with the circulation of the upper layers in the

South Atlantic, two distinct regions emerge: the subtropical and the tropical gyres.

Figure 1.2(c) shows the circulation in the surface layers of the South Atlantic after

Stramma & England (1999). The circulation of the subtropical South Atlantic has

a similar structure to all subtropical gyres, namely a poleward western boundary

current – the Brazil Current in this case – and a broad recirculation through the

rest of the basin. The broad eastern boundary recirculation is dominated by the

Benguela Current, which carries waters northeast from the Cape Basin towards

Brazil at around 15◦S. This current marks a boundary between the anticyclonic

subtropical gyre of the South Atlantic to the southwest and the cyclonic tropical
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gyre (Angola gyre) to the northeast (Reid, 1989; Stramma & England, 1999).

The outcrop of the thermocline density surfaces (Figure 1.2(a)) can be summarised

as waters denser than σ0 = 27 outcrop near the Sub-Antarctic Front (SAF), waters

of σ0 = 26 outcrop in the Brazil Basin. Densities in between σ0 = 26 and σ0 = 27

outcrop either between the SAF and the Brazil basin or in the Angola Gyre (in

the Angola Basin Figure 1.1). Together with the circulation of the upper layers

(Figure 1.2(c)), a natural conclusion is drawn that the waters southwest of the

extended Benguela Current are the source waters of the ventilated thermocline

and the waters to the northeast are the unventilated shadow zone. This conclusion

that the cyclonic Angola gyre is a shadow zone is supported by the low oxygen

values of the thermocline waters there (Mercier et al., 2003).

The argument about where the waters of the subtropical thermocline are venti-

lated is important when considering what may be forcing changes in the properties

of the thermocline. Figure 1.4 shows a climatological difference between evapo-

ration and precipitation over the world’s oceans. In the South Atlantic, there is

a boundary between precipitation dominated regions and evaporation dominated

regions. In Figure 1.4 in the South Atlantic, the boundary corresponds roughly

with the boundary between the subtropical gyre and the tropical gyre. This indi-

cates that much of the thermocline in the South Atlantic is ventilated in a region

where precipitation dominates over evaporation. Hence, if the hydrological cycle

intensifies, as is predicted in a changing climate (Bindoff et al., 2007), then the

thermocline waters of the subtropical South Atlantic will be expected to freshen.
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Figure 1.4: An estimate of the annual average evaporation minus precipita-
tion from Schmitt (2008) based on the evaporation climatology of Yu & Weller
(2007) and satellite-based precipitation estimates from the Global Precipitation
Climatology Program (GPCP, available at: http://precip.gsfc.nasa.gov).

Units are in cm/year.

1.2.1.1 Mode Waters: SAMW and STMW

Mode waters are a constituent of thermocline waters in many of the world’s oceans.

Sub-Antarctic Mode Water (SAMW) (McCartney, 1977) and Sub-Tropical Mode

Water (STMW) (McCartney, 1982) are the major types of mode water in the

southern hemisphere. The well developed minimum of potential vorticity asso-

ciated with SAMW, first discussed in McCartney (1977), which is visible in the

Indian and Pacific oceans, is not as clear in the South Atlantic. In the South

Atlantic, the major mode water is STMW. This is the mode water discussed in

Provost et al. (1999); Memery et al. (2000); Hanawa & Talley (2001); Tsubouchi

(2007). It has a density of σ0 = 26.5 and a temperature range of 12◦-15◦C. It is

identified by a thermostad. It is different from STMW of other ocean basins as it

is colder (Tsubouchi, 2007). It is obviously different from the STMW of the North

http://precip.gsfc.nasa.gov/
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Atlantic, the 18◦C water of Worthington (1953), but also different from South

Pacific and South Indian STMW which have average temperatures of between

16◦-17◦C (Tsubouchi, 2007). This STMW seems closely influenced by the mode

water of a similar temperature in the Indian Ocean (McDonagh et al., 2005). The

inflow of Indian Ocean mode water to the South Atlantic forms a thermostad in

the east of the basin (Tsuchiya, 1986; Hanawa & Talley, 2001; Tsubouchi, 2007).

Confusingly, the mode water at 13◦C in the Indian Ocean is sometimes referred

to as SAMW but, as it forms north of the SAF, the most common nomenclature

for the 13◦C water in the South Atlantic is STMW.

Mode waters are not as distinct or well-developed in the South Atlantic as other

basins. It is also not clear whether the 13◦C water is formed in the South At-

lantic or is merely Indian Ocean mode water transmitted into the South At-

lantic (Tsuchiya, 1986). Mode waters will not be studied specifically here but

will be incorporated into discussions relating to SACW.

1.2.2 Antarctic Intermediate Water

Antarctic Intermediate Water (AAIW) is a water mass present throughout the

southern hemisphere oceans (Talley, 2008) of the world. AAIW is the interme-

diate water mass identifiable by a salinity minimum of vertical profiles in the

southern Atlantic, Pacific and Indian oceans. In meridional sections, it is seen

as a low salinity tongue at pressure between 800 and 1000 dbar (Figure 1.5). A

distinct water mass, AAIW is closely associated with a single density class. Some

densities used in previous studies are listed in Table 1.1. In this study the densities

associated with AAIW are σ0 = 27.2; σ1 = 31.7; γn = 27.4.
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Figure 1.5: Salinity section: A16, meridional section from South Georgia
to Iceland (Tsuchiya et al., 1994), nominally along 25◦W. From http://-

sam.ucsd.edu/sio210/gifimages. The low salinity AAIW and high salinity
NADW are highlighted. The SAF, identified by the sharply descending isoha-

lines, is also indicated with a dashed line.

Upper Limit Core Layer Lower Limit
σ0 = 27.1 σ1 = 32.15 Stramma & England (1999)
γn = 27.13 γn = 27.55 Heywood & King (2002)
γn = 27.25 γn = 27.4 γn = 27.55 Núñez-Riboni et al. (2005); You (2002)

σ1 = 31.7 Talley (1996)
σ1 = 31.94 Reid (1996)

Table 1.1: Various Density Regimes for definition of AAIW

http://sam.ucsd.edu/sio210/gifimages
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Figure 1.6: Salinity on the intermediate water salinity minimum from an
Argo climatology (Roemmich & Gilson, 2009). The SAF (Orsi et al., 1995) is
indicated. Salinities north of the SAF are chosen as the salinity minimum at
pressures greater than 400 dbar to choose the intermediate salinity minimum.
South of the SAF there is no intermediate salinity minimum. The minimum
salinities occur at or near the surface and are less than 34.1. Pathways of

AAIW spreading into the subtropical gyres are indicated with arrows.

There is ongoing debate as to where the water mass is formed. The traditional

view, put forward by McCartney (1977) originally, put the formation in the deep

winter mixed layers of the South East Pacific. More recently modelling studies

(Santoso & England, 2004) and observations in Drake Passage (Naveira-Garabato

et al., 2009) have suggested that the formation region is in the winter water of the

Bellinghausen Sea. Figure 1.6 illustrates that AAIW enters the subtropical gyres

through the southeast Pacific and the Malvinas Confluence (Talley (2008)). The

lowest salinities on the salinity minimum are seen in these regions. AAIW Salinity

is seen to increase away from these regions.

The earliest representations of AAIW flow, such as Wust (1935), viewed the flow

as along the gradient of salinity. This had, as can be seen in Figure 1.6, AAIW

flowing northwards directly, proceeding first along the coast of Brazil. It is now

known that water masses do not necessarily follow the tongues of their identifiable

properties.
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AAIW follows the typical subtropical pattern reminiscent of the surface circula-

tion (Reid, 1989; Tsuchiya et al., 1994; Boebel et al., 1999a). There is no direct

northward path from the SAF along the western boundary (Boebel et al., 1999a).

AAIW flows southwards from 25◦S (Stramma & England, 1999) in the Brazil Cur-

rent until meeting the highly energetic and variable Falklands confluence at 40◦S.

From here, it flows eastwards as part of the South Atlantic Current. The only

deviation from this is on encountering the Zapiola Eddy at 45◦S (Figure 1.3 (b));

40◦W (Saunders & King, 1995a; Boebel et al., 1999a). Boebel et al. (1999a) (also

Boebel et al. (1997, 1999b); Schmid et al. (2000); Núñez-Riboni et al. (2005))

using a study of neutrally buoyant floats found that the Antarctic Circumpolar

Current and the South Atlantic current were indistinguishable kinematically along

the southern boundary of the South Atlantic.

While, the surface circulation flows towards the South American coast at 15◦S

(Figure 1.2), the intermediate circulation flows towards the coast at 25◦S (Fig-

ure 1.3). This is an important difference between the circulation at the different

depths. Upon reaching the coast at this point, there is a bifurcation with some

water recirculating in the gyre and other water turning north to join the North

Brazil Current (NBC). Boebel et al. (1999a) put the ratio of AAIW recirculating

in the gyre vs. joining the NBC as 2:1. The AAIW that flows northwards can be

identified in the North Atlantic and forms part of the warm water return flow of

the MOC.
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1.3 The South Atlantic’s role in Global Climate

The intermediate and thermocline water masses form the warm, shallow, return

branch of the MOC in the South Atlantic (e.g. Broeker (1991)) and hence are

an integral part of the global ocean circulation. As source waters to the eventual

formation of NADW in the high North Atlantic, their salinity and temperature is

important. In fact, they are integral to a unique aspect of South Atlantic circu-

lation: the fact that the South Atlantic transports net heat equatorward (Berger

& Wefer, 1996; Reid, 1996). This result was known as far back as Wust (1935),

who didn’t publish it as it contradicted the traditional picture of the oceans re-

distributing heat, in a hemispherically balanced manner, away from the equator.

There has been a protracted debate regarding whether the pathway of water into

the Atlantic from south of Africa – the warm water route – or the pathway into the

Atlantic from Drake Passage – the cold water route – was more important. The

argument for the cold water route was originally put forward by Rintoul (1991)

from his analysis of hydrographic data. He found that a large input of warm In-

dian Ocean water from south of Africa was unnecessary to support the northward

heat transport in the South Atlantic. This cold water route was supported by a

number of studies using hydrographic data e.g. McDonagh & King (2005). On

the other hand Gordon (1985, 1986) and Gordon et al. (1991) placed much greater

importance on the warm water route. Gordon and authors placed the ratio of

water taking the warm water route as opposed the cold water route as 3:1 in favor

of the warm water route. Gordon stated that the warm water route was needed

to support the northwards heat transport of the South Atlantic. His results were

supported by analysis of Agulhas Rings (Gordon, 1985) and CFC concentrations in
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the Benguela Region (Gordon et al., 1991). A comprehensive study by Donners &

Drijfhout (2004) using Lagrangian tracking techniques showed that 90% of water

that eventually crossed the equator came into the South Atlantic from the Indian

Ocean. Donners and Drifhout also showed that the results of the hydrographic

sections, which supported the cold water route argument, could be reconstructed

in their model. The reason that the hydrographic sections did not show the impor-

tance of the warm water route was due to the difficulty that hydrographic sections

have in representing highly variable processes and mesoscale processes. This is

particularly important in the case of Indian-Atlantic exchange, which is a highly

variable process dominated by mesoscale processes.

A number of modelling studies have also emphasised the importance of the Indian-

Atlantic exchange on the strength (Weijer et al., 2001), stability (Marsh et al.,

2007) and decadal variability (Biastoch et al., 2008) of the MOC. Biastoch et al.

(2009b) linked an increase in Agulhas leakage to the poleward shift of the west-

erlies in the Southern Hemisphere. The poleward shift and strengthening of the

westerlies in the Southern Hemisphere has been linked with anthropogenic cli-

mate change (Toggweiler, 2009). It would be expected that an increase in Agulhas

leakage would increase the salinity of the thermocline and intermediate waters

throughout the South Atlantic in the absence of other factors.

The importance of the Indian-Atlantic exchange has been supported by paleo-

ceanography studies. Peeters et al. (2004) examined planktonic foraminifera dis-

tinctive to Agulhas rings and found that periods of vigorous exchange between

the Indian and the Atlantic oceans corresponded to interglacials. Pahnke et al.

(2008) found that increased production of the low salinity AAIW from the south
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Pacific, which indicated a strengthened cold water route, coincided with a weak-

ened MOC. These paleoceanographic studies support the picture that when the

warm (and salty) water route dominated, the MOC was stronger.

An intuitive link could be made between more saline water flowing in the return

branch of the MOC that would aid deep convection and NADW formation in the

high North Atlantic. While this is a simplistic view of the MOC, which neglects

the role of mechanical mixing and variations therein (Wunsch, 2002), it is nonethe-

less a useful picture for putting the variations in temperature and salinity of the

thermocline and intermediate waters of the South Atlantic into a global context.

1.3.1 Agulhas Rings

The importance of the warm water route places Indian-Atlantic exchange in a

crucial position in global climate. Transfer of thermocline and intermediate wa-

ter from the Indian Ocean to the Atlantic is primarily in the form of Agulhas

Rings (Lutjeharms, 1996; de Ruijter et al., 1999). Agulhas rings are formed at the

Agulhas retroflection region when Natal Pulses travel down the Agulhas system

and cause a ring to be pinched off (van Leeuwen & de Ruijter, 2000). They are

some of the largest eddies in the world with a diameter on average of 240± 40 km

(Lutjeharms, 2007). On average, six rings are shed per year, however this is a

variable and aperiodic process (de Ruijter et al., 1999). Thermocline and inter-

mediate water is contained in the rings bringing warm, salty Indian Ocean water

(McDonagh et al., 1999) and intermittent Red Sea Intermediate Water (RSIW)

(Roman & Lutjeharms, 2007) into the South Atlantic. There is evidence that the

intermediate water in the rings does not leave the Cape Basin (McDonagh et al.,
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1999) as it is rapidly mixed with South Atlantic water. This is supported by the

model results of van Sebille et al. (2010) who found that the Indian Ocean water

was quickly disseminated. However, the rings retain a dynamic signal and can be

tracked all the way across the basin with speeds of 4–5 cm/s, favoring latitudes

between 28◦S and 30◦S (Byrne, 1995).

1.4 Water Mass Variability

The properties of intermediate and thermocline water masses of the South Atlantic

have been changing over the past 50 years. The thermocline and AAIW have been

freshening in the south western basin (Curry et al., 2003). Upper Circumpolar

Deep Water (UCDW) from 1000 to 2000 m has been warming and becoming more

saline on isobars at 24◦S from the late 1950’s to the mid 1980’s (Arbic & Owens,

2001).

As the thermocline at 24◦S is viewed as being ventilated through the subduction

of local surface waters, then changes of the properties in the thermocline can be

related to forcing at the surface. Curry et al. (2003) linked the strong freshening

of up to 0.2 on density surfaces from the 50s/60s to the 80s/90s in the thermo-

cline to an intensification in the hydrological cycle as the changes occurred in a

region where precipitation dominates over evaporation (P > E). The freshening is

consistent with trends throughout the southern hemisphere seen in a 2004 – 2008

average of Argo data with respect to World Ocean Atlas 2001 climatology (Roem-

mich & Gilson, 2009) and with other ocean basins at 17◦S in the Pacific Ocean

between 1967 and 1994 and also at 32◦S in the Indian Ocean between 1962 and
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1987 (Bindoff & McDougall, 2000; Wong et al., 1999). However, when the 32◦S

section in the Indian Ocean was revisited in 2002, the freshening of the upper

thermocline water previously reported from 1967 to 1987 had reversed (Bryden

et al., 2003; McDonagh et al., 2005). This result highlights that oscillations in

thermocline salinity are possible.

AAIW has been the focus of a number of water mass variability studies (Wong

et al., 1999; Bindoff & McDougall, 2000; Bryden et al., 2003; McDonagh et al.,

2005; Durack & Wijffels, 2010; Helm et al., 2010; Schmidtko & Johnson, 2011) with

particular attention being paid to salinity changes in AAIW. Freshening of AAIW

has been seen in all three basins of the southern hemisphere: the Pacific, the Indian

and the South Atlantic (Wong et al., 1999; Bindoff & McDougall, 2000; Curry

et al., 2003). The salinity of AAIW is expected to decrease with an intensified

hydrological cycle due to climate change (Banks et al., 2000; Bindoff et al., 2007) as

both possible formation regions – the southeast Pacific and the Bellinghausen Sea –

occur where precipitation dominates over evaporation (Figure 1.4). Hydrographic

data can provide a sensitive measure of changes in the hydrological cycle (Wong

et al., 1999; Bryden et al., 2003) however, caution must be exercised so as not to

misinterpret salinity changes due to circulation changes when inferring hydrological

changes. As AAIW is a salinity minimum, its salinity increases with age due to

diapycnal mixing with other, more saline, water masses. Hence, if the circulation,

travel time or rate of mixing changes, the salinity of AAIW at a certain location

may change and this change will not be related to changes in the hydrological

cycle.
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1.5 Outline

This chapter has introduced the major questions that this thesis will address

namely investigation of property changes in intermediate and thermocline water

masses and the interpretation of these changes in the context of a changing climate

and global oceanic circulation. The data that will be used to for this investigation

will be introduced in the next chapter. Hydrographic data will provide the longest

term record of variability, Argo data will provide observations of shorter timescale

variability albeit over a short time period and model data will be used to marry

the two timescales. Chapter 3 will deal with the changes inferred from repeat hy-

drography and begin to address the question of Indian Ocean influence. Chapter

4 will show newly observed modes of variability in the South Atlantic and investi-

gate shorter term changes. Chapter 5 will expand the methodology developed for

interpreting changes in Chapter 3 to other ocean basins.



Chapter 2

Data and Methods

In this chapter all the data used in this study will be introduced. The sources,

accuracies and methods of handling the data will be discussed. The three main

data sources used for this study are hydrographic data, Argo data and model data.
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Figure 2.1: All hydrographic data used in this study. The data in the South
Atlantic range temporally from the 1920’s to the 2009. Data in other ocean
basins are from the WOCE era or more recent. All data are listed in Table 2.1

19
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2.1 Hydrographic Data

Hydrographic data offer the longest record of accurate oceanographic data over

time. In the South Atlantic, the data stretch back as far as the METEOR ex-

peditions of the 1920’s to the modern day. These data are used here to inves-

tigate decadal changes in water masses and to describe the water masses. Hy-

drographic data offer the the most accurate subsurface ocean data. Particular

attention is paid to salinity and oxygen changes in this study and the historical

accuracies of these data are discussed in the following paragraphs. Data from the

METEOR expedition to the WOCE (World Ocean Circulation Experiment) era

(circa 1990) are available from the Reid and Mantyla dataset (e.g. Mantyla &

Reid (1983)). WOCE and more recent data are available from CCHDO website

(http://cchdo.ucsd.edu/). One exception is the Oceanus 133 dataset, which

was received by personal communication. Practical salinity is used throughout

this study as absolute salinity is not the recorded form of these database salinities.

Temperature and pressure (depth) data are the most reliable measurements from

ship-based platforms. Reversing thermometer temperature measurement errors

are assigned as 0.01◦C for data during the period 1920 to 1980. Continuous tem-

perature profilers were introduced in the beginning of the 1980’s. An accuracy

of 0.003◦C is appropriate for the early era devices and 0.002◦ for the WOCE and

more recent data. Before direct pressure measurements were made, pressure could

be determined by calculating the compression felt by the reversing thermometer.

This gave pressures accurate to ±5 dbar in the range 100–1000 dbar and to ±0.5%

at greater pressures (Wust, 1935). Direct measurement has improved this accu-

racy. As the the calculations here are not very sensitive to pressure, an accuracy
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Cruise Location Year

Atlantic Ocean
JC 032 24◦S 2009 King (2010)
A10 30◦S 2003 Murata et al. (2008)
A10 30◦S 1993 Johnson et al. (1998)
A11 45◦S 1993 Saunders & King (1995b)
A13 10◦E 1995 Mercier et al. (2003)
A14 10◦W 1995 Mercier et al. (2003)
A16 25◦W 1989 Tsuchiya et al. (1994)
A17 40◦W 1994 Memery et al. (2000)

SAVE 30◦S 1988 Scripps Institution of Oceanography (1992)
OC 133 24◦S 1983 McCartney & Woodgate-Jones (1991)

GEOSECS 40◦W,10◦E 1972, 1973 Bainbridge (1980)
IGY 24◦S,33◦S 1958,1959 Fuglister (1960)

METEOR 22◦S, 28◦S, 33◦S 1926, 1925, 1925 Wust (1935)

Pacific Ocean
P06 32◦S 2003 Schneider et al. (2005)
P06 32◦S 1991 McCartney, Bryden and Toole
P16 150◦W 1991 J. Swift
P18 105◦W 1994 Taft, Johnson and Moore
P19 90◦W 1993 Talley
P21 20◦S 1993 McCartney and Bryden

Indian Ocean
I02 10◦S 1996 K. T. M. Johnson
I03 55◦E 1995 Nowlin
I04 32◦E 1995 Toole
I05 32◦S 2002 Bryden et al. (2003)
I05 80◦E 1995 Schott
I05 32◦S 1987 Toole & Warren (1993)
I06 30◦E 1996 Marion Dufresne
I09 95◦E 1995 Gordon

Table 2.1: Table of hydrographic data used in this study. First references
or Principal Scientist are included. All WOCE era data and more recent were
downloaded from the CCHDO website (http://cchdo.ucsd.edu/). Older data
are from the Reid and Mantyla dataset (e.g. Mantyla & Reid (1983)). The
locations provided indicate the main line of latitude or longitude of each cruise

though deviations from these lines are frequent in the actual cruise tracks.

of ±5 dbar is adequate.

Salinity measurement errors vary depending on the era of the measurement. The

salinity data used here come from the 1920’s to the present day. Salinities from

the Meteor expedition in the 1920’s were determined by titration. Wust (1935)
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assigns an accuracy equivalent to 0.02 in salinity. Salinities from the International

Geophysical Year (IGY) in the late 1950’s had begun to be determined by con-

ductivity measurement in the laboratory. For example, data from the Crawford in

1958 at 24◦S were measured on a Woods Hole Mark 2 salinometer (Fuglister, 1960).

From the 1980’s, CTDs were used to measure salinity. While the CTD provides

precise measurements, the accuracy of these data is dependent on the bottle sam-

ples against which these measurements are calibrated. From the 1980’s onwards,

Guildline Autosals were the standard for laboratory measurement of salinity. Mea-

surement errors are assigned in accordance with Mantyla (1994) for the data from

the 50’s and 80’s and extended here to the most modern measurements in accor-

dance with the increasing accuracy of the measurements. The salinity data from

1950’s are assigned a measurement uncertainty of 0.01. For salinities from the

1980’s and 1990’s (WOCE era measurements), salinity measurement uncertain-

ties of 0.003 are assigned respectively. More modern measurements from the 21st

century are assigned an uncertainty of 0.002.

Much of the increase in accuracy for the last ten years is mainly due to the en-

hanced performance and stability of the CTD sensors. For example, on JC032,

a single calibration for each conductivity cell was sufficient to reduce the residu-

als between the CTD and the bottle salinities to below 0.002 (King, 2010). This

enhanced precision and stability improves the internal coherence of the data and

allows an assertion of greater accuracy.

Accuracy of oxygen measurement has also varied through the years. Wust (1935)

assigns errors up to a maximum of 4 µmol kg−1 in oxygen, determined by the
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Winkler method (Winkler, 1888). A similar accuracy is assigned for oxygen mea-

surements from the 1950’s. While no doubt the procedure for determining oxygen

was refined from the 1920’s to the 1950’s, the same accuracy is assigned to both

these eras of oxygen data. The major factor in this is that much of the inac-

curacy did not lie in the chemical process but in the acquisition and storage of

samples. In this sense the 1920’s and 1950’s are in a similar era as they both used

Nansen bottles. Nansen bottles have been shown to have 0.002 higher salinity

and 0.8 µmol kg−1 lower oxygen than modern Niskin bottles (Mantyla, 1994). For

WOCE era measurements, the accuracy and precision of oxygen measurements is

1% and 0.1% respectively giving a measurement error of 1 − 2 µmol kg−1.

While CTD data are recognised in the modern era as providing very precise and

accurate measurements of temperature, salinity and depth, CTD oxygen sensors

traditionally struggle to track through large gradients in oxygen, to produce up

and down traces that coincide with one another and that agree with discrete

bottle samples (Edwards et al., 2010). For this reason, bottle oxygen samples are

preferred in this study apart from all but the most modern data (post 2000) when

CTD oxygen traces had begun to satisfactorily match the bottle data (e.g. King

(2010)).

Bottle oxygen data from many cruises before the WOCE era are reported in ml/l.

These data are converted to µmol/kg for consistency. The conversion from ml to

µmol has a conversion factor of 44.658. The density conversion requires knowledge

of the temperature at which the oxygen in the sample is fixed by the addition of

manganous chloride and alkaline iodide. A relation between in situ temperature

and fixing temperature is derived from the 2009 JC 032 cruise (Figure 2.2). This is
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then applied to other data in the South Atlantic to estimate the fixing temperature.

This fixing temperature is combined with the bottle salinity to perform the density

conversion. Data from the Pacific and Indian Oceans are from WOCE era or more

recent and do not need this conversion.

There are inherently some inaccuracies using the JC032 relationship to calculate

a fixing temperature for other cruises. Firstly, fixing temperature is not always

reported which is why there is a need for applying the JC 032 relation to other

cruises. Applying this relationship, derived at 24◦S in 2009, to all data in the

South Atlantic from the 1920’s to the 1980’s appears crude. However, it can be

seen from Figure 2.2 that the adjustment of temperature ranges from about 5◦C

at an in situ temperature of 0◦C to 0◦C at an in situ temperature of 25◦C. Hence

the adjustment applied is never greater than 5◦C. If an oxygen sample of 3 ml/l is

considered at an in situ temperature of 0◦C. The variation in the calculated value

in µmol/kg is less than 1 µmol/kg whether the adjusted or unadjusted method is

used. Hence, while the method is imperfect, it does successfully convert the units

with a maximum error less than the accuracies at which oxygen is measured.

Apparent Oxygen Utilisation (AOU) is the difference between the saturated and

observed concentrations of dissolved oxygen. It is zero where the water mass is

100% saturated. This occurs where the water mass is ventilated at the surface.

There is some uncertainty associated with the assumption that water is 100%

saturated at the surface as the water can often be oversaturated by around 5%

due to bubbles caused by wave action (Broecker, 1982). The age of a water mass

is defined as the time since it was last ventilated at the surface. As the water

mass ages, oxygen decreases and hence AOU increases. If biological consumption
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Figure 2.2: Relation between fixing temperature of oxygen and in situ tem-
perature for JC 032. This relationship is then used for converting in situ tem-
peratures from other cruises to an approximate fixing temperature which is in

turn used for converting oxygen measurements in ml/l to µmol/kg.
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Figure 2.3: (a) The difference in salinity relative to CTD data for linearly
interpolated bottle data and bottle data fitted with a spline. Data are taken
from 65 stations on the JC 032 cruise. (b) An example of the error associated

with splines and salinity data from JC 032, station 50.

is constant, then AOU is proportional to the age of the water mass for a given

potential temperature.

Discrete bottle salinities (and other bottle samples used) were fitted to a regular

pressure grid using an Akima spline (Akima, 1970). Using a spline is preferable



Chapter 2. Data and Methods 26

to linear interpolation of sparse bottle data as the curvature of the bottle data

against pressure, density etc. leads to biases in a linear interpolation. For example,

at the salinity minimum, linear interpolation of sparse bottle data produces an

overestimate of the salinity.

The magnitude of errors associated with linear interpolation compared with data

fitted to a spline is investigated in Figure 2.3 and Figure 2.4. CTD data provides

accurate, high resolution (2dbar) data which is the best estimate of salinity for

modern measurements. These data are then subsampled at 24 levels in the vertical

to simulate the resolution of bottle data. The subsampled dataset is then both lin-

early interpolated and fitted to a spline. The linearly interpolated and the splined

data are then compared with the CTD data to estimate the errors associated with

each method. Much of the investigation in this study looks at property changes

on density, hence the vertical coordinate is density.

The use of a spline is successful in reducing the error due to the low resolution

of the salinity bottle data. In salinity-density space, using the spline reduces the

error from about 0.01 to below 0.002 around the salinity minimum at σ0 = 27.2

(Figure 2.3(a)).

The use of a spline is also successful in reducing the error in oxygen data. In

general, the spline reduces the error from up to 1.5 µmol/kg to below 0.5 µmol/kg.

However, as shown in Figure 2.4, there are occasions where the oxygen profile

varies through the water column and the spline fails to follow the true trace of the

oxygen. This can lead to errors of up to 1 µmol/kg. This is an acceptable error

given the accuracies of the oxygen data discussed previously.
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Figure 2.4: (a) Difference in oxygen relative to CTD data for linearly inter-
polated bottle data and bottle data fitted with a spline. The average is of 65
stations from the JC 032 cruise. (b) An example of the error associated with
splines and oxygen data from JC 032, station 70. The oxygen-density profile
varies sharply above the σ0 = 27 isopycnal and the spline cannot follow due to

the lack of bottles through this part of the water column.

1920 1950 1980 1990 (WOCE) 2000 Spline Units
Temperature (◦C) 0.01 0.003 0.002

Pressure (dbar) 5 dbar or 0.5% < 5 dbar
Salinity 0.02 0.01 0.003 0.002 0.002

Oxygen (µmol kg−1) 4 1 – 2 1 1

Table 2.2: Summary of accuracies of hydrographic data through the years.
Dates are indicative of the beginning of a particular era.

A summary of the accuracies of hydrographic data through time is provided in

Table 2.2.

2.2 Argo Data

Argo data are used in this study to investigate interannual and shorter timescale

variability. Argo data provide good spatial coverage (roughly a float every 3◦) and

regular, unbiased temporal samples of the subsurface ocean to 2000 dbar. This is

something traditional ship based measurements cannot provide.
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Floats have been used in oceanography since their development by Swallow in

the mid-1950’s (Gould, 2005). From their original use to quantify subsurface

circulation in the North Atlantic, they have moved on to become the largest source

of CTD profiles in the ocean. The bulk of these profiles are provided by Argo floats.

In mid-2010 there were over 3200 active Argo floats worldwide. However, when

floats that are not producing good data and floats outside the Argo core regions (i.e

marginal seas and latitudes higher than 60◦) are taken into account, this number

reduces (Freeland et al., 2010).

Argo data are available in real time (within 24 hours of the float surfacing) and

in quality controlled, delayed mode data. The original aim of Argo was to pro-

vide temperature accurate to 0.01◦C and salinity to 0.02. This target has been

surpassed in terms of salinity and an accuracy of 0.01 has been achieved (Freeland

et al., 2010). The process of quality control of the salinity data are achieved by

comparison with a high quality reference dataset of hydrographic profiles (Wong

et al., 2003; Bohme & Send, 2005; Owens & Wong, 2009). The process is depen-

dent on calibration against high quality ship-based measurements. Kobayashi &

Minato (2005) highlighted the importance of the proximity of these reference data

in space and time. Delayed mode data are available six to eighteen months after

the profile is recorded, though this timescale may be longer or shorter depending

on the speed at which the quality control process is accomplished in the Data

Assembly Centres (DACs).

Over the past three years in the South Atlantic the amount of delayed mode data

has increased dramatically (Figure 2.5). The change is not representative of the

number of floats deployed in the South Atlantic but of the rate at which each of
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the DACs process the data through the quality control procedure. The latitude of

30◦S is a line of latitude which has good coverage of delayed mode data from 2003

onwards. This line was well seeded with floats in 2003 as part of the reoccupation

by the Mirai (Murata et al., 2008). Coverage at 24◦S is greatly improved by June

2010, the last download of data used in this study (Figure 2.5). This has no doubt

been helped by the deployment of 16 new floats across 24◦S in April 2009 (King,

2010).

Pressure errors in Argo data have emerged from a number of sources. Early

problems with the binning of pressure data (e.g. Willis et al. (2007)) in Woods

Hole floats has now been rectified. More recently there have been issues with

pressure sensors on floats. While some floats, such as the PROVOR and SOLO,

automatically adjust the pressure readings with surface pressure measurements,

this is not the case for APEX floats. Depending on the make of the pressure

sensor, drifts (Paine sensor), offsets (Ametek sensor, pre-2007 Druck sensor) or

large drift (Druck sensor with microleak problem) can affect the pressure readings

(King, 2009). Normally, Argo pressure is reported accurate to within 3 dbar after

quality control apart from floats suffering from the dramatic Druck microleak

problem (http://www.argo.ucsd.edu/Acpres_bias.html). The calculations in

this study are generally focused on θ – S properties which are reasonably insensitive

to pressure problems.

The vertical resolution of Argo data varies depending on float type and transmis-

sion method. Some modern floats use Iridium communication which allows the

transmission of much more data than ARGOS transmission. The highest resolu-

tion profile in the South Atlantic dataset has over 900 levels. This level of vertical

http://www.argo.ucsd.edu/Acpres_bias.html
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Figure 2.5: Amount of delayed mode data available in the South Atlantic in October 2007, February 2009 and June
2010. Salinity data are shown as these are the data that are most likely to be discarded in the quality control process.
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resolution is rare. Of the over 79,000 profiles in the South Atlantic dataset, 96%

of profiles have less than 120 levels and 82% of profiles have less than 80 levels.

The Argo dataset used in this study was subsampled from a global download of

Argo data performed in June 2010. Argo floats that had at least one profile in the

domain between 50◦S and the equator and between 70◦W and 25◦E were selected.

While delayed mode data are preferred to be used, the real time data are often also

of very high quality. Riser et al. (2008) highlights that between 5–10% of Argo

data will require a salinity adjustment greater than 0.01. This has been supported

by laboratory tests on recovered floats (Oka, 2005). The real time data are also

assigned an automated quality flag. This removes the obviously bad data from the

real time dataset. The approach taken with the data used in this study is to use

delayed mode data where these data are available and to supplement these data

with real-time data with a quality flag of 1 (QC = 1: good data). This yielded a

dataset which had over 79,000 profiles of which 55,000 were delayed mode.

Maintaining a dataset with 900 levels (the maximum vertical resolution of any

float in the South Atlantic) posed problems due to the size of the dataset so a

reduction of the number of vertical levels was performed. Profiles with less than

80 levels were selected. This was 82% of all available profiles. Another option

investigated was linear interpolation of dense profiles onto fewer vertical levels.

Linear interpolation onto standard pressure levels was seen to introduce spurious

values in cases when part of the profile was missing either due to missing values

or due to data being discarded in the delayed mode process. Hence subselection

was preferred.
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Figure 2.6: (a) Location of Argo profiles with inversions in potential temper-
ature. A temperature inversion is assigned to a profile if an increase of 0.15◦C
is seen over 50 dbar. The dashed box highlights the profiles used in (b). (b)
Inversions in potential temperature seen in θ – S space. Grey lines indicate
individual profiles. Black line is an average θ – S of the profiles, where θ and
S had been averaged in pressure space. The inversions occur at greater depths
than the salinity minimum of AAIW. The inversions generally occur in waters

colder than 4◦C.

Argo data in this study are used to investigate θ – S properties and variability.

While salinity anomalies in hydrographic data are reported on density surfaces, the

higher uncertainty in Argo salinity introduces higher uncertainty in density also.

Potential temperature is a suitable coordinate for study of intermediate and ther-

mocline water masses as it generally monotonically decreases with depth through

these water masses. There are temperature inversions in the western South At-

lantic, due to the high salinity NADW, and in some profiles in the Cape Basin,

due to the presence of Indian Ocean water (Figure 2.6). As the deepest water

mass in this investigation is AAIW, which occurs with an average temperature

greater than 4◦C in the South Atlantic, these temperature inversions rarely affect

the analysis here.
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Figure 2.7: (a) An average θ – S diagram for the subtropical South At-
lantic constructed from 1000 Argo profiles. The diagram was constructed by
averaging θ and S on pressure (solid line) and density (dashed line). Averaging
on density is preferable here as it is more likely to average similar water masses
together. Density contours (σ0) are also shown. (b) The salinity difference

between the two methods of averaging.

Figure 2.6 shows an average θ – S diagram in the South Atlantic constructed from

Argo profiles. The figure is constructed by averaging potential temperature and

salinity on both pressure and on density surfaces. The advantage of averaging

on density in this case is that the θ – S properties of similar water masses are

averaged together. For example, the depth of AAIW varies from around 800m

at 20◦S and 40◦S to 1000m at 30◦S in the subtropical South Atlantic whereas

its density is more or less constant at σ0 = 27.2. When averaging on pressure,

more saline water is averaged with the salinity minimum waters. This leads to

the higher salinities seen around the salinity minimum when averaging on pressure

rather than density (Figure 2.7(b)).

Argo offers unprecedented sampling of subsurface oceanographic properties. His-

tograms of salinity on various potential temperature horizons are shown in Fig-

ure 2.8. These two dimensional histograms of θ – S properties are reminiscent of

the diagrams of Worthington (1981), which showed the volumetric contributions
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of global watermasses in θ – S space. The figures show how salinities on potential

temperature levels have distinct modes.

The most distinct θ – S difference in the South Atlantic is between the subtropical

and the tropical South Atlantic. This is particularly evident on 10◦C where there

are only two modes at salinities of 34.8 and 34.92 (Figure 2.8(c)). The subtropical

salinities are evident through the thermocline (7◦C, 10◦C, 13◦C: Figure 2.8(e),(c)

and (a)) from roughly 50◦S to 20◦S. There are notable peaks distinct from the

major subtropical peak corresponding to the recirculation in the Brazil Current

in the case of 13◦C and the southwest portion of the South Atlantic in the case

of 7◦C. The 4◦C isotherm is the closest isotherm to AAIW in the South Atlantic.

The salinities on the 4◦C isotherm have the broadest peak of the salinities on four

isotherms chosen here. Within the broad peak of the histogram of salinities on

the 4◦C, there are also up to six individual peaks (Figure 2.8(g)).

There is visible spreading of subtropical thermocline water in the North Brazil

current, north of 10◦S, especially on the 10◦C and 7◦C isotherms in Figure 2.8. This

is the important phenomenon of water from the subtropical South Atlantic being

transmitted northwards towards the North Atlantic as part of the upper limb of

the MOC.

2.2.1 Correlation Scales and Optimal Interpolation

To grid the scattered Argo data, an Optimal Interpolation (OI) Scheme is used.

OI is based on the Gauss-Markov theorem and provides a linear estimate that

is unbiased and optimal in the least squares sense. The method follows from
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Figure 2.8: (a), (c), (e), (g) Modes of salinity of potential temperature in the
South Atlantic. In all cases the subtropical modes are obvious: 35–35.26 on
13◦C, 34.65–34.87 on 10◦C, 34.2–34.57 on 7◦ and 34–34.8 on 4◦. The subtrop-
ical salinity can have multiple modes. These modes are useful for interpreting
salinity correlation scales. (b), (d), (f), (h) The locations of the salinity modes.
The different colours correspond to the modes of salinity differentiated by the

vertical lines in the corresponding histograms on the left.
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Bretherton et al. (1976) who adapted the method for oceanographic applications.

The OI estimate of salinity on a potential temperature surface, S(θ)obj , is found by

a combination of a climatological first guess, S(θ)bg, and a weighting (w) applied

to observed anomalies relative to the climatological first guess, S(θ) − S(θ)bg.

The OI of each salinity point on the θ − S curve is given by

S(θ)obj = S(θ)bg + w.(S(θ) − S(θ)bg). (2.1)

In this equation, w is the weighting matrix given by

w = Cdg.(Cdd + I.η2)−1, (2.2)

where

Cddi,j =< s2 > exp{−
D2

i,j

l2
}, (2.3)

Cdgi =< s2 > exp{−
D2

i,grid

l2
}, (2.4)

s2 =
1

N
Σi(Si − Sbg)

2 (2.5)

and

η2 =
1

2N
Σi(Si − Sn)2. (2.6)

In Equations 2.3 and 2.4, Di,j is the distance between datapoints i and j and

Di,grid is the distance between datapoint i and the gridding point. The matrix

and row vector Cdd and Cdg are covariance functions of the data-data and the

data-grid respectively. The covariance is assumed to be Gaussian in shape. Cdd
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takes account of the distances between datapoints and Cdg the distances of the

data from the gridpoint. The row vector Cdg is constructed in the same manner

as Cdd except it relates a datapoint to a grid point. The variance of the data is

given by s2 (Equation 2.5), where N is the number of datapoints.

The first guess that is required by the OI scheme is given by S(θ)bg. The clima-

tology for this first guess is taken from WOA05 (Antonov, 2006). This is a recent

climatology that includes both ship data and Argo data. Other options for the

first guess would be to use a climatology completely independent of Argo or in-

deed to use Argo data alone to estimate the first guess (as was done by Roemmich

& Gilson (2009)). The interest in using Argo data here is to look at variability

rather than mean properties so the choice of climatology is less crucial than other

studies.

The correlation length scale in equations 2.3 and 2.4, l, in the correlation function

is an important quantity in an OI scheme. It describes the decay scale of the

weighting function applied to the data points in the OI scheme. It is a quantity

that requires investigation for the specific problem at hand as it can vary from

basin to basin. Here, it refers to the anomaly length scale, as a first guess to the

background climatology has already been made.

The correlation length scale was calculated as follows. For each Argo profile a

salinity anomaly profile was first constructed. The gridded climatology field was

bilinearly interpolated onto the location of the Argo profile and the salinity corre-

sponding to the given potential temperature was extracted. This was subtracted

from the Argo salinity on that potential temperature surface. Salinity anomaly

pairs were created by selecting pairs of profiles separated in time by less than
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twenty days (Bohme & Send, 2005). The spatial separations between the anomaly

pairs were calculated and the data were binned into 25 km bins. The correlation

coefficient was then calculated for the anomaly pairs in each bin. The correlation

is plotted against separation distance in Figure 2.9(a).

A Gaussian curve of the form

C(D) = A exp{−
D2

l2
}

is then fitted to the data by minimising the least squares error. The fits to various

potential temperatures are shown in Figure 2.10(a). The resulting correlation

length scales are shown in Table 2.3.

Correlation scales need to be recalculated if the variable or surface changes. Corre-

lation scales were also investigated for the correlation of salinity anomaly on depth.

The correlation scales on various depth surfaces are shown in Figure 2.9(b) with

the resultant fits shown in Figure 2.10(b).The result is included in the summary

Table 2.4.

Table 2.4 shows a summary of other works on correlation scales. The values found

for correlation in this study are broadly in the range of those of other authors.

θ Surface l (km)
4 200
7 400
10 400
13 300

Table 2.3: Correlation length scales of Argo salinity anomaly on various po-
tential temperature surfaces rounded to the nearest hundred km. An average
of 300km was chosen for the application. This was used together with a cutoff

scale of 700km.
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Figure 2.9: Correlation against separation distance for salinity anomalies (a)
on selected potential temperature levels and (b) on selected depth levels. Gen-

erally the correlation length scales are longer on potential temperature.

The correlation length scale is combined with a cutoff scale of 700 km. This is the

scale outside of which data are not considered. It is at this average distance at

which the correlation in Figure 2.9 crosses the zero mark.

The correlation scales can be interpreted by reconsidering Figure 2.8. The longest

correlation scales are those of salinity on 10◦C and 7◦. Salinities on these isotherms

have distinct modes which come from data in a spatially coherent region (Fig-

ure 2.8(a) to (d)). This is especially obvious on the 10◦C isotherm. The mean

of the subtropical salinity mode here is 34.8 with a standard deviation of 0.03

(Figure 2.8(c)). While the subtropical salinity distribution on 7◦ is bimodal with

a major peak at 34.49 and minor peak at 34.39 (Figure 2.8(e)), the spread of these

data is small and the locations of the salinities forming the modes are coherent.
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Figure 2.10: Fitting of length scales to correlation data. The scales are longer on potential temperature but there
is much variation seen on different isotherms. The scales on depth are shorter but more coherent through the water

column.
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Correlation Scales
This study: on depth 160 - 200 km

on ptemp 200 - 400 km
Bohme & Send (2005) on ptemp 100 km
Hadfield et al. (2007) on pres 200 km

Lavender et al. (2005) on pres 100 km
Getzlaff (2008) on pres (lat) 400km

on pres (long) 200–600km

Table 2.4: Correlation Length scales found in literature and from this study.
Hadfield et al. (2007) used a length scale of 500 km in the final implementation
due to lack of data. Bohme & Send (2005) used generalised distance and not just
Euclidian distance as is used here. Other studies were performed in different

ocean basins and may not be valid for comparison.

On the other hand, shorter correlation length scales are seen on 4◦C and 13◦C.

In the case of 4◦C, there are three modes highlighted in the subtropical domain

(Figure 2.8(g), (h)) and up to five modes if all peaks are considered. If consid-

ered together, the standard deviation of the subtropical salinities on the 4◦C is

0.15, much larger than on 7◦C or 10◦C. This spread in the salinities on the 4◦C

isotherm acts shortens the correlation length scale as there is greater variation in

the data. The case of 13◦C is different again. If salinities in the range 35–35.26

are considered, the standard deviation is only 0.05. However, the location of the

salinities comprising these modes is not coherent. As there are a mix of salinity

modes is obvious in the southwest South Atlantic (Figure 2.8(b)). This mix of

salinities shortens the length scale.

The OI scheme was implemented as in Equation 2.1. An important aspect of the

implementation of the OI for real data is the noise term in Equation 2.6. If this

term is excluded, the OI can only deal with very coherent data. Real data are

noisy and the noise term acts to weaken the weighting of very noisy data. This
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Figure 2.11: (a) Means of salinities on the 4◦C potential temperature level
at 30◦S for 2004 to 2009 for MyOcean data, the OI scheme described here and

Scripps Argo only product. (b) Standard deviations of the same.
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Figure 2.12: (a) Means of salinities on the 4◦C potential temperature level for
all longitudes in the South Atlantic at 30◦S for MyOcean data, the OI scheme
described here and Scripps Argo only product. (b) Standard deviations of the

same.

has the disadvantage that if the data are too noisy, then the weighting applied to

real data is diminished and the OI returns to the mean climatology. This can also

happen if there are insufficient data for the OI.
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2.2.2 Comparison of OI with gridded Argo datasets

As the Argo program has become established, various gridded products have be-

come available. The OI scheme used here will be compared with two of them: an

Argo only product from Scripps Institute of Oceanography (Roemmich & Gilson,

2009) and an integrated Argo plus satellite product available via MyOcean from

CLS (Collecte Localisation Satellites) (Guinhut et al., 2010). The Scripps’ product

is Argo only. It comprises of mean temperature and salinity fields on pressure levels

found using a weighted least squares method and monthly temperature and salin-

ity anomaly fields found using an optimal interpolation. The MyOcean product

uses a first guess at subsurface temperature and salinity properties by combin-

ing Sea Surface Height (SSH), Sea Surface Temperature (SST) and climatological

temperature and salinity values. Then, where available, it merges Argo data us-

ing an optimal interpolation scheme to get an improved estimate for subsurface

temperature and salinity at weekly resolution.

A comparison between these datasets and the OI scheme used here was undertaken

to validate the OI developed for this study. Salinity was calculated on the 4◦C

potential temperature surface at 30◦S from 2004 to 2009 for both the Scripps and

MyOcean datasets and using the OI scheme devised here. This is a key latitude and

potential temperature surface for this study. The MyOcean data were subsampled

at monthly resolution to match the other two datasets. A comparison of the

mean salinities and standard deviations against longitude and time is shown in

Figures 2.11 and 2.12.

The salinities across the basin at 30◦S (Figure 2.11(a)) show good agreement in

the east of the basin. West of the MAR at 15◦W, some deviation arises with the
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MyOcean product giving higher salinities by about 0.02. The Scripps data and

this OI deviate around 40◦W. Figure 2.11(b) shows the standard deviations of the

salinities from 2004 to 2009. The MyOcean data has higher standard deviation

west of 20◦W. At 40◦W, both the Scripps and this OI show high standard devia-

tions of salinities. This is caused by high salinities in the Argo data at this location

in mid 2007. These data were subsequently removed from the interpolated dataset

but were included here to illustrate the sorts of salinity errors which can occur in

Argo data.

The salinities from 2004 to 2009 at 30◦S (Figure 2.12(b)) show the difference in

temporal variability of salinity on the 4◦C isotherm between the datasets. The

MyOcean data have a marked rise then fall in salinity. They also have higher

temporal variability than the other datasets. Figure 2.12(b) shows the standard

deviation of salinities with respect to time. This figure is notable for a spike in

the MyOcean data in mid-2006 and a spike in the Scripps data in early 2008.

The OI scheme described here is the only one derived to specifically address the

interpolation of θ – S properties. Both other datasets average on pressure levels.

For the most part, there is good agreement between the Scripps dataset and this

OI. The MyOcean product shows higher variability than either of the two Argo

only datasets. This is most likely an artifact of the synthetic profile derived from

the satellite data. SSH and SST are known to vary seasonally whereas deep θ –

S properties are more stable - the higher stability of the other two datasets attests

to this.

In conclusion, the OI scheme here is designed for analysis of θ – S properties and it

shows good agreement with another Argo only climatology giving confidence that
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it is a good method of determining these properties.

2.3 Model Data

Model data are used in this study to investigate salinity variability over 40 years at

high resolution. The model offers data over decadal timescales at high (monthly)

resolution. Hence these data should offer some insight into how shorter term

oscillations link with longer term variability.

The realistically forced model (AG01-R) is a high resolution (1/10◦) model of the

greater Agulhas region nested into a global ocean/sea-ice model of 1/2◦ resolution.

The model has 46 vertical levels and a Sea Surface Salinity restoring time of greater

than a year. Details of this model are available in Biastoch (2008). This model has

been used by e.g. Biastoch et al. (2008, 2009b,a); van Sebille et al. (2009a,b). It has

been shown to represent the region well, resolving the mesoscale features, which

are so important there. It has not been used for water mass analysis previously

and a particular setup was needed to address the water mass changes.

Model data were compared with observations from the World Ocean Atlas 2001

and hydrographic sections. This comparison is crude but suffices to show that

a general agreement between the model and the observations exists. The model

approaches the values of observations but an anomaly plot is between observations

and the model is not appropriate as there are still appreciable differences between

observations and model output on a finer scale. That said, the model is expected

to evolve in a manner representative of the real ocean and analysis of the model

evolution will result in useful information about the evolution of the real ocean.
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Figure 2.13: Comparison of temperature val-
ues at 30◦S near the start and the end of the
model run, observations from the World Ocean
Atlas annual climatology 2005 and the hydro-
graphic section from November 2003. The model
data were chosen to be from November also so
no seasonal differences should be present in the

data.

−40 −20 0

−5000

−4000

−3000

−2000

−1000

long

pr
es

A10 Salinity 2003

 

 

34.8

34.9

34.8
34.7

34.4
34.3

35.8

33

34

35

36

−40 −20 0

−5000

−4000

−3000

−2000

−1000

pr
es

Model Salinity 30S 1973

 

 

34.8

34.9

34.8

34.634.5

35.235.6

33

34

35

36

−40 −20 0

−5000

−4000

−3000

−2000

−1000

pr
es

Model Salinity 30S 2003

 

 

34.8

34.9

34.8

34.534.4

35.4 35.2

34.8

33

34

35

36

−40 −20 0

−5000

−4000

−3000

−2000

−1000

long

pr
es

WOA Salinity 30.5 S

 

 

34.8

34.8
34.7

34.5
34.3

35.836

33

34

35

36
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Temperature comparisons at 30◦S are shown in Figure 2.13. The data show good

agreement in the top 1000m: the thermocline is at a similar depth to the the

observations and the warmest 15◦C contour is in a similar location. At greater

depths, the model is cooler than the observations. This is seen in the deep Brazil

Basin, where the coolest contour in the model is 0.5◦C cooler than observations.

There are no noticeable changes in temperature from 1973 to 2003 in the model

data apart from in the deep water of the Angola Basin between the MAR and

the Walvis Ridge. In the model, this deep water is cooler and visibly changes to

cooler temperatures between 1973 and 2003 in the model. The major features of

the section are captured in the model, including the temperature inversion in the

far west of the basin at 2000 dbar.

Salinity data are compared in Figure 2.14. The model salinities captures the

features of the real ocean particularly in waters deeper than 1500m. The model

overestimates the salinity of the AAIW at around 1000m with the lowest salinity

contour being 0.1 too high in salinity. This water mass also shows an obvious

change in salinity between 1973 and 2003, with the salinity decreasing notably as

seen in the spread of the 34.4 contour. The model also underestimates the salinity

at the surface.

Salinity trends were investigated on density surfaces in the realistically forced

model data. As seen in Figure 2.15, two obvious types of salinity variability were

noted: a salinification at densities less than σ0 = 27 in the upper thermocline and

a freshening around the AAIW from 27 < σ0 < 27.5. The freshening in the AAIW

was already noted in the visual comparisons of salinity sections from the start and

end of the model run. This pattern is reflected throughout the meridional extent of
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Figure 2.15: Averaged trends in salinity (blue lines, left axes) and temperature
(green lines, right axes) of the model data at 24◦S over the whole of the model
run: 1968:2004. The figure on the left shows trends in AAIW in the density
range 27 < σ0 < 27.5. On the right are the trends in waters less dense than

σ0 = 27.

the subtropical gyre from 20◦S to 35◦S. It is clear that the patterns of salinification

and freshening had a strong trend through these water masses (Figure 2.15). This

suggests that changes in salinity of these water masses are the product of a bias

in the model rather than a genuine feature of the model ocean.

To eliminate the factor of model drift, a sensitivity experiment was considered. The

sensitivity model run (AG01-C) is driven by repeated-year forcing so it explicitly

excludes any interannual or anthropogenic forcing trend. This is different from

the realistically forced AG01-R. The changes were then calculated in the sense:

(AG01-R(new) - AG01-R(old)) - (AG01-C-(new) - AG01-C(old)). Hence, any

model drift should be captured by the term (AG01-C(new) - AG01-C(old)). This

procedure was seen to remove the model drift effectively and all changes in model

salinity discussed henceforth are calculated in this manner.

This is not an exhaustive model validation. The model has been validated thor-

oughly for previous applications. This is simply a simple comparison of the model
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to observations and a discussion of how the salinity drift problem was addressed.

2.4 Summary

This chapter has introduced the major data sources to be used in this project. The

accuracies, issues and methods of handling the data have been described. The next

three chapters will see the application of hydrographic, Argo and model data to

investigate the property changes in the intermediate and thermocline water masses

of the South Atlantic.





Chapter 3

Decadal Changes

This chapter is based on the work published as:

McCarthy et al. (2011)

Repeat hydrographic sections are used to investigate the decadal changes of water

mass properties in the subtropical South Atlantic. This study focuses on repeated

hydrographic sections at 24◦S and 30◦S. The station locations of the relevant

cruises at these latitudes are shown in Figure 3.1. The latitude of 24◦S offers the

hydrographic line most often repeated in the subtropical South Atlantic. There

have been three full-basin hydrographic occupations of 24◦S in the South Atlantic

each separated by about a quarter of a century: the first occupation was in 1958

by the Crawford as part of the International Geophysical Year (Fuglister, 1960),

the second in 1983 by the Oceanus (McCartney & Woodgate-Jones, 1991) and the

most recent was in 2009 by the James Cook (King, 2010). A 1926 section (Wust,

1935) was occupied primarily along 21.5◦S but overlapping 24◦S in the western

51
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 60° W  30° W   0°   

 30° S 

 15° S 

Figure 3.1: Station locations of the sections used in this study. The two major
hydrographic lines are at 24◦S and 30◦S. The two cruises at 30◦S in 1993 and
2003 occupied exactly the same stations. At 24◦S, there have been three cruises
in 1958, 1983 and 2009: crosses, pentacles and open circles respectively. While
they occupy similar station positions, the 2009 cruise is identifiable with closed
circles which deviate north over the MAR. The 1926 Meteor cruise primarily

along 21.5◦S is shown with black plusses.

basin and in the eastern basin. This section was not considered in this analysis for

reasons which will be discussed. At 30◦S, the section has been occupied twice: in

1993 as the A10 WOCE section (Johnson et al., 1998) and repeated in 2003 by the

Mirai (Murata et al., 2008). The 2003 cruise occupied exactly the same stations

as the 1993 cruise, which is useful for direct comparison. The 10 year occupation

interval at 30◦S offers a slightly shorter timescale on which to view the changes of

water masses in comparison to the roughly 25 year intervals between sections at

24◦S.

The main focus of this study is on thermocline and intermediate water masses.

The thermocline is identifiable by the large vertical gradients in temperature and

salinity above 800 dbar (Figure 3.2(a) and (b)). If the thermocline at 24◦S is

viewed as being ventilated through the subduction of local surface waters, then
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Figure 3.2: Sections of properties from JC032 cruise at 24◦S in 2009. (a)
Potential temperature and (b) salinity. All CTD data linearly interpolated onto
a 20 dbar pressure grid and a 0.5◦ longitude grid with no smoothing applied.

CTD data are used here.
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Figure 3.3: Sections of properties from JC032 cruise at 24◦S in 2009. (a)
Oxygen and (b) Apparent Oxygen Utilisation (AOU). All CTD data linearly
interpolated onto a 20 dbar pressure grid and a 0.5◦ longitude grid with no

smoothing applied. CTD data are used here.
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changes of the properties in the thermocline can be related to forcing at the surface.

AAIW and UCDW are the main intermediate water masses of the South Atlantic.

AAIW is identified by a salinity minimum in vertical profiles (Wust, 1935; Talley,

1996) with a salinity less than 34.4 around 800 dbar (Figure 3.2(b)). UCDW

is the upper branch of Circumpolar Deep Water, a water mass of the Southern

Ocean which arises from mixing of upwelled NADW with water circulating in the

Antarctic Circumpolar Current. It is located at pressures between 1000 and 2000

dbar and identified by low oxygen (< 120 µmol/kg), high AOU (> 120 µmol/kg)

due to its old age (Figure 3.3(c) and (d)). As it is a mixed and old water mass, it

is difficult to isolate distinct forcing mechanisms for its variability.

3.1 Salinity on Density

CTD salinity data were linearly interpolated onto a regular neutral density grid

at intervals of 0.01 and longitude grid of 0.5◦ with care taken not to interpolate

across intervening topography. Neutral density (γ) (Jackett & McDougall, 1997) is

chosen as the density co-ordinate. There are density inversions in potential density

in deeper waters and, for this reason, γ is the preferred density variable. Discrete

bottle salinities were fitted to a regular 20 dbar pressure grid using an Akima spline

(Akima, 1970) before being similarly gridded in density and longitude space. Using

a spline is preferable to linear interpolation of sparse bottle data as the curvature

of the γ − S curve leads to biases in a linear interpolation as discussed in Section

2.1.
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Figure 3.4: (a) Density inversions in σ0 at 24◦S at pressures greater than
3000 dbar. (b) The relationship between σ0 and γ, highlighting the pressures

less than 3000 dbar.

Changes are investigated on a density grid as these surfaces are less affected by

dynamic variations in the water column caused by mesoscale eddies and internal

waves. Temperature and salinity variations on density surfaces are not indepen-

dent of each other. A freshening (salinification) will correspond to a cooling (warm-

ing). For this reason only the salinity changes will be discussed when considering

changes on density.

3.1.1 Meridional Gradients

Systematic differences between datasets can arise due to cruise tracks not overlying

each other. At 24◦S, the 1958 cruise is primarily along 24.2◦S; the 1983 cruise

departs from 24◦S at 0◦E and 30◦W to reach east and west coast boundaries

respectively at 23◦S; the 2009 cruise deflected to the north over the Mid-Atlantic

Ridge to achieve the deepest transit over the ridge. Any station which was more

than one degree of latitude from 24◦S was excluded from the comparison. This

led to 8 stations being excluded from the JC 032 dataset which deviated as far
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lines. (b) Salinity vs. latitude on a number of density surfaces. The density
of each surface is indicated . The upper and lower contours are 26.6 and 27.2

respectively.

north as 22.2◦S. In the case of 30◦S, the stations of the 2002 cruise on the Mirai

reoccupied the exact same stations as the 1993 A10 occupation. This meant there

was no issue with track offset.

The meridional gradients of salinity on density surfaces are investigated to assess

the error associated with the track offset between cruises. Delayed mode Argo

salinity data from 2003 to 2009 were linearly interpolated onto density surfaces.

Potential density referenced to the surface (σ0) is used when handling Argo data.

The motivation for using neutral density (γ) is due to density inversions in σ0

in deep waters. At 24◦S, these density inversions occur at pressures greater than

3000 dbar (Figure 3.4(a)). As Argo floats only sample to 2000 dbar, σ0 is valid for

these data. There is a reasonably linear relation between σ0 and γ at pressures

less than 3000 dbar (Figure 3.4(b)). At σ0 = 24 kg/m3, γ = 24 kg/m3 and
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at σ0 = 27.8 kg/m3, γ = 28 kg/m3. At the salinity minimum of AAIW,

σ0 = 27.1 kg/m3 and γ = 27.3 kg/m3.

A second order, least squares polynomial fit was applied to the Argo salinities on

the density surfaces with respect to latitude (Figure 3.5(a)). Standard deviations

of salinity at each latitude were also calculated to measure the spread of salinities.

Throughout most of the water column, apart from in waters less dense than σ0 =

26.7, salinity increases on density surfaces going northwards around 24◦S. The

maximum salinity gradient is a 0.01 salinity increase per degree of latitude, which

occurs at a density of σ0 = 27.1 (Figure 3.5(b)).

From examining the meridional gradients of salinity on density surfaces, the error

associated with track offset can be estimated. This is particularly relevant when

deciding on the inclusion of the 1926 Meteor data in the comparison. This section

is primarily along 21.5◦S (Figure 3.1) but has overlaps at 24◦S in both the eastern

and western ends.

Using the meridional gradients of salinity on given σ0 surfaces in Figure 3.5(b), a

profile can be constructed which would be representative of the expected salinity

difference between a section at 24◦S and a section at 21.5◦S. This can be compared

with the basin averaged salinity difference between the 1926 cruise and the 1958

cruise (Figure 3.6). The difference between the 1926 and 1958 data appears to be

strongly influenced by the differences caused by the meridional gradients of salinity

due to track offset. While quantitatively, the magnitudes of the salinity differences

between the 1958/1926 comparison and the 24◦S/21.5◦S comparison are different,

the structure is similar. The maximum difference in the 1958/1926 comparison

occurs at the same density level as maximum meridional salinity gradient. The
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Figure 3.6: The dashed line shows the salinity difference between 21.5◦S and
24◦S due to the meridional salinity gradients estimated using Argo data. The
grey envelope has a width of one standard deviation derived from the standard
deviations in Figure 3.5(a). The solid line shows the basinwide averaged salinity
(on σ0) difference between the 1926 cruise and the 1958 cruise. The shapes of

the two curves are qualitatively similar.

differences through the thermocline are also qualitatively similar. A similar result

is found if the 1926 data are compared with the other cruises along 24◦S. Hence,

it was decided not to include the 1926 data in the comparison with the sections

as the influence of track offset was deemed too great.

3.1.2 Changes at 24◦S

The differences between the gridded salinity data from each cruise are shown

in Figure 3.7. In each case, the older salinity values were subtracted from the

newer. Figure 3.7 (a) shows the comparison between the 2009 and 1983 datasets.

A basinwide, coherent freshening signal throughout the thermocline above the

salinity minimum is the most striking feature. The freshening from 1983 to 2009

has a magnitude of 0.05 in the density range 26.5 < γ < 27.4 (Figure 3.7 (a)). In
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Figure 3.7: Salinity data were gridded on a 0.01 kg m−3 neutral density (γ)
and 0.5◦ longitude grid. A 0.02 kg m−3 vertical running average of the grid-
ded data was then taken. Data at pressures less than 300 dbar were excluded.
The older dataset was then subtracted from the newer. (a) The changes from
1983 to 2009 and (b) the changes from 1958 to 1983. The 1983/2009 compari-
son shows a strong, coherent freshening through the thermocline to the salinity
minimum whereas the 1958/1983 comparison shows a strong, coherent salinifi-
cation through the thermocline. UCDW salinifies in both comparisons although
this salinification is less coherent than the variations seen in the thermocline.
Pressure contours of 500, 1000 and 2000 dbar and a contour of the salinity min-
imum – all from the newer dataset – are indicated. The abrupt jump in the
pressure contours near 6◦W is explained by the presence of an Agulhas ring in

the data.

contrast, Figure 3.7 (b) shows the comparison between the 1983 and 1958 data. In

this case a basinwide, coherent increase in salinity is evident in the thermocline.

This salinification from 1958 to 1983 has a magnitude of 0.03 in the density range

26.5 < γ < 27.4 (Figure 3.8 (b)). Both changes are similar in that they occur

across the whole ocean basin with a similar magnitude at the eastern and western

ends.

Between 1000 dbar and 2000 dbar, in the density range 27.4 < γ < 28, the UCDW

has become more saline from 1958 through 1983 to 2009 (Figure 3.8 (a) and (b)).
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Figure 3.8: Figures (a) and (c) are θ – S figures for the three cruises focusing
on the thermocline and intermediate water masses respectively. To produce
an averaged θ – S diagram, potential temperature and salinity were gridded
on neutral density and longitude before averaging. (b) The basinwide average
anomaly between the three cruises. Mean averaged differences are shown with
black lines. Uncertainties of one standard deviation from 1983 to 2009 are in
light gray; uncertainties of one standard deviation from 1958 to 1983 are in dark

gray. This figure is an average of the data presented in Figure 3.7.

This water mass is 0.02 more saline on density surfaces in 2009 than it was in

1958. This extends to 2009 the increasing salinities in UCDW reported by Arbic

& Owens (2001).

The changes on density surfaces are also evident in θ – S space. Figure 3.8 (a)

highlights the basin averaged oscillation in salinity shown in θ – S space. Fig-

ure 3.8 (c) highlights the coherent changes in θ – S properties of the UCDW.
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Figure 3.9: Salinity and potential temperature change at 24◦S. Data were
gridded on a regular 20 dbar grid and 0.5◦ longitude grid before averaging and

subtracting.

These changes are consistent with an increase in salinity seen on density surfaces

but do not exclude a rise in temperature being the cause of the apparent salinity

changes.

These changes are investigated on density surfaces and hence temperature and

salinity changes are not independent as discussed previously. However, the changes

on pressure can help to decipher whether the apparent changes in salinity are

actually changes in salinity or are in fact driven by temperature change. Figure 3.9

. A freshening signal is seen in the thermocline above 2000 dbar from 1983 to 2009

and a salinification from 1958 to 1983 supporting the result that the changes in

salinity seen on density were real changes in salinity and not just driven by changes

in temperature.
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Figure 3.10: Changes in water masses at 30◦S from 2003 – 1993. (a) Salinity
changes on neutral density. The annotations are similar to Figure 3.7 with
pressure contours being denoted by solid black lines and the salinity minimum
being denoted by a dashed line. Data at pressures less than 300 dbar were not
included. (b),(c) The change of the salinity on density surfaces for the west
and east basins respectively. The mean salinities for both basins are shown for
2003 and 1993 with red and green respectively. The change is shown in blue
offset to be zero at salinity of 36 and exaggerated by a factor of 10 so that the
dashed lines at 35.5 and 36.5 represent changes of ±0.05. The dashed magenta

line indicates the level of the salinity minimum of AAIW.

3.1.3 Changes at 30◦S

Decadal changes of salinity on γ are also considered at 30◦S. Figure 3.10(a) is

constructed in a similar manner to Figure 3.7. Due to the relative modernity

of both cruises, high quality CTD data were available and these were used for

investigation of the changes on γ.

In contrast to Figure 3.7 there are no basinwide anomalies. The dominant feature

at 30◦S is a salinification in the eastern basin. The magnitude of this anomaly is

large especially because the time interval is only one decade. The basin-averaged

increase in salinity in the eastern basin, in the density range 26.5 < γ < 27.4, is

0.03 (Figure 3.10(c)). This is a larger rate of change of salinity than observed in

the basinwide averages at 24◦S (namely the freshening of 0.02 per decade from
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1983 to 2009 and the increase in salinity of 0.01 per decade from 1958 to 1983 over

the same density range). However, the nature of the increase of salinity is very

different as it is concentrated in the eastern basin rather than occurring evenly

across the basin.

There is also a vertical and horizontal structure to the increase in salinity. Fig-

ure 3.10(c) shows that the salinity increase in the eastern basin is larger at lesser

densities in the water column. Figure 3.10(a) shows that the salinity increase

extends farther west to 15◦W at σ0 = 26.7 towards the top of the water column

than at greater depths where, for example on the salinity minimum, the salinity

increase only extends to 2◦W. This pattern gives the impression of an upper ocean

intensified salinity signal spreading to the west is driving the salinity changes at

30◦S.

Table 3.1: Mean salinities, temperatures, densities (σ0) and dissolved oxygen
with standard deviations in brackets on the salinity minimum from the three
cruises at 24◦S (1958, 1983 and 2009) and the two cruises at 30◦S (1993 and

2003).

Salinity Potential Temperature (◦C) Density (kg/m−3) Oxygen (µmol/kg)
1958 34.356 (0.020) 4.49 (0.18) 27.227 (0.021) 196 (12)
1983 34.383 (0.023) 4.64 (0.19) 27.233 (0.019) 185 (16)
2009 34.383 (0.019) 4.72 (0.20) 27.224 (0.025) 183 (9)
1993 34.317 (0.034) 4.25 (0.40) 27.217 (0.020) 225 (7)
2003 34.319 (0.030) 4.38 (0.28) 27.203 (0.024) 217 (10)
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3.2 Core properties of AAIW

The properties on the salinity minimum core of the AAIW are shown in Figure 3.11

with the basin averages and standard deviations in Table 3.1. Due to unreliability

in all but post-2000 CTD oxygen data, bottle data, fitted to a spline, are used

exclusively in this section. At 24◦S, from 1958 to 1983 there was a significant

increase in salinity (oxygen decrease) of 0.027 (11 µmol/kg), while no significant

change in salinity (oxygen) occurred from 1983 to 2009. This has been accompa-

nied by significant increases in temperature of 0.15◦C from 1958 to 1983 and a

further 0.08◦C from 1983 to 2009. This warming with no corresponding increase

in salinity from 1983 to 2009 leads to a significant decrease in density at the core

of the AAIW of 0.01 kg m−3 . There are no significant changes in pressure of the

salinity minimum.

At 30◦S, the time interval of ten years is a shorter timescale on which to view

changes. There is a small increase in salinity of 0.002 and a corresponding decrease

of oxygen of 8 µmol kg−1 as seen in Table 3.1. When the uncertainties of using

bottle data are considered, this is not a significant change. There is a significant

increase in temperature of 0.13◦C. This drives a significant decrease in density.

The basin averaged temperatures on the salinity minimum are consistent with a

monotonic increase in temperature of AAIW throughout the subtropical South

Atlantic from the late 1950’s to the present. This is consistent with the results of

Schmidtko & Johnson (2011), who noted warming of southern hemisphere AAIW.

There are no significant changes in pressure.
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Figure 3.11: (a) Temperature, (b) salinity and (c) AOU from the core of the
AAIW on the salinity minimum at 24◦S. Stars, open circles and pluses refer to
data from 1958, 1983 and 2009 respectively. (d) Temperature, (e) salinity and
(f) AOU from the core of the AAIW on the salinity minimum at 30◦S. Stars
and open circles refer to data from 1993 and 2003 respectively. All data were

interpolated onto a regular longitude grid.

3.2.1 Salinity-AOU Relationship

There is a high correlation (anti-correlation) between salinity and AOU (oxygen)

of r > 0.9 on the salinity minimum of the AAIW (Figure 3.12). AOU will be used

rather than oxygen from here on in this section. This shows the close relationship

between the salinity and age of AAIW represented by the AOU. As mentioned in

Section 2.1, if biological consumption is constant, then AOU is proportional to the

age of a water mass for a given temperature. The relationship is intuitive: AAIW
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Figure 3.12: Apparent Oxygen Utilisation (AOU) is plotted against the Salin-
ity of the AAIW at 24◦S and 30◦S. (a) Stars and pluses represent the 1958 and
2009 data respectively (the 1983 data are excluded for clarity) at 24◦S. (b) Stars
and pluses represent the 1993 and 2003 data respectively at 30◦S east of the

MAR at 15◦W.

is a salinity minimum, as this water mass is subducted into the subtropical gyre it

diapycnally mixes with more saline water as it ages. Hence the salinity of AAIW

increases with age.

The South Atlantic is a unique case in the southern hemisphere oceans regarding

AAIW in that it effectively has two sources of AAIW. Fresh, young AAIW enters

through Drake Passage and older, more saline AAIW enters from the Indian Ocean.

Hence, interpretation of salinity changes there has to take account of changes in

the proportion of Indian Ocean water as well as any effect that the intensification

of the hydrological cycle may have. The correlation between salinity and AOU

shown in Figure 3.12 can be used to interpret salinity changes in the AAIW.

There is a significant increase in salinity of 0.027 at 24◦S between the 1958 and

2009 data. Figure 3.12(a) shows the salinities and AOUs for 1958 and 2009 on

the salinity minimum core of the AAIW. The salinity-AOU relationship has not
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30◦S Atlantic Ocean: East of the MAR
A10 1993 A10 2003

Pot. Temperature (◦C) 4.37 (0.22) 4.52 (0.22)
Salinity 34.322 (0.012) 34.335 (0.022)

AOU (µmol kg−1) 93.8 (5.8) 102.7 (7.2)
Pressure (dbar) 824 (85) 849 (95)

Table 3.2: Means (standard deviations) of potential temperature, salinity,
AOU and pressure of AAIW east of the Mid-Atlantic Ridge (MAR).

changed but there is lower AOU and salinity in the 1958 data than the 2009

data. This indicates that the salinity change is due to higher AOU (older), more

saline AAIW in the 2009 data. This, together with the fact that the low salinities

(low AOU values) in the 1958 data are concentrated in the east of the basin

(Figure 3.11(a) and (b)), indicates that there is more AAIW from the Indian

Ocean in the 2009 and 1983 data than in 1958. This increase in the fraction of

older, more saline AAIW is the driver of the increase in salinity. If the salinity

had increased due to a change in freshwater balance at its formation region, then

there would be no reason to expect a correlated increase in AOU.

The relationship is also useful for interpreting the salinity changes at 30◦S. Ta-

ble 3.1 shows a slight basinwide increase in salinity of 0.002 between 1993 and 2003

on the salinity minimum. This change is small, especially when the uncertainties

associated with using bottle data are considered. The salinification at 30◦S be-

tween 1993 and 2003 were focused in the east of the basin. If the section east of

the Mid-Atlantic Ridge (MAR) at 15◦W is considered, a salinification of 0.013 is

seen on the salinity minimum (Table 3.2). This is a significant increase in salinity

over a ten year period. This salinity change is equivalent to a salinity increase

of 0.13/century, a figure very similar to the 0.12/century salinity increase at 24◦S

from 1958 to 1983.
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The increase in salinity is accompanied by an increase of 8.9 µmol kg−1 in AOU

and a 0.15◦C increase in potential temperature. Pressure increases by 20 dbar

but due to high variability in pressure changes, this is not significantly large. The

salinity and AOU data east of the MAR from the 1993 and 2003 cruises at 30◦S

are highlighted in Figure 3.12(b). There are notably more black crosses at higher

salinities (higher AOU). This results in the observed increase in salinity.

Again at 30◦S, the increases in salinity are focused in the eastern basin and dimin-

ish when the western basin is considered. Changes in inflow from the Indian Ocean

are likely to be seen in the eastern part of the Atlantic first due to the proximity

of the Indian Ocean and due to the path of Agulhas Rings (Byrne, 1995) in the

South Atlantic. Hence the changes are consistent with an increase in inflow from

the Indian Ocean.

3.3 Thermocline Salinity-AOU relationship

Thermocline salinity in the subtropical South Atlantic is intermittently influenced

by the more saline water from the Indian Ocean introduced via the shedding

of Agulhas Rings. This high salinity water has a high AOU signal relative to the

native waters of the South Atlantic (Gordon, 1986; McDonagh et al., 1999). Given

that such strong correlation between salinity and AOU exists in the AAIW, does

a similar correlation exist in the thermocline? If the correlation in the AAIW

is indeed due to Indian Ocean influence, then there should be correlation in the

thermocline water masses as much of the water transmitted from the Indian Ocean

to the South Atlantic is contained in thermocline waters.
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Signals in the thermocline AOU are investigated for correlation with salinity which

would indicate the influence of Indian Ocean Water.

3.3.1 Thermocline Salinity-AOU relationship at 24◦S

When the raw salinity-AOU thermocline relationship is considered alone, it might

be expected that the AOU changes would show widespread decrease/increase

throughout the thermocline to correspond with the decrease/increase in salinity

seen. This is not the case. The AOU changes are charachterised by a mesoscale

signal and basinwide changes are not evident.

Correlation does exist between AOU anomalies and salinity anomalies in the east-

ern thermocline at 24◦S. AOU and salinity, gridded on density surfaces, east of

0◦, in the density range 26.5 < σ0 < 27.2 was averaged to form a mean profile for

each of the three cruises. Anomalies of AOU ( ∆AOU ) and salinity ( ∆S ) for

each cruise were calculated relative to the mean for that cruise. The correlation

between ∆S and ∆AOU for each cruise is shown in Figure 3.13. The correlation

is strong: 0.94, 0.76 and 0.80 for the 1958, 1983 and 2009 data respectively. The

relationship between ∆AOU and ∆S is very similar for all three cruises. Higher

local ∆S is related to higher ∆AOU , which indicates that the Indian Ocean is the

source of the relationship.

The ∆AOU − ∆S relationship, shown in Figure 3.13, can be used to investigate

how much of the large scale salinity changes in the thermocline (Figure 3.7) are

due to Indian Ocean influence. A single ∆AOU − ∆S relationship is defined by

fitting a linear regression to the data in Figure 3.13. The salinity data were then
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Figure 3.13: (a) AOU anomaly vs. salinity anomaly for the 1958 (stars), 1983
(open circles) and 2009 (pluses) data from the thermocline (26.5 < σ0 < 27.2)
east of 0◦ to the African coast. Mean salinity and AOU profiles are calculated
for each cruise by simple averaging of thermocline salinity and AOU gridded
in longitude and density. Salinity and AOU anomalies are calculated relative
to these average profiles and plotted against one another. This results in high
correlation between the local salinity and AOU anomalies. Figure (b) shows
the averaged salinity differences between the three cruises east of 0◦ with and
without the influence of the high salinity, high AOU, Indian Ocean Water. The
black lines refer to the difference between the 1958 and the 1983 cruises; the
gray lines refer to the difference between the 1983 and the 2009 cruises. Solid
lines refer to the unadjusted salinity differences and dashed lines refer to salinity

adjusted to remove the influence of Indian Ocean Water.

adjusted to remove the effect of the slope of this line (S ′ = S−slope×AOU). The

averaged salinity anomalies are investigated as before and the results are shown

in Figure 3.13. Before any trend is removed, the average salinity difference in the

eastern thermocline, 26.5 < σ0 < 27.2, is a 0.04 salinity increase from 1958 to 1983

and a 0.05 freshening from 1983 to 2009. When the trend with ∆AOU − ∆S is

removed, the differences become a 0.02 salinity increase from 1958 to 1983. There

is no change in the average freshening from 1983 to 2009 over this whole density

range but from 26.9 < σ0 < 27.2, there is a reduction in the freshening from 0.07

to 0.05 when the Indian Ocean influence is removed.
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Figure 3.14: AOU change from 1993 to 2003 at 30◦S. The figure is constructed
in a similar manner to Figure 3.7 using AOU bottle data fitted to a spline. Some
gaps in the figure are due to missing data. No overall trend is visible but the

largest signal is visible as an increase in AOU in the Cape basin, east of 0◦.

3.3.2 Thermocline Salinity-AOU relationship at 30◦S

At 30◦S, there appears to be an obvious AOU anomaly in the thermocline of the

Cape Basin (Figure 3.14) which might be expected to correlate with the salinity

increase in the same region (Figure 3.10). In spite of this, when the same method

which was applied to 24◦S is applied here, the correlation is not as high. The

correlation is 0.58 for the 1993 data and 0.63 for the 2003 data east of 0◦.

An explanation of the different relationship at 30◦S may lie in the changes which

occurred in the salinity of the water masses of the Indian Ocean over a similar time

period (Bryden et al., 2003; McDonagh et al., 2005). In the Indian Ocean from

1987 to 2002, the upper water masses increased in salinity (Figure 3.15). There

was also some salinification of intermediate water masses in the western Indian

Ocean. It is likely that this increase of salinity was transmitted through to the

South Atlantic, showing up in the salinification visible in the eastern part of the
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Figure 3.15: Salinity changes on density surfaces in the South Atlantic and
Indian Oceans. The comparison shown in the South Atlantic is the change at
30◦S from 1993 to 2003. The comparison in the Indian Ocean is the change
at 32◦S from 1987 to 2002. The Indian Ocean section shows salinity changes
recast onto density surfaces as shown in Bryden et al. (2003); McDonagh et al.
(2005). The increase in salinity in the west Indian Ocean seems to have been

transferred through to the South Atlantic.

basin in the 1993/2003 comparison at 30◦S (Figures 3.15). The changes seen at

30◦S are deemed to be due to a fundamental property change in the water entering

the South Atlantic rather than being related to a change in the amount of water

entering from the Indian Ocean.
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3.4 Discussion

This study has investigated changes in properties of thermocline and intermediate

water of the South Atlantic using repeat hydrographic sections separated by tens

of years. At 24◦S, salinity changes throughout the thermocline with a basinwide

average value of 0.03 from 1958 to 1983 and -0.05 from 1983 to 2009. These changes

are of a larger magnitude than could be attributed to any measurement or track

offset errors. Changes at 30◦S are dominated by a salinification concentrated in

the east of the basin. This feature in the east of the basin may be linked to the

salinification of water masses in the Indian Ocean from 1987 to 2002 (McDonagh

et al., 2005).

High salinity, high AOU anomalies in the thermocline of the eastern basin at 24◦S

are detectable in the datasets suggesting the influence from the Indian Ocean.

When the AOU – salinity trend is removed from the salinity data, the magnitude

of the Indian Ocean influence can be separated from the underlying salinity dif-

ferences. The increase in salinity in the eastern thermocline from 1958 to 1983

reduces from 0.04 to 0.02, explaining half of the observed trend, while the freshen-

ing in the eastern thermocline from 1983 to 2009 is not significantly affected when

the Indian Ocean influence is removed.

The salinification (warming) trend in the UCDW between 1000 and 2000 dbar

reported by Arbic & Owens (2001) from 1958 to 1983 has continued to 2009 at

24◦S leaving this water mass 0.02 more saline now than in 1958. Linking this

observation with possible forcing mechanisms is difficult due to the mixed and

modified nature of this water mass.
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Freshening of thermocline waters is the dominant signal in the thermocline from

1983 to 2009 at 24◦S. It is a freshening reminiscent of those reported by Bindoff

& McDougall (2000) in the Indian Ocean, Wong et al. (1999) in the Pacific Ocean

and Curry et al. (2003) in the South Atlantic. The changes reported by these

authors were linked to an intensification of the hydrological cycle. In this study,

the increase in salinity from 1958 to 1983, throws into question a direct link of

the salinity changes from 1983 to 2009 with the hydrological cycle. The freshening

could be interpreted as a return oscillation of properties. Also, at 30◦S, from 1993

to 2003, a period intervening the freshening at 24◦S, another salinification is seen.

This salinification was linked with property changes in the Indian Ocean. Putting

the freshening in a context of salinity increases elsewhere throws into question a

direct link between this observed freshening with an increase of the hydrological

cycle.

This study shows a salinification of 0.03 from 1958 to 1983 has occurred in the

AAIW at 24◦S and a 0.013 increase in salinity in the eastern basin at 30◦S . This is

different from the Indian and Pacific oceans where there has been a freshening of

AAIW (Wong et al., 1999; Bindoff & McDougall, 2000; Naveira-Garabato et al.,

2009) over the last few decades. The salinity changes are associated with an

increase in AOU. There is no change in the salinity-AOU relationship between the

1958 data and either the 1983 or 2009 data at 24◦S nor between the 1993 and 2003

data at 30◦S. The fact that this high salinity, high AOU water is concentrated in

the east of the basins at 24◦S and 30◦S also indicates that the Indian Ocean is

likely to be a root cause. This evidence supports the hypothesis that the higher

salinities are driven by more of the older, more saline AAIW entering from the

Indian Ocean. Indian Ocean leakage has been predicted to increase in model
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studies (Biastoch et al., 2009b) over the period 1968 to 2004. These observations

of salinification of AAIW are consistent with this model prediction.

As water is primarily transferred between the Indian and South Atlantic Oceans

via Agulhas rings, it is possible to calculate how much salt would need to be input

to a given volume, V, of the South Atlantic by Agulhas rings to cause the observed

changes in salinity.

Consider that salinity in psu is roughly equivalent to parts per thousand. Then,

for a given volume, the change in the amount of salt in that volume between two

times, t = 1, 2, is given by

Salt Deficit = (Mt=1 × St=1) − (Mt=2 × St=2). (3.1)

Where M is the mass of the water in the volume and S is the salinity in parts per

thousand. The salt deficit is calculated in kg of salt.

The change in salinity considered here is assumed to be completely due to Agulhas

rings. Agulhas rings are largely density compensating (van Aken et al., 2003).

Thus M is the mass of water within the volume under consideration, which doesn’t

change due to the density compensating nature of Agulhas rings. Equation 3.1

reduces to

Salt Deficit = M × ∆S, (3.2)
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where ∆S is the change in salinity in parts per thousand and M is the mass of

water within the volume under consideration. M can be replaced using

M = ρV.

To calculate the number of Agulhas rings that would be needed to make up the salt

deficit in this box, the excess salt in a typical Agulhas ring relative to the South

Atlantic or Available Salt Anomaly (ASA) is introduced. Then, assuming salinity

is increased by adding rings and distributing their excess salt evenly through the

volume, the number of rings needed to make up the salt deficit is given by

no. rings =
ρV × ∆S

ASAper ring

. (3.3)

Equation 3.3 neglects the fact that the volume of water under consideration is

constantly being flushed. Account must be taken of the rate at which the water

is replaced in this volume. The salt added by the rings must be added within a

flushing time for this volume. The flushing time for the volume is given by

flushing time = V/T, (3.4)

where V is the volume and T is the transport into this volume.

Combining Equations 3.3 and 3.4, gives

no. rings

flushing time
=

ρ × ∆S × T

ASA
. (3.5)
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where ρ is the density of the water in the volume.

This can be applied to the change in salinity of AAIW at 24◦S from 1958 to

1983. The low salinities of AAIW in 1958 are highly visible east of 0◦ to the

coast at around 13◦E so this is the region that will be considered. This is also an

appropriate location to consider as Agulhas rings deposit the excess salt quickly

on entering the South Atlantic (McDonagh et al., 1999; van Aken et al., 2003). If

the layer representing the AAIW is taken as between the 4◦C and 5◦C isotherm,

then there was a 0.03 increase in salinity in this region. This gives

∆S = 0.03 × 10−3,

when salinity is considered as parts per thousand. This layer is on average 160 m

thick at the 24◦S section.

McDonagh et al. (1999) provides figures for Available Salt Anomaly (ASA) for a

typical Agulhas ring in the South Atlantic. If the layer associated with the AAIW

is defined as between 4◦C and 5◦C, then the ASA for the AAIW of an Agulhas

ring can be assigned as

ASA = 0.5 × 1012 kg per ring

(McDonagh et al. (1999), their Figure 6).

McDonagh & King (2005) estimate the northwards transport of AAIW through

30◦S as 7.3 Sv northwards transport of AAIW in the layer 26.8 < σ0, σ1 < 32.26.

This layer is on average 875m thick and spread across the entire width of the

section at 30◦S – a width of 6000 km – giving an area of 5.2× 109 m2. The region
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considered here (0◦ to 13◦E; between 4◦C and 5◦C) is 26 times smaller than this

area. Scaling the AAIW transport from McDonagh & King (2005) for AAIW to

the region under consideration here gives a transport of

T = 0.3 Sv or 1013 m3/year.

The volume is irrelevant in Equation 3.5 but, if a meridional extent of the volume

was considered as 5◦, then the associated flushing time of the volume would be ten

years given the area considered for transport into the volume. This is a reasonable

timescale for changes in AAIW salinity to occur.

Combining these values for ∆S, T and ASA with a value of ρ of 1025 kg m−3 and

inserting in Equation 3.5, leads to the approximation that an extra 0.6 rings per

year would need to be shed to make up the salt deficit using Agulhas rings alone.

This implies that a gradual change with an extra ring being shed about every two

years between 1958 and 1983 would make up the salt difference. As Agulhas ring

shedding is a variable and aperiodic process (de Ruijter et al., 1999), this amount

of extra rings being shed is conceivable within the bounds of natural variability.

The results here indicate that most of the salinification observed in the datasets can

be linked to the Indian Ocean. The strong freshening seen at 24◦S cannot be ruled

out as due to an intensification of the hydrological cycle but being surrounded

by salinity increases, this seems inconclusive. The calculation of the last two

paragraphs indicates that salinity changes, at least in intermediate water masses,

can occur over a few years due to Agulhas rings. This begs the question about

how large the interannual variability is in the South Atlantic and how quickly
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properties change. This will be investigated in the next chapter. The basinwide

changes in properties of the thermocline pose more questions: is the freshening

recently seen at 24◦S due to an intensification of the hydrological cycle or just an

oscillation in properties? The study has also shown a new method of analysing

changes in AAIW by considering the age of the water mass rather than just its

salinity by using the highly correlated salinity-AOU relationship. This will be

expanded upon in Chapter 5.



Chapter 4

Interannual and Intradecadal

Variability

In this chapter the variability of thermocline and intermediate water masses of the

South Atlantic will be investigated on interannual and intradecadal timescales.

Argo data from 2002 to 2010 will be used as an observational dataset for this

investigation and model data (Biastoch et al., 2008) will be used to investigate

interannual variations over tens of years. While the model data is not expected to

be representative of the changes seen in the real ocean, the model is expected to

evolve in a manner representative of the real ocean.

81
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Figure 4.1: (a) Five cruises intersect at 24◦S, 34◦W (highlighted with an open
circle). Three cruises at 24◦S have already been introduced: in 1958, IGY 58,
in 1983, OC 133 and, in 2009, JC 032. Two other cruises intersect 24◦S at
34◦W. In 1988, the zonal SAVE section (Scripps Institution of Oceanography,
1992) and, in 1994, the WOCE A17 cruise (Memery et al., 2000). (b), (c) θ –
S figure for each of the five cruises, stations are selected within ±2◦ of latitude
and longitude of the intersection point. Potential temperature and salinity are

then averaged in density space to create a single curve for each cruise.
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4.1 Intradecadal variability from hydrographic

data

Chapter 3 focused on full repeat hydrographic sections at 24◦S and 30◦S. At 24◦S

this consisted of three cruises separated by about 25 years in each case. Other

cruises have crossed the line of 24◦S. These cruises can be used used to provide

information about oceanic variability in between the full basin hydrographic oc-

cupations in the temporal record of water mass changes. One location where five

cruises intersect is at 24◦S, 34◦W. Stations within ±2◦ of latitude and longitude

of this locations were extracted to create θ – S plots (averaged on density) for

each cruise. The location of these cruises and the results are shown in Figure 4.1.

This analysis adds two more cruises to the timeseries at 24◦S and some important

conclusions can be drawn.

The previous chapter highlighted that the salinity of AAIW at 24◦S had increased

from 1958 to 1983 (The basin averaged AAIW salinity did not change between

1983 and 2009). By only looking at the repeat full basin hydrography, this salinity

change could be interpreted as a long term shift in the salinity over these years.

However when cruises from 1988 (Scripps Institution of Oceanography, 1992) and

1994 (Memery et al., 2000) are added to the timeseries it is seen that, at 34◦W

at least, the 1988 salinity of AAIW is similar to the 1958 salinity (Figure 4.1(c)).

There appear to be two modes of AAIW salinities at this location: 1958 and 1988

have salinities of 34.33 and 1983, 1994 and 2009 have salinities of 34.36.

In the thermocline, the 1988 and 1994 cruises are more saline than the 1958 or

2009 cruise in the range from 6◦C to 12◦C. The 1983 thermocline could have been
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Figure 4.2: Salinities on the 8◦C isotherm around 24◦S. The 1983 (black
dashed line) and 2009 (black solid line) cruises are shown. Argo salinity data
from within two degrees of latitude from the same isotherm are showed with

the date colour coded.

inferred to be anomalously saline given the pattern of salinification from 1958

to 1983 and the freshening from 1983 to 2009 discussed in the previous chapter.

Figure 4.1 shows that the 1988 and 1994 thermoclines were of comparable salinity

to the 1983 thermocline over the range from 6.5◦C to 9◦C.

This simple adding of two more data points to the timeseries at 24◦S has shown

that there is significant variability on timescales shorter than the quarter century

intervals previously discussed at 24◦S. Figure 4.1 only looks at one location across

the section at 24◦S so to investigate the full structure of the interannual variability

at 24◦S, Argo data are utilised.

The eight years of Argo data are used to investigate the interannual variability

that exists in water mass properties. The largest change seen in salinity on density

surfaces between 1983 and 2009 at 24◦S using hydrographic data was around the

γ = 27 neutral density surface (Figure 3.7(b)); 8◦C is the equivalent potential
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temperature level. Figure 4.2 shows Argo salinity data at 24◦S from the 8◦C

isotherm and the salinity from the 8◦C isotherm of both the 1983 and 2009 cruises.

The figure highlights the large variability which can be present over a matter of a

few years. For example, around 20◦W between 2006 and 2007, the salinities vary

over 0.03 – a range similar to the differences between the two cruises. The Argo

salinities show a tendency to be closer to the 2009 cruise due to the fact that the

Argo data were collected closer in time to this cruise than the 1983 cruise.

Figure 4.2 shows that large oscillations in salinity are possible over short timescales.

What the figure does not show is the basinwide changes in salinity seen in the

hydrographic data. This figure also does not address the temporal evolution of

the salinity changes other than giving a bound for it. A more in depth investigation

of how salinity varies in the Argo array is appropriate.

4.2 Propagating Salinity Features in Argo data

The evolution of salinity properties, shown by Argo data, is dominated by salinity

anomalies that propagate across the basin. These are investigated by constructing

Hoffmueller plots of salinity anomaly on potential temperature surfaces. Argo

salinity data at 30◦S are optimally interpolated onto a regular 1◦ longitude-time

grid using the methods described in Chapter 2. The line of latitude at 30◦S has the

best delayed mode data coverage in the South Atlantic (Chapter 2) so this latitude

is investigated first. The data are separated into monthly blocks. Figure 4.3

shows the Argo salinity anomaly at 30◦S on the 4◦C (representing AAIW) and

7◦C isotherm (representing the lower thermocline).
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The anomaly field is constructed to be zero mean. An average in the longitudinal

direction is calculated and this is subtracted from the salinities. A further average

of the remaining anomalies is subtracted so that the resulting field is zero mean.

The decay scale applied in the optimal interpolation (OI) is 200km and 400km for

the 4◦C and 7◦C isotherms respectively as was determined in Section 2.2.1. The

difference in the correlation scale explains why there appears to be more data are

on the 7◦C figure than in the 4◦C figure.

The major mode of variability appears, especially on the 7◦C isotherm, to be

salinity anomalies that propagate westwards across the basin. For example, in

Figure 4.3(b) one anomaly travels from 5◦W in January 2003 to 40◦W in mid

2007. This would imply a speed of propagation of 2.4 cm/s. These features are

reminiscent of westward propagating Rossby waves visible in satellite sea surface

height data (e.g. Chelton & Schlax (1996); Polito & Liu (2003)) but have a slower

speed.

While there are less profiles around 24◦S, a similar investigation can be undertaken.

Figure 4.4 shows the optimally interpolated Argo salinity anomaly at 24◦S on the

4◦C and 8◦C isotherms. 8◦C was chosen in this instance rather than 7◦C as this is

the isotherm of the maximum change in salinity between the hydrographic cruises

in 1983 and 2009 (Figure 3.7(b)). Again decay scales of 200km and 400km were

used for the 4◦C and 8◦C isotherms respectively. The different decay scale is the

major difference between the two figures in terms of the amount of data seen in

each figure. There is an obvious improvement in cross basin coverage, particularly

visible in Figure 4.4(a), in early 2009. This is due to the addition of new Argo

floats as part of the JC 032 cruise (King, 2010). There is evidence of propagating
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Figure 4.3: Optimally interpolated Hoffmueller plots of Argo salinity anomaly
at 30◦S on (a) the 4◦C isotherm and (b) the 7◦C isotherm. A correlation scale
of 200km was used for (a) and 400km for (b), which explains why there appears
to be more data in (b). It appears that salinity anomalies propagate westward
across the basin. Bad salinity data in the Argo dataset has been removed around

40◦W around the start of 2008.
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Figure 4.4: Optimally interpolated Hoffmueller plots of Argo salinity anomaly
at 24◦S on (a) the 4◦C isotherm and (b) the 8◦C isotherm. A decay scale of
200km was used for (a) and 400km for (b). It appears that salinity anomalies
propagate westward across the basin as at 30◦S but with a slower speed than

at 30◦S.

signals at this latitude also, though the features are less obvious and seem to have

a slower speed of propagation. For example, the most visible saline anomaly on

the 4◦C isotherm in Figure 4.4, propagates westward from 20◦W in January 2007

to 30◦W in January 2010. This gives a speed of 1 cm/s.
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The preliminary investigations at 30◦S and 24◦S in Figures 4.3 and 4.4 indicate

that the dominant mode of variability of salinity on isotherms takes the form of

propagating salinity anomalies. Intercomparison of data on different isotherms

that had been interpolated using different decay scales was difficult. For this

reason, an average decay scale of 300km is used in the analysis from here onwards.

There was little difference noted when a single correlation scale was applied.

The speeds and strengths of the propagating features appear to be different at

different latitudes. Figure 4.5 shows Hoffmueller diagrams of the Argo salinity

anomaly latitudes 26◦, 30◦ and 34◦S from 2002 to 2010 on the 4◦C isotherm rep-

resenting AAIW. At 22◦S, 5◦C was chosen due to the presence of θ inversions.

Qualitatively, it has been established that salinity anomalies which propagate

across the basin are a major mode of interannual variability in the South At-

lantic. These features show signs of being more coherent between 26◦S and 30◦S.

An estimate of the speed of propagation of these propagating features can be made

by calculating the slope of the feature on the longitude-time figure. To quanti-

tatively analyse these features, use is made of the Radon transform. This is a

mathematical formulation of the method of identifying the slope of these features

in longitude-time space. It is described in (Challenor et al., 2001) and has been

used by authors e.g. Chelton & Schlax (1996) for analysis of propagating features

in satellite data.

The radon projection maps the field – in this case the salinity anomaly – onto a line

at an angle θ to the x-axis (Figure 4.6). It is applied over a range of angles, in this

case 0◦ to 180◦, and the angle at which the maximum variance occurs is the angle

orthogonal to the dominant propagating feature. The speed of this propagating
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Figure 4.5: Optimally interpolated Hoffmueller plots of Argo salinity anomaly
at selected latitudes on (a) the 5◦C isotherm at 22◦S and on the 4◦C isotherm
at (b) 26◦S, (c) 30◦S, (d) 34◦S. The 5◦C isotherm is chosen to represent the
AAIW at 22◦S due to the presence of temperature inversions around 4◦C at
this latitude (Previously discussed in Figure 2.6). Propagating salinity anomaly
fields are most obvious at 26◦S and 30◦S and are not as obvious at 22◦S and

34◦S.
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Figure 4.6: Figure 1 from Challenor et al. (2001). Schematic of two-
dimensional Radon transform of a longitude-time section. The mathematical

definition of the Radon transform is included.

feature can then be found by taking the tangent of this angle and multiplying this

by the ratio of the longitude resolution (in this case 1◦) and temporal resolution

(in this case monthly). The speeds are reported in cm/s.

An example of this analysis is shown in Figure 4.7. Figure 4.7(a) is similar to

Figure 4.3 except with a decay scale of 300km applied in the OI. The time limits

were also reduced to avoid lower data density at either end of the timeseries. The

radon transform is applied to the field and the results are shown in Figure 4.7(b).

Two main peaks emerge from the analysis using the Radon transform and the cor-

responding propagating features are highlighted in Figure 4.7(a). The maximum

angle occurred at θ =148◦ which corresponds to a propagation speed of 2.25 cm/s.
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Figure 4.7: (a) Westward propagating θ – S anomalies in Argo data. Velocities
derived from the Radon Transform are indicated as are the associated angles of
rotation. (b) Radon transform of the OI Argo salinity field showing a maximum
in variance at 148◦ which is equivalent to a propagation speed of 2.25 cm/s. A
second peak is also highlighted at an angle of 120◦ corresponding to a speed of

6.4 cm/s.

A second peak is also highlighted which corresponds to an angle of 120◦ and a

speed of 6.4 cm/s.

The dominant speed of the propagating features in Figure 4.7 of 2.25 cm/s is

slower than the speed of first mode, baroclinic Rossby waves that are present in

sea-surface height anomalies (SSHA) at the same latitude.

Figure 4.8 shows a Hoffmueller diagram of SSHA at 30◦S with altimeter data

produced by Ssalto/Duacs and distributed by Aviso, with support from Cnes

(http://www.aviso.oceanobs.com/duacs/). Radon transformation of the SSH

and calculation of dominant speed of propagation yields a speed of 5.4 cm/s. This

is in line with the calculations of phase speed by e.g. Chelton & Schlax (1996)

and Polito & Liu (2003) for this latitude in the Atlantic. The second peak in the
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Figure 4.8: Rossby waves manifested in Sea Surface Height Anomalies (cm)
at 30◦ S in the South Atlantic. The dominant speed of propagation derived

from this field is 5.4 cm/s.

Radon transform of the Argo salinity anomaly data in Figure 4.7 corresponds to

a speed of 6.4 cm/s that is closer to the speed seen in SSHA.

4.3 Propagating salinity features in model data

The brevity of the Argo record is an obstacle to further investigation of the prop-

agating salinity anomalies. To extend the analysis, model data are used. The
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Figure 4.9: Variation of the propagating salinity features in the model. (a)
Variation of propagating salinity features on the salinity minimum at various
latitudes. The intensification around 28◦S is clearly visible. (b) Enlargement of
the features at 30◦S. The velocity arrow is included for as a guide. (c) Salinity
anomalies on potential temperature surfaces. The 4◦C surface is near the level of
AAIW. At warmer temperatures, the propagating signals are masked by longer

term, basin-wide changes (which have been discussed previously here).
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model data are treated similarly to the Argo data. The high resolution nest allows

the resolution of important mesoscale features in the Agulhas region (Biastoch

et al., 2008). Salinities from a given latitude are extracted from the realistically

forced model (AG01-R) and the repeated forced model (AG01-C). The anomalies

are reported as the difference between the AG01-R values and the AG01-C values

to remove model salinity drift (Section 2.3). These are linearly interpolated onto

given potential temperature surface or the data corresponding to the salinity min-

imum of AAIW are extracted. A further mean anomaly is subtracted so that the

final salinity anomaly is zero mean. These data are plotted on a longitude-time,

Hoffmueller diagram. Figure 4.9 shows a synopsis of the results.

Figure 4.9(a) shows the salinity anomaly Hoffmueller diagram at various latitudes.

It is clear that there are westward propagating salinity signals that are more intense

around 28◦ and 30◦S and which lose intensity away from these latitudes. This

supports the conclusions drawn from the Argo salinity anomalies in Figure 4.5.

As this latitude band is associated with the preferred path of Agulhas rings across

the basin (Byrne, 1995), it seems likely that these features are related to Indian

Ocean influence.

Figure 4.9(b) focuses on the salinity anomalies on the salinity minimum at 30◦S.

A Radon transform of the data yields a westward propagation speed of 1.7 cm/s.

This is slower than the major feature seen in the Argo data (Figure 4.7) of 2.25

cm/s and far slower than the SSHA features, which had speeds of 5.4 cm/s.

Figure 4.9(c) shows the vertical structure of the salinity anomaly on different

isotherms at 30◦S. The 4◦C picture is very similar to the salinity minimum picture

as would be expected. These propagating features have speeds of 1.7 cm/s again.
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However, at warmer temperatures in the thermocline a different picture emerges.

The propagating features are masked by a longer-term basinwide oscillation in

salinity. This is reminiscent of the basinwide changes in salinity that were evident

in the cruise comparison at 24◦S. As this oscillation occurs over periods of ten to

twenty years, the Argo timeseries would not be long enough to resolve it. The

presence of features travelling at 1.7 cm/s becomes questionable on the 7◦C and

10◦C isotherm. On the 13◦C isotherm, propagating features with speeds of 5 cm/s

seem to appear. An objective analysis of these propagating features further up the

thermocline is impossible as the features are masked by the basinwide oscillation

in properties.

An interesting feature of the analysis is that the same westward propagating fea-

tures do not appear in temperature (Figure 4.10). The picture is complicated

by the fact that the high resolution nest, east of 15◦W, introduces higher spatial

variability. In the west of the basin, the temperature data show variability that

varies across the basin rather than slow propagating features.

The analysis shows that propagating salinity signals are the dominant form of

variability in AAIW not only on interannual timescales but are the most visi-

ble features over the four decades of the model run also. These features do not

propagate with the speeds associated with first mode baroclinic Rossby waves ob-

served in satellite data. They are much slower. A comparison of the observations

with theory is shown in Figure 4.11. This figure compares speeds of propagation of

SSH anomalies calculated in this study with the predicted speeds of first baroclinic

modes (Killworth et al., 1997) and previous observations of SSH anomaly (Polito

& Liu, 2003) and it compares speeds of propagation from salinity anomalies in
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Figure 4.10: Temperature anomalies on the salinity minimum of AAIW. There
is no indiction of the westward propagating anomalies visible in the salinity data.
The higher variability seen east of 15◦W is due to the higher resolution nest in

this region.

model data calculated in this study with the predicted speeds of second baroclinic

modes. The speeds derived from the model agree broadly with those predicted

for second mode, baroclinic Rossby waves by Killworth et al. (1997). The lati-

tude band in which they propagate is similar to the location of an enhanced speed

for propagating SSHA which was first noted by Polito & Liu (2003). Given the

agreement with the theory for the speed of propagation, it could be hypothesised

that these features are second mode, baroclinic Rossby waves. And, given the

latitudinal location, it is probable that they are triggered by a disturbance in the

Agulhas region.

Given the slow propagation speed of these features, the question could be asked

whether they are merely advection across the basin rather than Rossby waves.

This would not be consistent with the known circulation of AAIW in the South
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Figure 4.11: A summary of modes of propagation in the South Atlantic. The
solid blue line is an average of the speeds of propagation observed in SSHA by
Polito & Liu (2003). The Polito & Liu (2003) data shows the same enhancement
of speeds around 28◦S as observed in the speeds of SSHA from this study (Blue
open circles). A theoretical estimate of the first mode baroclinic Rossby speed
from Killworth et al. (1997) is included in the blue dashed line. The speeds of
the propagating features observed in the model AAIW salinity are shown with
black open circles. The black dashed line is a basinwide average of the expected

speed of second mode baroclinic Rossby waves.

Atlantic. As described in Section 1.2.2, AAIW circulates in an anticyclonic manner

with an eastward branch at 40◦S and a westward branch at 25◦S. These features

are most prominent in the band from 28◦S to 30◦S and they die off towards 25◦S

(Figure 4.9(a)). Hence they are not consistent with advection patterns and are

most likely Rossby waves.

4.4 Longer term Variations

While propagating features are the dominant mode of variability at intermediate

depths, it does not appear that the same type of variability is dominant in the
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thermocline. A major feature of the investigation into the decadal changes at

24◦S in the thermocline was the basinwide changes in salinity: an increase from

1958 to 1983 and a decrease from 1983 to 2009. The Argo record did not show

much evidence of a basinwide change in salinity. However, Figure 4.9(c) shows

that longer term, basinwide changes in salinity are visible on longer timescales in

model data. In that figure, through the thermocline, on isotherms of 7◦C, 10◦C

and 13◦C, there is evidence of a slow, basinwide change in salinity as well as some

evidence of propagating features. On the 7◦C and 10◦C isotherms, this takes the

form of a change from saline to fresh over the 40 years of the model run and, on

the 13◦C isotherm, an oscillation from saline to fresh and returning to saline. The

model salinity will now be examined to see whether slow, intra-decadal changes

in thermocline salinity are the dominant mode of salinity variability in the model

thermocline. It will be investigated whether this variability would be similar to

the type of changes that were seen between cruises in the hydrographic data at

24◦S.

At 24◦S, the hydrographic data spans half a century from 1958 - 2009 while the

model data are available from 1968 - 2004. Model data from 1968 - 1985 and from

1985 - 2004 were chosen to compare with the changes seen in hydrographic data

from 1958 - 1983 and 1983 - 2009 respectively. Basin averages of the model salinity

differences at 24◦S are shown in Figure 4.12 and are compared with changes seen

in the hydrographic data. Model salinity data were chosen from March in all cases

thus excluding any seasonal variability. As always, salinity changes in the model

are reported as the difference between the realistically forced run (AG01-R) and

the repeat forcing run (AG01-C) to avoid model salinity drift.
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Figure 4.12: Basin averages of salinity differences on density surfaces at 24◦S
in the South Atlantic are shown. The red bar represents the salinity change
on density surfaces in the model from 1968 to 1985, the blue from 1985 to
2004. The width of these bars is the standard deviation of salinities across the
basin. Data were taken from March of each model year so there is no issue
with seasonal bias. The dashed lines show the basin-averaged salinity changes

reported in Chapter 3.

In the case of the 1968/1985 model changes, the salinity change does follow the

same pattern as the 1958/1983 hydrography: there is a salinification at AAIW

and lower thermocline levels and a freshening in the upper thermocline (though

the hydrographic data is truncated near σ0 = 26.5). The magnitude appears less,

though an envelope of one standard deviation from the hydrographic data average

would overlap the envelope from the model data if shown.

In the case of the 1985/2004 model changes, the agreement with the 1983/2009

hydrographic data is not as clear. The change in the hydrographic data shows a

strong freshening of about 0.05 from 27.1 > σ0 > 26.5. The model data does not

reflect the overall coherence of this freshening but it does pick up on a freshening

signal of smaller magnitude through the range 27.1 > σ0 > 26.5.
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This investigation has shown that the model can pick up on the types of changes

that were seen in the hydrographic data even if it does not the exactly replicate

the changes. This is especially true when comparing the 1968/1985 model changes

with the 1958/1983 hydrographic changes. That the 1985/2004 model changes do

not compare closely with the 1983/2009 hydrographic data is not a major concern.

Retaining the focus on 24◦S, a time series was created to investigate the evolution of

salinity anomalies on given density layers. Figure 4.13 shows the salinity anomaly

relative to the 1968 model salinity for three density layers. The density levels were

chosen at σ0 = 26.3 ± 0.1 representing the upper thermocline, σ0 = 26.7 ± 0.1

representing the lower thermocline and σ0 = 27.2 ± 0.1 representing the AAIW.

The 26.3 level is quite shallow (much of the hydrographic data wasn’t analysed

at such low densities), it displays a trend of freshening of 0.04 from 1968 to 1985

and then a recovery to around 1968 levels by 2004. The 26.7 level represents the

lower thermocline. This level increases in salinity slowly until around 1983 then

rapidly drops by 0.04 over the space of ten years before recovering to be around

0.01 fresher by 2004 compared to 1968. At AAIW levels, a salinification of just

over 0.01 is seen from 1968 to 1985. This drops off from 1985 but is still about

0.006 more saline in 2004 compared to 1968.

The model has captured the pattern of salinity change in the lower thermocline

highlighted in Chapter 3: the salinification to the mid eighties followed by freshen-

ing. This freshening has a maximum peak to trough value of 0.04 which approaches

the value of 0.05 seen in the hydrographic data from 1983 to 2009. It has also

captured the increase in salinity at AAIW levels, which is something unique to
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Figure 4.13: Timeseries of salinity anomaly on selected density surfaces from
the model data. Three density levels were chosen: (i) σ0 = 26.3± 0.1 represent-
ing the upper thermocline, (ii) σ0 = 26.7±0.1 representing the lower thermocline
and (iii) σ0 = 27.2±0.1 representing the AAIW. The salinity anomalies are cal-
culated relative to the starting value in 1968 and each timeseries is started at
a value corresponding to its density level. Each grid interval corresponds to a

salinity change of 0.01.

the South Atlantic as in other ocean basins AAIW is freshening due to an in-

tensification of the hydrological cycle (Wong et al., 1999; Bindoff & McDougall,

2000). Apart from the least dense level, there are no major interannual variations

in basin averaged salinities in the lower thermocline nor the AAIW. Even the large

freshening of the lower thermocline from 1983 to 1993 occurs over ten years. This

increases confidence that synoptic hydrographic sections - separated by tens of

years - are not aliasing interannual variations when these property changes are

analysed.
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Figure 4.14: Example of the floats used in with the Ariane tracking software
and the sections through which the floats were traced. Sections include 24◦S
(INI) in green, SWIND in magenta, AGULHAS in red, SOUTH in blue. Float
tracks are shown in red for those originating in the Agulhas region and blue for

those originating from the SOUTH section.

4.4.1 Particle tracking investigation

An experiment was undertaken in close collaboration with colleagues in IFM-

GEOMAR in Kiel to investigate the origin of AAIW at 24◦S. In the previous

chapter, it was hypothesised that the variation in salinity of AAIW at 24◦S is

directly related to the amount of inflow from the Indian Ocean. This hypothesis

was tested here using monthly averaged model velocities by tracing the origin of

particles represented by Ariane (http://www.univ-brest.fri/lpo/ariane) an

offline Lagrangian diagnostic. Virtual floats, each representing a small amount

of water (maximum 10−2 Sv) were seeded at 24◦S in the density range 27.0 <

σ0 < 27.5 associated with AAIW for periods of five years and traced backwards

in time. The software advects the floats using velocity fields from the model.
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[Sv] 1983-1979 (-1969) 2004-2000 (-1990) Change
meanders 14.21 12.51

INI 4.64 57% 3.76 56% -0.9 -23%
SOUTH 0.48 6% 0.30 5% -0.2 -58%
SWIND 0.04 0% 0.08 1% 0.0 50%

AGULHAS 0.90 11% 0.93 14% 0.0 3%
SURFACE 0.02 0% 0.03 0% 0.0 4%

INTERIOR 2.07 25% 1.57 24% -0.5 -31%
AAIW at 24◦S 8.15 100% 6.67 100% -1.5 -22%

Table 4.1: Output from the Ariane experiment.

The particles were counted when crossing different control sections (Figure 4.14).

They were summed using their individual transports to give a transport number

in Sverdrups (Blanke et al., 1999; Biastoch et al., 2009a). The particle tracking

procedure was run by A. Biastoch in Kiel and the results are analysed here.

Two periods were chosen for comparison based on the salinity variation of the

AAIW. From Figure 4.13 it can be seen that the salinity of the AAIW rises to a

maximum of about 0.015 around 1983 and then drops off by a little less than 0.01

towards the end of the model run. For this reason, the time periods 1979-1983 and

1999-2004 were chosen as the seeding time periods for the Ariane investigation.

Floats from each of these pentads were traced backwards in time over a period of

15 years. It would be expected from the hypothesis that a larger proportion of

floats from the earlier period (1979-1983) would have originated in the Agulhas

region than in the later period (1999-2004) due to the peak in salinity around

1983.

The results of this experiment are shown in Table 4.1. The change in the number

of floats coming from the Agulhas section is of interest with respect of the salinity

change. The results show that there is actually slightly 0.03 Sv more water coming
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Figure 4.15: Variation of salinity properties in the model at (a) 24◦S and (b)
19◦E in the South Atlantic. The changes at 24◦S are a basinwide average in the
density range on 27 < σ0 < 27.5. The changes at 19◦E are in the same density

range from the African coast to 40◦S.

from the Agulhas region in the later time period and 0.18 Sv less coming from the

Southern section. The total amount of water coming from the Agulhas region is

between 0.3 Sv and 0.48 Sv. These figures are dwarfed by the amount of water

which enters the box across 24◦S (4.64 - 3.76 Sv) and the amount of water which

stays within the box over the time period of the particle tracking (8.15 - 6.67

Sv). Both these contributions cloud direct linking of AAIW salinity changes to

the inflow from the Agulhas region using this method.

The salinity changes reported in Figure 4.13 display the salinity change in the

realistically forced model run (AG01-R) relative to an annually repeated model

run (AG01-C). The Ariane results come solely from the AG01-R. It is better to

link the changes in AG01-R to the leakage changes as described by the particle

tracking experiment. Figure 4.15 shows the changes in salinity at 24◦S and 19◦E.

The 19◦E section stretches from 40◦S to the African coast in the density range of

27 < σ0 < 27.5 and can be seen as representative of the salinity of AAIW entering

the South Atlantic from the Indian Ocean.
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The salinity anomaly from the AG01-R run at both 24◦S and 19◦E shows the

drift towards freshness that is indicative of the model drift discussed in Chapter

2. What is notable is that the salinity at the 19◦E section drops almost twice as

rapidly as the salinity at 24◦S (Figure 4.15). From this, it could be imagined that

an increase in Agulhas leakage would result in a decrease in salinity at 24◦S in the

AG01-R.

The results from this preliminary study are not conclusive. Focusing solely on the

change in Agulhas leakage as measured by the results of the Ariane experiment, it

is found that the slight increase in Agulhas leakage could have acted to lower the

salinity at 24◦S due to more of the rapidly freshening AAIW at 19◦E entering the

South Atlantic. This qualitative link is tenuous and based on the hypothesis that

the rate of freshening increased in the realistically forced model from 1990-2004

in comparison with 1969-1983 due to increased Agulhas leakage. The hypothesis

neglects the fact that the majority of the water in both runs of particle tracking,

as well as the majority of the change between the runs, lies in the water that

originated from 24◦S and the water that has its origin within the box.

It is difficult to see how an improvement could be made to the experiment. There is

little scope to extending the time period of the particle tracking as the experiment

already extends to virtually the start of the model data. It is also difficult to know,

given that the most realistic salinity changes in the model emerged comparing

AG01-R to AG01-C, how much information can be garnered by floats traced from

AG01-R alone.
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4.5 Discussion

This study of interannual and intradecadal variability has used additional cruise

data, Argo data and model data to build up a picture of how water masses vary

on timescales shorter than discussed in Chapter 3.

Introducing two additional cruises at 34◦W, 24◦S has shown that the thermocline

and intermediate water can vary over a couple of years, at a specific location,

on magnitudes close to the basinwide changes that occurred over 25 years. This

investigation could not give an indication of whether these changes occurred over

the whole basin.

Argo data were used to investigate the changes across the basin. The changes

shown in Figure 4.2 indicated that large changes (i.e. changes of O(0.01) in salinity,

comparable to those seen between cruises separated by 25 years) were possible at

certain locations but that the basinwide changes seen in the full basin comparison

were not evident. When salinity changes on potential temperature surfaces were

investigated using Argo data, salinity anomalies that propagate across the basin

appeared the dominant form of variability over the short timescale covered by

Argo data (Figures 4.3, 4.4).

In both Argo data and model data it is clear that, at AAIW depths, salinity

features which propagate across the basin are the dominant mode of variability.

This is the case, not only on interannual timescales as shown by Argo data, but

are the most obvious form of variability on decadal timescales, as shown by model

data.
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Propagating salinity features are strongest in a latitude band around 28◦S to 30◦S.

This latitude band is the region associated with the propagation of Agulhas Rings

across the basin indicating a likely link with the Indian Ocean. The salinity fea-

tures propagate with a speed between 2.25 cm/s (Argo data) and 1.7 cm/s (Model

data) that is close to the speed of second mode baroclinic Rossby waves described

in Killworth et al. (1997). Second mode Rossby waves are not as frequently studied

as first mode Rossby waves, which appear commonly in SSH and other satellite

measurements. Argo data offer a unique opportunity to study the subsurface

signature of propagating features.

The features are more consistent with a planetary wave than some other mecha-

nism of propagation across the basin. If advection was the cause of the motion

of these salinity anomalies across the basin, they would propagate in a manner

similar to the circulation of AAIW. Hence eastward propagating features would

be seen around 40◦S and the major channel for westward propagation would be

25◦S. Only westward propagation is observed and this is focused in the latitudes

around 28◦S to 30◦S.

Why do these propagating features appear in salinity? The features are present

in salinity and not temperature. Given that the link with the Indian Ocean has

already been indicated, it is likely that a dynamical signal from the Indian Ocean

is causing these planetary waves and, with that, there is an altered salinity, which

then propagates across the basin in these waves. As a mechanism for transferring

salt through the Atlantic, these features could be important in the global picture

in conveyance of sufficient salt for the eventual formation of North Atlantic Deep

Water.
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Longer term changes were also investigated using model data. The decadal changes

investigated in the thermocline at 24◦S gave a picture of basinwide coherent

changes in salinity. Argo data did not show basinwide changes in salinity over their

seven year period but the model, with a 40 year run, did. The model showed how

basinwide changes in salinity occur in the thermocline over decadal timescales in a

manner consistent with the changes seen in the cruise data. This gives confidence

that the thermocline salinity changes discussed in Chapter 3 are representative of

decadal scale variability and not merely aliasing short term variability.

This study has succeeded in investigating the probable ways that the ocean varied

between hydrographic cruises. The analysis in this chapter supports the idea that

the basinwide changes in salinity at 24◦S are realistic long term changes. However

it also shows that reversals of these changes are possible over long timescales. The

analysis in this chapter also shows that AAIW varies on short timescales of the

order of a couple of years, which was also shown to be possible in the previous

chapter.



Chapter 5

Southern Hemisphere AAIW

5.1 Introduction

This chapter expands on the methodology developed in Chapter 3 to investigate

the salinity-AOU/oxygen relationship in all the ocean basins of the southern hemi-

sphere. The relationship exists between salinity and oxygen because, as AAIW is

a salinity minimum, as it ages it grows more saline due to diapycnal mixing with

more saline water masses. The oxygen decreases as the water mass ages. Hence

salinity and oxygen are anti-correlated in AAIW. AOU is used instead of oxygen

where possible as AOU is a more useful indicator of age. AOU is zero where

the water mass age is zero at ventilation. It increases as the water mass ages.

Hence salinity and AOU are positively correlated. Where there is a large spread

of temperatures, AOU does not correlate as well with salinity as oxygen due to

temperature being a part of the calculation of AOU. The focus is around 30◦S

109
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Figure 5.1: Hydrographic data used in this study. The primary focus is around
30◦S where there is repeat hydrography from the WOCE era and 2002/03 (black
line). The Subantarctic Front (SAF) (Orsi et al., 1995) is shown as the black

dashed line.

where data are present from 2002/03 and the WOCE era (1989–2000) circumglob-

ally along repeated cruise tracks. Data are also used from other WOCE era cruises

and historical hydrographic data. The cruise tracks are shown in Figure 5.1.

It will be shown that the South Atlantic has the most tightly defined salinity-

AOU relationship. This will be used to investigate the properties, mixing and

the origin of AAIW in the Atlantic. Much of the Pacific – east of 180◦W – has

the same relationship as the South Atlantic but there is a different mixing regime

originating in the southeast Pacific east of 110◦W. The Indian Ocean is a special

case due to the presence of Red Sea Intermediate Water (RSIW), which introduce

a large range of temperatures on the salinity minimum. It will be seen that much

can be learned from the salinity-oxygen relationship in this basin also.

5.2 The view from 30◦S

Figure 5.2 shows the circumglobal view from 30◦S with the salinity minimum of

AAIW highlighted. AAIW is a salinity minimum in vertical profiles surrounded
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Figure 5.2: Vertical sections of (a) potential temperature, (b) salinity, (c)
oxygen and (d) pressure at 30◦S around the globe in 2002/03. Data are bottle
data fitted using an Akima spline to a 10 dbar grid. The vertical salinity
minimum associated with the AAIW is highlighted with black or white dots.
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Figure 5.3: Salinity differences in the Pacific (1991 to 2003), Atlantic (1993 to
2003) and Indian (1987 to 2002) on σ0. The figures are constructed identically
to Figure 3.13. Data from pressures less than 300 dbar and greater than 3000
dbar are excluded. Red pluses indicate the vertical salinity minimum. Black

lines indicate pressure contours of 500, 1000 and 2000 dbar.

above and below by more saline water masses. In the southeast Pacific, the surface

water is less saline than the AAIW which exists at around 800 dbar. This is the

only location at 30◦S where water less saline than AAIW exists. The Pacific has

the thickest layer of AAIW seen in the broad minimum of Figure 5.2(b). An

oxygen maximum lies above the salinity minimum in the Pacific and, to a lesser

extent, in the southwest Atlantic. This is associated with Sub-Antarctic Mode

Water (SAMW) (Hanawa & Talley, 2001).

Analysis of changes of these recent sections at 30◦S in the South Atlantic and

Indian Ocean has been covered in Chapter 3. With the addition of the Pacific,
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the full three basin comparison on density surfaces is included in Figure 5.3. The

methodology used is discussed in Chapter 2. The Pacific data show a strong

freshening in the upper thermocline with little change below σ0 = 27. There is a

slight salinification around the salinity minimum in the east of the Pacific basin.

This is consistent with changes reported by Schneider et al. (2005) using the same

data. The salinification in the east of the Atlantic has been noted in Chapter 3

and is linked with the salinification seen in the Indian Ocean from 1987 to 2002

first noted by Bryden et al. (2003); McDonagh et al. (2005). This comparison

on density surfaces is included here for orientation as this chapter is primarily

concerned with the water-mass properties on the salinity minimum of the AAIW,

shown in Figure 5.3 with red pluses.

The properties of AAIW on the salinity minimum at 30◦S is provided in Figure 5.4.

AOU is used instead of oxygen as much of the discussion uses AOU. A distinct

advantage of analysing the data on the salinity minimum of the AAIW rather

than on a density surface is that the temperature and salinity measurements are

independent. The potential temperature of the Pacific AAIW is almost a degree

warmer than the South Atlantic and half a degree warmer than the Indian Ocean.

AOU varies in a qualitatively similar way to salinity (Figures 5.4(b) and (c)). The

freshest and lowest AOU is present around 90◦W in the Pacific Ocean. The varia-

tion of salinity across the Pacific basin is smoother than in the South Atlantic or

Indian Oceans. A distinctly different salinity AAIW is present in the recirculated

waters of the East Australia Current (EAC) west of 180◦W in the Pacific. There

is a sharp increase in AOU around 90◦W, which is coincident with an increase in

salinity. Warm, high salinity, high AOU water is notable in the far west of the
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Figure 5.4: (a) Temperature, (b) salinity and (c) AOU data taken from the
salinity minimum at 30◦S in 2002/03 around the globe. Bottle data were fitted
to an Akima spline before extraction of the data correspondent to the salinity

minimum.
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Indian Ocean around 30◦E. This is water in the Agulhas current which contains

recirculated Indian Ocean AAIW and RSIW (Roman & Lutjeharms, 2009).

Averages of the potential temperature, salinity, AOU and pressure in the three

ocean basins from the WOCE era and 2003 occupations are shown in Table 5.1.

AAIW in the EAC, west of 180◦W, is not included in the basinwide average of

the Pacific Ocean basin nor are data from the Agulhas region of the Indian Ocean

west of 40◦E. Data were screened for outliers caused by the influence of mid-ocean

bathymetric features or proximity to the coast. The data are interpolated onto a

regular longitude grid before averaging.

There has been a significant increase in potential temperature on the salinity

minimum over the decade, which is particularly notable in the South Atlantic. The

salinity decreases over the decade in the Pacific and Indian Oceans but increases

in the South Atlantic. The increase in salinity in the South Atlantic was discussed

in Chapter 3 and was shown not to be significant across the whole basin but was

significant in the east of the basin. The salinity decrease in the Indian Ocean over

this time period was previously reported on density surfaces and using a minimum

change method by Bryden et al. (2003); McDonagh et al. (2005). Schneider et al.

(2005) reported that there was an increase in salinity of 0.004 in the southeast

Pacific between the 1993 and 2003 on density surfaces representative of AAIW

when the section east of 150◦W is considered using these datasets.

The goal here is to extend the methodology of using the salinity-AOU/oxygen re-

lationship to investigate the changes. The global salinity-AOU diagram for AAIW

at 30◦S is shown in Figure 5.5. If AOU is taken as proportional to age, the salinity-

AOU diagram shows how the salinity of the AAIW at 30◦S changes with time. The
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Pacific Ocean Atlantic Ocean Indian Ocean
P06 1991 P06 2003 A10 1993 A10 2003 I05 1987 I05 2002

ptemp (◦C) 5.14 (0.19) 5.15 (0.13) 4.25 (0.40) 4.38 (0.28) 4.64 (0.22) 4.69 (0.25)
sal 34.299 (0.033) 34.296 (0.029) 34.317 (0.034) 34.319 (0.030) 34.393 (0.018) 34.385 (0.018))

aou (µmolkg−1) 88 (11) 89 (11) 96 (10) 98 (10) 115.6 (5.4) 114.0 (4.9))
pres (dbar) 850 (100) 850 (110) 870 (80) 880 (80) 1070 (90) 1090 (100)

Table 5.1: Basinwide averages of the potential temperature, salinity, AOU and pressure from 30◦S from the WOCE
era and from 2002/03. Means are shown with standard deviations in parenthesis. Outliers arising from incorrect
determination of the salinity minimum of AAIW due to mid-ocean topography or proximity to the coast were removed.
The data were linearly interpolated onto a regular longitude grid to eliminate sampling bias. The Pacific data exclude
data from the East Australia Current west of 180◦. The Indian data exclude data from the Agulhas current west of
40◦E. The warming over the decade is consistent in each basin. In the Indian ocean and Pacific ocean there has been

a decrease in salinity but there was an increase in salinity in the South Atlantic.
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Figure 5.5: Salinity-AOU diagram for AAIW at 30◦S. Black, open circles are
data from the Atlantic, light grey, pentacles are data from the Indian Ocean
and dark grey, crosses are data from the Pacific. A different mixing regime in

the eastern Pacific east of 110◦W is highlighted by the dashed line.

South Atlantic data has the strongest correlation of salinity-AOU at 30◦S of the

three ocean basins with a correlation of 0.95. The Pacific data has three distinct

regimes. All Pacific salinities higher than 34.35 come from west of 180◦W in the

EAC. These salinity data do not show high correlation with AOU. From 180◦W to

110◦W, the salinity-AOU relationship is similar to that of the South Atlantic and

has a high correlation of 0.93. East of 110◦W a different salinity-AOU relationship

exists. This is highlighted with a dashed line in Figure 5.5. This is also highly cor-

related when considered separately with a correlation of 0.96. The Indian Ocean

data has a less correlated relationship between salinity and AOU as exists in other

basins due to the spread of temperatures introduced by the presence of RSIW.

Oxygen rather than AOU will be used in Indian Ocean analysis.
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Figure 5.6: Light grey dots show the highly correlated (r = 0.95) relationship
between salinity and AOU in the South Atlantic. (b) The data come from all

over the South Atlantic from the 1920’s to the 2000’s.

5.3 South Atlantic Ocean

The Atlantic AAIW has the most highly correlated salinity-AOU relationship (Fig-

ure 5.6) with a correlation of 0.95. Data from throughout the subtropical South

Atlantic and from times ranging from the 1920’s to the 2000’s, as well as 30◦S

are used in Figure 5.6. By fitting a line in salinity-AOU space, a source salinity

can be assigned to the AAIW in the South Atlantic. This is interpreted as the

salinity where the AOU is zero: the salinity at ventilation. A linear fit to these

data generates a ratio of ∂S/∂AOU of 0.0022 and a source salinity of 34.1. The

value of 34.1 occurs at the surface south of the SAF (Figure 5.7). The relationship

is remarkably coherent given that the data comprising this figure come from the

1920’s through to the 2000’s and from locations throughout the South Atlantic.

This relationship is useful for interpretation of salinity changes, investigation of

the source water properties of AAIW and estimation of mixing which drives the

salinity changes.
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Figure 5.7: Salinity on the intermediate water salinity minimum from an
Argo climatology (Roemmich & Gilson, 2009). The SAF (Orsi et al., 1995) is
indicated with a white line. Salinities north of the SAF are chosen as the salinity
minimum at pressures greater than 400 dbar to choose the intermediate salinity
minimum. South of the SAF there is no intermediate salinity minimum. The
minimum salinities occur at or near the surface and are less than 34.1. Pathways

of AAIW spreading into the subtropical gyres are indicated with arrows.

5.3.1 Investigation of the source water properties of AAIW

in the South Atlantic

The source salinity traced from the salinity-AOU relationship for the Atlantic

was 34.1. One question that can be addressed using this result relates to the

formation region of AAIW. There is ongoing debate as to where the water mass

is formed. The traditional view, put forward by McCartney (1977) originally, put

the formation of AAIW in the deep winter mixed layers of the South East Pacific.

More recently modelling studies (Santoso & England, 2004) and observations in

Drake Passage (Naveira-Garabato et al., 2009) have suggested that the formation

is in the winter water of the Bellinghausen Sea.

A cruise dedicated to study the AAIW and Subantarctic Mode Water in the Pacific

in 2005 (Sloyan et al., 2010) is used to investigate this. Figure 5.8 shows the

minimum salinities of profiles from this cruise. The profiles in the deep winter

mixed layers are shown between the subantarctic and subduction fronts. The
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Figure 5.8: The minimum salinities from an AAIW austral winter cruise in
2005 are highlighted. The subantarctic front (SAF) and subduction front (SDF)
are defined in dynamical region by Sloyan et al. (2010) (their Figure 1). The
region between the SDF and SAF is the region of the deep winter mixed layer
where it has been suggested AAIW was formed (McCartney, 1977). As the
source salinity for the South Atlantic is 34.1, this indicates that the water in
the deep winter mixed layer of the southeast Pacific, based on this survey, is

too saline to be the precursor of AAIW in the South Atlantic.

subduction from is where the AAIW is subducted into the ocean interior (Sloyan

et al., 2010). The salinities in this region are higher than 34.1. While this is a one

off survey, it indicates that the deep winter mixed layer sampled here is too saline

to be the source of AAIW in the South Atlantic.

This is by no means an exhaustive study of whether or not the winter mixed

layers in the southeast Pacific are always too saline to form the AAIW seen in the

Atlantic but it does highlight a methodology for examining this problem.



Chapter 5. Southern Hemisphere AAIW 121

90 100 110 120 130 140 150 160 170
20

25

30

35

40

45

AOU

A
ge

 (
ye

ar
s)

 

 

sf6 age
f11 age

Figure 5.9: The relationship between AOU and age derived by SF6 (grey
dots) and CFC11 (dark grey pluses) on the salinity minimum of AAIW at 24◦S

in the South Atlantic.

5.3.2 Estimation of mixing from ∂S/∂AOU

The ∂S/∂AOU of 0.0022 is constant throughout the South Atlantic and, taking

AOU as a proxy for age, qualitatively describes the change of salinity with time. To

estimate quantitatively the age of the water mass other tracers need to be used.

CFC ages from the 2009 CLIVAR cruise at 24◦S (provided by M. J. Messias,

personal communication) were used to estimate a relationship between AOU and

age (Figure 5.9). Two tracers were investigated: CFC11 and SF6. Due to the

historic atmospheric concentrations of these tracers they provide an upper and a

lower estimate for the age of the water mass. CFC11 is less useful for younger water

masses due to double values of atmospheric CFC concentrations following their

decline since the 1980’s but is useful for AAIW which is over thirty years old at

24◦S. The two tracers generate ages of about five years difference at 24◦S, however

the ratio between the two tracer ages and AOU is very similar. Hence, there is

little sensitivity to the tracer chosen when calculating ∂S/∂t. The calculated value
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of ∂S/∂t is 0.01 year−1 to one significant figure using either SF6 age or CFC11

age.

What does cause the change in salinity of AAIW over time? Three likely mecha-

nisms can be imagined: diapycnal mixing, isopycnal mixing or advection of more

saline water masses of different salinity with AAIW. In the South Atlantic, AAIW

is the only intermediate water mass in its density class (Talley, 1996; Emery, 2001).

It has also been shown in Figure 5.6 that AAIW salinities from the 1920’s to the

2000’s collapse onto the same mixing line implying that the source salinity (S0)

has been reasonably constant over time. If isopycnal mixing and advection were

to be the cause of the salinity change (S(t)), then the salinity would not change

as S(t) = S0, which is constant, and there is no other water mass in this density

class to mix with. The change in salinity is therefore primarily due to diapycnal

mixing with water masses more saline than AAIW.

This hypothesis is tested by calculating a Lagrangian value for bulk mixing. Using

∂S/∂t, a calculation of vertical mixing can be made. Vertical mixing is given by

∂S

∂t
+ w

∂S

∂z
=

∂

∂z
(Kz

∂S

∂z
)

from e.g. Stewart (2006). Where S is salinity, w is vertical velocity and Kz is the

coefficient of vertical mixing. As ∂S/∂z is zero due to AAIW being on the salinity

minimum, the calculation simplifies to

Kz =
∂S

∂t
/
∂2S

∂z2
.

An average salinity-depth profile for 24◦S is used to calculate ∂2S/∂z2. The first
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Figure 5.10: (a) Salinity-AOU relationship in the Pacific, east of 180◦W.
Two mixing regimes are evident. The lower (red crosses), is labelled east Pa-
cific AAIW (EPAAIW) and the upper (blue crosses) is labelled central Pacific
AAIW (CPAAIW). CPAAIW mixes along a line similar to the South Atlantic.
EPAAIW begins mixing along a line with slope ∂S/∂AOU = 0.001. But eventu-
ally this begins to return to the value of ∂S/∂AOU = 0.0022 evident in the cen-
tral Pacific and the South Atlantic. (b) The location of EPAAIW. EPAAIW is
subducted into the low oxygen north Pacific Deep Water near 30◦S and spreads

northwestwards.

derivative, ∂S/∂z is calculated by a simple difference method. This is then fitted

to a second degree polynomial around the salinity minimum to smooth spikes in

the first derivative before ∂2S/∂z2 is calculated again using a simple difference

method, giving ∂2S/∂z2 as 5 × 10−6/m2 to the nearest significant figure. The

coefficient of vertical mixing, Kz is estimated as 7×10−5 m2s−1. This is consistent

with direct estimates of vertical mixing in the open ocean (Polzin et al., 1997).

5.4 South Pacific Ocean

Two distinct salinity-AOU relationships exist in the Pacific AAIW east of 180◦W.

Figure 5.10(a) shows the two varieties in salinity-AOU space. At 30◦S, the east

Pacific AAIW (EPAAIW) is located east of 110◦W. It follows a distinct mixing
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Figure 5.11: Oxygen along 90◦W in the South Pacific. The salinity minimum
of the AAIW is highlighted with black dots. An oxygen maximum is visible
closely associated with the AAIW. This high oxygen tongue is subducted into

the low oxygen PDW, visible at oxygen less than 140 µmol kg−1.

line (black dashed line, Figure 5.5) where ∂S/∂AOU is 0.001. The central Pa-

cific branch (CPAAIW) follows a similar mixing line to the South Atlantic, with

∂S/∂AOU equal to 0.0022 (Figure 5.10(a)).

EPAAIW evolves along a different mixing line from the rest of the Pacific as it is

subducted into a very low oxygen, Pacific Deep Water (PDW). PDW is identifiable

by the very low oxygen visible below the salinity minimum from 110◦W and above

the salinity minimum from 90◦W. Figure 5.11 shows AAIW subducted into PDW.

The spatial extent of EPAAIW is shown in Figure 5.10 (b). The salinity-AOU

relationship begins to break down at AOU higher than 200 µmol kg−1 so these

data are excluded.

During this subduction of AAIW into the PDW, the rate of salinity change relative

to AOU change (∂S/∂AOU) is 0.001. However, this begins to return to the value of

0.0022 away from the subduction zone near 30◦S (Figure 5.10(a)). The mixing line
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of ∂S/∂AOU equal to 0.0022 is evident in the South Atlantic and in the Pacific,

even when the data do not originally follow this line as in the case of EPAAIW.

The fact that ∂S/∂AOU = 0.0022 exists in regions where the oxygen (and hence

AOU) structure is different indicates that the change in AOU represents aging

rather than just mixing of AOU.

5.5 South Indian Ocean

AAIW in the Indian Ocean is more complex than other basins due to the presence

of other water masses in similar density classes, namely Red Sea Intermediate

Water (RSIW) and Indonesian Intermediate Water (IIW).

IIW enters the Indian Ocean through the Indonesian Throughflow and is charach-

terised by salinities of 34.6–34.7, temperatures of 3.5◦–5.5◦C (Emery, 2001) and

oxygens of 75–105 µmol/kg (You, 1998). While the source of this water mass into

the Indian Ocean is the Indonesian Throughflow, the water mass is not formed

there. Its temperature range is similar to AAIW; its salinity is at the higher end

of the scale for AAIW and it has low oxygen. These properties are not incon-

sistent with this water mass being old AAIW. For this reason, and the fact that

the spatial range of this water mass is limited to a region around the Indonesian

Archipelago (Emery, 2001), IIW is not treated separately from AAIW here.

RSIW, on the other hand, has a distinct formation region definitely different from

AAIW. It is formed in the dense outflow from the Red Sea; it has a high salinity of

between 34.8–35.4 when it equilibrates away from the Gulf of Aden, temperatures

in the range of 5◦–14◦C (Emery, 2001) and a density (σ0) of 27.2–27.3 (Beal et al.,
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Figure 5.12: (a) Histograms of potential temperatures from the salinity mini-
mum in the South Atlantic. (b) Histograms of potential temperatures from the
salinity minimum in the Indian Ocean. (c) The dependence of oxygen satura-
tion on temperature. The width of the line spread due to a range of salinities

from 33 to 36.

2000). It is predominantly located north of 10◦S in the Indian Ocean (Emery,

2001) but has also been seen to be present in the Agulhas current (Roman &

Lutjeharms, 2007, 2009). Hence it mixes with AAIW over a wide geographical

range and sharply influences the properties of AAIW in the Indian Ocean.

Analysis of the salinity-AOU properties of AAIW in the Indian Ocean is influenced

by RSIW. The mixing with RSIW causes large variations in the temperature on

the salinity minimum which are not present in other ocean basins. Figure 5.12(a)

and (b) compare the spread of temperatures in the South Atlantic with the spread

of temperatures in the Indian Ocean on the salinity minimum. It is clear that there

are more higher temperatures present in the Indian Ocean data than the South

Atlantic data. The presence of these higher temperatures has a strong effect on the

AOU through the calculation of oxygen saturation. Oxygen saturation is strongly

dependent on temperature (Figure 5.12(c)). Hence the correlation between the

salinities from the salinity minimum and the AOU in the Indian ocean is only

0.5. AOU is a derived quantity from dissolved oxygen concentration, which is

the real property of the water mass. Given the relationship between AOU and
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Figure 5.13: Potential temperature of Indian Ocean AAIW data in salinity-
oxygen space. The salinity-oxygen relationship from the South Atlantic (the

data from Figure 5.6) are included as gray dots for orientation.

oxygen, they can be interchanged. Given the higher temperatures affecting the

AAIW in the Indian Ocean, oxygen was the property used there. This issue was

not a feature of the analysis in the other basins where there is a much smaller

spread in the temperatures. Figure 5.13 shows the salinities and oxygen from

hydrographic sections in the Indian Ocean. There is a strong anti-correlation of

-0.78. This correlated relationship breaks down north of 10◦S when the influence

of RSIW renders the salinity minimum of the AAIW indistinct (Figure 5.14(b)).

The figure 5.13 shows the temperature of the salinity minimum in colour. The

higher temperatures are more scattered than the lower ones.

The anti-correlation of -0.78 between salinity and oxygen in the Indian Ocean is

strong but not as high as in the other ocean basins where correlations of > 0.9 were

seen between salinity and AOU. The Indian ocean data are less tightly confined

to a single line in salinity-oxygen space in comparison to the South Atlantic and

scatter to higher salinities over the same change in oxygen.

Figure 5.14(a) shows the strong longitudinal variation in salinity-oxygen space in
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Figure 5.14: (a) The salinity-oxygen relationship of AAIW in the Indian
Ocean with the longitude dependence highlighted. Grey data are from the
South Atlantic for orientation. Black dashed line has a slope fitted from the
data and an origin chosen to separate two longitude clusters. (b) The stations
used in the Indian Ocean. Green crosses represent the western cluster (above
dashed line in (a)); red crosses represent the eastern cluster (below dashed line

in (a)); blue crosses where the salinity minimum is indistinct.

the Indian Ocean. The South Atlantic or the Pacific show little longitudinal vari-

ation in salinity-AOU space. The structure of the longitudinal variation reveals

how AAIW enters the Indian Ocean. Two clusters of points are visible in Fig-

ure 5.14(a): data with blue shades are from west of 60◦E and data with red shades

are from east of 60◦E. There is not a smooth transition from low salinities in one

end of the basin to the other: the lowest salinities in each of the clusters begins at

60◦E and west of 110◦E respectively. This is due to the circulation of Indian Ocean

AAIW. The Indian Ocean has two injections of relatively fresh AAIW (S < 34.35),

one from the South Atlantic which is recirculated in a subtropical gyre south of

Madagascar and west of 60◦E and a second which enters from south of Australia,

broadly recirculating anti-cyclonically in the east of the basin (Fine, 1993; You,

1998).
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The existence of higher salinities and lower oxygens in the Indian Ocean sup-

ports the hypothesis that no new AAIW enters the Indian sector of the southern

hemisphere oceans. Figure 5.7 highlights the abrupt transition in the minimum

salinities north and south of the SAF. AAIW is not formed in the Indian Ocean

by isopycnal diffusion across this front as, if it was, there would be a less abrupt

transition of salinities on the salinity minimum. One source of AAIW enters the

western section of the Indian Ocean from the South Atlantic flowing in the South

Atlantic Current. This South Atlantic AAIW, identifiable by its low salinities

compared with Indian Ocean AAIW (Read & Pollard, 1993), is injected into the

Indian Ocean subtropical gyre at 60◦E. Here it is recirculated in the Agulhas cur-

rent, mixing with RSIW, which leads to the higher temperatures and salinities in

the eastern data. The other source of AAIW from south of Australia flows west-

ward into the Indian Ocean (Rintoul & Bullister, 1999) forming the end members

of the western AAIW in the Indian Ocean.

5.6 Discussion

This chapter has investigated the relationship between salinity and AOU/oxygen

in AAIW for all the southern hemisphere oceans. The relationship exists because

AAIW is a salinity minimum water mass which, as it ages, increases in salinity

through diapycnal mixing with more saline water masses. AOU/oxygen acts as a

proxy for this age. A highly correlated relationship between salinity and AOU is

seen throughout the subtropical South Atlantic using data spread over 90 years.

This relationship is a mixing line which which describes AAIW salinities as they

age. Strong correlation also exists in the Pacific east of 180◦W in two separate
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Figure 5.15: Synopsis of the salinity-oxygen relationship in the Southern
Ocean. Cyan represents Pacific data; black represents the South Atlantic and
red/orange represents the Indian Ocean. The Indian data are separated into
east (EIAAIW) and west (WIAAIW). The Pacific are separated into central
(CPAAIW) and eastern (EPAAIW). The consistent slope from the highly cor-
related and coherent South Atlantic data is indicated. The oxygen saturation
level is indicated for comparison with where AOU would equal zero. The calcu-
lated source salinity of the South Atlantic is indicated and the suggested source

salinity for the Pacific.

varieties of AAIW. A strong relationship between salinity and oxygen is evident

in the Indian Ocean in spite of the added complication of RSIW. A summary of

the relationships in salinity-oxygen space is shown in Figure 5.15 and this will

discussed in the paragraphs that follow.

As well as providing a measure of the rate of change of salinity, the relationship

can be used to trace a source salinity of AAIW where the AOU is zero (fully
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saturated oxygen concentration). The South Atlantic has a source salinity of 34.1.

This value was used to investigate one possible source of South Atlantic AAIW:

the winter mixed layers of the southeast Pacific. The brief investigation found

the waters of the winter mixed layer in a single season consistently more saline

than the source salinity of the South Atlantic. The source salinities indicated for

the Pacific are higher than in the South Atlantic (Figure 5.15). This preliminary

study casts doubt on the southeast Pacific being the source of Atlantic AAIW.

In the Indian Ocean, high temperature RSIW complicated the picture in salinity-

AOU space and it was necessary to view the relationship in salinity-oxygen space.

This had a high anti-correlation of -0.78, which is slightly lower magnitude than

the salinity-AOU correlation in the Pacific and Atlantic. The greater spread of the

data in the Indian Ocean was caused by there being two sources of AAIW in the

Indian Ocean. One from the Atlantic which is injected into the Indian subtropical

gyre at 60◦E and another from south of Australia, which enters from east of 120◦E.

The different evolution of these paths of AAIW is shown clearly in salinity-oxygen

space.

In the Pacific, two different regimes of mixing were seen. CPAAIW follows much

the same mixing line as the South Atlantic indicating that the rate of diapycnal

mixing in AAIW is similar in the Pacific and the Atlantic. EPAAIW exists in

the eastern part of the Pacific. It follows a different mixing line from CPAAIW

because it is subducted into the very low oxygen (high AOU) PDW. The low

oxygen of the PDW alters the oxygen (AOU) of the EPAAIW rapidly. Hence the

∂S/∂ AOU is much lower at around 0.001. However, away from the subduction

zone, the EPAAIW returns to a ∂S/∂ AOU of 0.0022.
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The re-emergence of ∂S/∂ AOU of 0.0022 points to this figure being representative

of the ageing of the AAIW. Confident of ∂S/∂AOU being representative of ∂S/∂t,

an estimate for diapycnal mixing was undertaken using CFC ages at 24◦S. Kz was

estimated as 7 × 10−5m2s−1. This value is in a similar range to some values of

abyssal mixing (O(10−4) Heywood et al. (2002); Naveira-Garabato et al. (2004)),

mixing in AAIW near the SAF (O(10−3 − 10−4) Sloyan et al. (2010)) and upper

ocean mixing in the South Atlantic (O(10−5)Polzin et al. (1997)). This estimation

of Kz indicates that the assertion that AAIW salinity change is due to diapycnal

mixing with more saline water masses is sound.

This study has expanded the application of salinity-AOU/oxygen to AAIW through-

out the southern hemisphere. It has described the relationship in the various

ocean basins and applied the method to interpret circulation, mixing estimates

and source water formation. Further investigation of the diapycnal mixing esti-

mate – which is to the upper end of the scale for upper open ocean mixing – could

be undertaken using CFC ages from different latitudes and locations. A more

in depth study into the links between the southeast Pacific winter mixed layers

and Atlantic AAIW could benefit from using Argo data to get a more thorough

estimate of the salinity in the winter mixed layer.



Chapter 6

Discussion and Conclusions

This thesis has thoroughly investigated the variability of water mass properties

of the intermediate and thermocline water masses of the South Atlantic. This

has been achieved by examining long term changes using historical and modern

hydrographic data, short term changes by using modern Argo float data and the

two timescales have been married using a modern and appropriate ocean model.

This thesis has used established methodology, for example, in analysing salinity

changes on density surfaces in the thermocline and has developed new method-

ology, for example the use of the salinity-AOU/oxygen relationship for analysis

of AAIW properties. Techniques established in satellite oceanography have been

transferred and used to analyse subsurface propagating salinity features.

To summarise and conclude, the types of variability observed will be discussed

and will be interpreted in a wider climatic context, newly observed subsurface

propagating salinity features will be discussed and the use of the relationship

133
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between salinity and AOU/oxygen in AAIW for interpreting changes in that water

mass will also be discussed.

6.1 Modes of variability of South Atlantic water

masses

This study has revealed that the thermocline and intermediate water masses in

the South Atlantic vary in different manners.

6.1.1 Thermocline water

Using three hydrographic sections at 24◦S and two at 30◦S, the decadal changes

in the thermocline water masses were analysed. A model run from 1968 to 2004

was also analysed to investigate the type of variability in the thermocline water

masses that may have occurred between cruises.

At 24◦S, salinity on density surfaces varied uniformly across the basin in the ther-

mocline. This took the form of a salinification from 1958 to 1983 and a freshening

from 1983 to 2009. At 30◦S, from 1993 to 2003, there was a salinification focused

in the eastern part of the basin.

The location of the salinity increase at 30◦S in the eastern basin suggest that

influence from the Indian Ocean could be a factor. It has long been known that

there is exchange of thermocline water between the Indian and the Atlantic oceans

(Gordon, 1986). Indeed, during the period 1987 to 2002, a period that overlaps
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the measurements at 30◦S, the Indian Ocean was seen to salinify in the upper

thermocline (Bryden et al., 2003; McDonagh et al., 2005). Hence, while the amount

of inflow from the Indian Ocean over the period may not have changed, the waters

transmitted are likely to have increased the salinity of the water at 30◦S in the

Atlantic. The ten year period between measurements at 30◦S is relatively short and

may not constitute a long enough timeframe to detect slower processes, namely

the subduction of surface waters with climatically changed properties into the

thermocline – a process which is believed will freshen the thermocline (Bindoff

et al., 2007).

The time interval between the three cruises at 24◦S is closer to a quarter of a

century (1958, 1983, 2009) and hence slower processes are more likely to impact

the changes than at 30◦S where only a ten year interval exists. This is supported by

investigations of the model data that, in the thermocline, slow (of the order of ten

years) changes in salinity on density surfaces is the dominant form of variability.

Also, consideration of Argo data from 2003 to 2010 did not show basinwide shifts

in salinity in the thermocline. These two pieces of evidence suggest that the

basinwide shifts in salinity in the thermocline at 24◦S in hydrographic data are

representative of decadal changes and do not merely alias short term variability.

What is driving the basinwide changes in salinity in the thermocline at 24◦S? As

discussed in Chapter 1, the thermocline in the subtropical South Atlantic outcrops

in regions where P > E and hence, with an intensification in the hydrological cycle,

these waters are expected to freshen. This might be consistent with the freshening

seen from 1983 to 2009 but does not explain the salinification from 1958 to 1983.

An argument could be made that the intensification of the hydrological cycle has
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been driven mainly by the anthropogenic climate change that is most visible since

the 1970’s (Trenberth et al., 2007) but this would not explain the salinification

from 1958 to 1983. The most probable explanation is related to the Indian Ocean.

The Indian Ocean is more saline and less oxygenated at the same latitude than the

South Atlantic. By linking high salinity, high oxygen anomalies in the thermocline,

50% of the increased salinity between 1958 and 1983 at 24◦S is explained.

The increases of salinity at both 30◦S and 24◦S have been seen to be related to

the Indian Ocean. At 24◦S, the increase in salinity from 1958 to 1983 was due to

more Indian Ocean water (indicated by correlation between salinity and oxygen

anomalies) being present in the thermocline in 1983 than 1958. At 30◦S, the

increase in salinity from 1993 to 2003 is due to a salinity increase in the Indian

Ocean thermocline from 1987 to 2002 rather than a change in the proportion of

Indian Ocean water. The freshening at 24◦S from 1983 to 2009 doesn’t appear to be

linked with a decrease in the proportion of Indian Ocean water. An intensification

of the hydrological cycle cannot be ruled out as the cause of this freshening.

Are there other mechanisms which could cause these changes of salinity in the

thermocline? The circulation of a subtropical gyre has an impact on its ther-

mohaline structure through mixing and movement of water masses. Circulation

changes have not been explicitly investigated. The subtropical gyre is conceived

as a wind driven, closed loop with a poleward western boundary current and a

return flow through the rest of the gyre. Meridional salinity gradients are greater

than zonal salinity gradients. For example, at the base of the thermocline, salinity

varies by 0.2 from 35◦S to 20◦S (Figure 3.4) (roughly the meridional extent of the

gyre) whereas salinity varies by 0.05 across the zonal extent of the gyre at 24◦S
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(Figure 3.9). Hence, the most likely cause of a noticeable change in salinity due to

a change in the gyre circulation will be due to a meridional shift in the gyre. The

southern hemisphere westerlies are known to be shifting southwards (Toggweiler &

Russell, 2008; Toggweiler, 2009) and models predict that this will lead to a south-

wards shift in the location of the subtropical front (Biastoch et al., 2009b), the

southern boundary of the subtropical gyre. Investigations into the meridional gra-

dients of salinity on density surfaces indicated that a maximum change in salinity

of 0.01/◦ latitude existed in the subtropical gyre. This would need a southwards

shift of 5◦ to get the salinity changes seen from 1983 to 2009 at 24◦S. As Biastoch

et al. (2009b) only found a shift of 2◦ in their 40 year model run, it is unlikely that

this is the cause of the salinity change.

Nonetheless, the reorganisation of the thermohaline structure of the subtropical

gyre in response to changes in wind forcing is an important factor in correctly

interpreting changes in thermocline salinity when measured on density (or other

vertical surface) at a fixed latitude.

6.1.2 Antarctic Intermediate Water

Analysis of AAIW was undertaken by looking at the core properties of the salinity

minimum. This differs from many authors who analyse temperature changes on

density surfaces representative of the salinity minimum (e.g. Helm et al. (2010);

Durack & Wijffels (2010)). Analysing on the salinity minimum has the advantage

that temperature and salinity changes are independent of one another.
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Figure 6.1: An exaggerated illustration of pure warming on the water column.
T1 is pre-warming; T2 post-warming. Density levels of the salinity minimum
representing AAIW are highlighted as well as the effect of interpreting a salinity

change on either of these density levels.

Table 3.1 shows that there has been a consistent warming of AAIW through the

three cruises at 24◦S (1958, 1983 and 2009) and at 30◦S (1993 and 2003). This is

consistent with the results of Schmidtko & Johnson (2011), who also reported a

warming of AAIW. As will be discussed later on, increases in salinity are observed

also though not as consistently as a temperature increase.

Caution must be exercised when analysing salinity changes around the salinity
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minimum on density surfaces. Consider the situation in Figure 6.1. Two cruises

measure the salinity-density relationship as T1 and T2. T2 has been warmed

leading to lighter densities. This is the effect of a pure warming on the whole water

column. If a density surface is chosen to represent the salinity minimum based on

the measurements at T2, then an apparent freshening and warming will be seen.

The converse is true if changes are analysed on a density surface representative of

the salinity minimum at T1: cooling and salinification is seen. An averaged density

surface is most likely to be chosen. The salinity change will then be related to

the gradient of the salinity-density curve above the salinity minimum versus the

gradient below the salinity minimum. In the case of Figure 6.1, with a salinity-

density profile based on 30◦S, there is a higher salinity gradient at densities above

the salinity minimum than below. Hence a freshening is likely to be calculated

on an averaged density surface. This is an illustration to show how it might be

possible to obtain apparent salinity changes due to changes in density where no

real salinity change occurs.

The results in Table 3.1 show a salinification in AAIW at 24◦S from 1958 to 1983

and Table 3.2 show a salinification in the east of the basin at 30◦S from 1993 to

2003. No freshening signals were detected in these hydrographic datasets. AAIW

outcrops in a region where precipitation dominates over evaporation and, with the

intensification of the hydrological cycle expected due to climate change, this water

mass is expected to freshen. Freshening had been observed in the Indian (Bindoff

& McDougall, 2000; Bryden et al., 2003; McDonagh et al., 2005) and the Pacific

(Wong et al., 1999) previously. The question, which emerged from this analysis,

is why is the South Atlantic different?
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The explanation lies, like the explanation of the thermocline changes, in the Indian

Ocean influence and was unlocked by considering the salinity-AOU relationship in

AAIW. AAIW salinity and AOU/oxygen have been shown to be highly correlated.

This is due to AAIW being a salinity minimum, which, as it ages, increases in

salinity through diapycnal mixing with other water masses. This relationship has

been shown to hold in all of the Southern Hemisphere – though with different

characteristics – in Chapter 5. In the South Atlantic, the relationship is strong

and coherent. As AAIW ages, it evolves along a straight line in salinity-oxygen

space in the South Atlantic. This can be traced back to give a source salinity:

the salinity at the surface represented by where the oxygen is saturated (AOU

is zero). If the hydrological cycle changes, the source salinity should change and

AAIW should evolve along a different line in salinity-oxygen space. This is not

the case in the South Atlantic where all three cruises at 24◦S, two cruises at 30◦S

and indeed all cruises investigated from the 1920’s to the 2000’s, throughout the

South Atlantic, collapse to the same line in salinity-oxygen space.

The increased salinities seen in the basin (or half-basin) averages are thus due to

older AAIW being present at a particular latitude. These higher salinities can

be explained by considering the influence of the Indian Ocean. The circulation

of AAIW that can be inferred by looking at the salinity-oxygen relationship will

be discussed later in this chapter but at this stage, it is sufficient to say that the

variation relating to inflow from the Indian Ocean influences South Atlantic AAIW

salinity. Variations in the amount of water entering the South Atlantic from the

Indian Ocean are not the only possible source of older AAIW. It is also possible

that the gyre circulation in the South Atlantic slowed and hence it took longer for

AAIW to reach the same latitude.
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While the circulation is not explicitly calculated in this study, Bryden et al. (2011)

does address the circulation of the 1983 and 2009 cruises at 24◦S. They find that

there are differences in circulation between the two cruises. This is driven by a

particularly strong Brazil Current in 1983 of 12.2 Sv as opposed to 4.9 Sv in 2009.

This highlights a difference of circulation between the two cruises, however there

was no significant difference in the salinity of AAIW between these cruises. This

doesn’t rule out the possibility of a circulation change between 1958 and 1983

causing a change in AAIW salinity but it does show that not every circulation

change causes a change in AAIW salinity.

The most likely factor influencing the change of salinity then is the influence of

the Indian Ocean. This is also consistent with the fact that the change in salinity

was concentrated in the east of the basin from 1958 to 1983 at 24◦S and from

1993 to 2003 at 30◦S. The calculation in the Discussion of Chapter 3 also shows

that the Available Salt Anomaly present at intermediate depths in Agulhas Rings

could easily raise the salinity of the South Atlantic by the amount seen.

6.2 Propagating features in AAIW salinity

The changes in AAIW do not occur evenly across the basin in the same way as the

thermocline changes do. This is consistent with the concept of the variable inte-

rocean exchange being the driving force of the salinity changes. This is a different

form of variability from the slowly varying, basinwide thermocline changes.

Further investigation of the types of variability at AAIW levels was undertaken

using Argo data and model data. The concept that the salinity of AAIW varied
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on short timescales was supported observationally by Argo data from 2003 to 2010

but also model data indicated that this was how salinity of AAIW varied over the

40 years of the model run.

The propagating salinity anomalies in AAIW highlight the novel observations that

the Argo array provides (Figure 4.7). Propagating features are apparent in satellite

oceanography but it has not been possible to observe subsurface features before

now. The propagation velocity of the salinity anomalies in AAIW on the 4◦C

isotherm is much slower than the speed of first mode baroclinic Rossby waves

observed in sea surface height or ocean colour. The speed observed in the salin-

ity anomalies is 2.25 cm/s and is closer to the speed predicted for second mode

baroclinic Rossby waves (Killworth et al., 1997). Other observations of this kind

have been made using Argo data, Schmidtko & Johnson (2010) noted potential

vorticity signals propagating on density surfaces with speeds of about 2.5 cm/s.

One limitation of the Argo data set at this stage is the short time period covered

by the floats. To investigate these features more thoroughly, model data was

used. Figure 4.9 provides a thorough description of these features. They are most

obvious at intermediate depths as slower, basinwide changes in salinity dominate

farther up the thermocline. They are concentrated in a channel around 28◦S to

30◦S suggesting that some process related to the Agulhas inflow/ Cape Basin is

responsible for them.

The propagating speeds in the model of 1.7 cm/s is less than that observed in

the Argo data, which were 2.25 cm/s. The model speed does, however, match

well that predicted by the extended theory of Killworth et al. (1997) for second

mode baroclinic Rossby waves. Other observations of propagating features with
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Figure 6.2: Schematic of the major features of AAIW circulation inferred
from the salinity-oxygen relationship. (a) Two areas where AAIW is injected
into the subtropical gyre: the southeast Pacific and the Malvinas confluence.
(b) EPAAIW is a distinct variety of AAIW when viewed in salinity-oxygen
space. AAIW enters the Indian Ocean from (c) the South Atlantic and from
(d) south of Australia. 60◦E marks an boundary between the influences from
the two sources. (e) The variability of the AAIW salinity in the subtropical
South Atlantic is dominated by interannual variability due to the conflicting
influences of recirculated Indian Ocean AAIW and AAIW circulated within the

South Atlantic gyre.

speeds of second mode Rossby waves have been made in Argo data (Schmidtko &

Johnson, 2010).

Given the importance of the Agulhas region for the decadal variability of the MOC

(Biastoch et al., 2008) and the importance of salt input from this region for the

dynamics of the MOC (Biastoch et al., 2009b), these features could well be of

large importance to the larger ocean system as well as being novel observations of

theoretical, higher mode Rossby waves.

6.3 AAIW properties from salinity-AOU/oxygen

The salinity-AOU/oxygen relationship was used in the interpretation of changes

in the salinity of AAIW in the South Atlantic. This methodology was extended
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to other basins to investigate properties of AAIW throughout the southern hemi-

sphere. The major results are shown in Figure 5.15 and a summary of the inferred

conclusions are shown in Figure 6.2.

The freshest AAIW is also where the AOU approaches zero. This is consistent

with the concept of AAIW being freshest at the surface where it is saturated with

oxygen. Figure 6.2(a) highlights the two areas where AAIW is injected into the

subtropical gyres: the southeast Pacific and the Malvinas confluence.

In the South Atlantic, the correlation is strong and consistent through all latitudes

and through data from the 1920’s to the 2000’s leading to a confident approxi-

mation of the source salinity of 34.1. This is consistent with the salinity near the

surface south of the SAF. The location of the injection to the South Atlantic can

be traced to the Malvinas confluence where the low salinity AAIW is seen to enter

the subtropical gyre. Salinity is sufficiently low along the whole of the SAF to

be the source of AAIW but, for most of the SAF, strong currents, illustrated by

the strong meridional density gradients along the front, form a barrier for AAIW

entering the subtropical gyre.

The second location for AAIW to enter the subtropical gyre is the southeast Pacific

where again low salinity water can be seen to gradually enter the subtropical gyre.

The situation in the Pacific regarding the injection of fresh AAIW elsewhere along

the SAF is similar to the Atlantic and again the SAF forms a barrier to the

injection of waters along this front (Read & Pollard, 1993; Rintoul & Bullister,

1999).

In the Pacific, the salinity-AOU analysis revealed a separate branch of AAIW evo-

lution. Labelled EPAAIW in this study, this water mass is a distinctive branch in
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salinity-AOU space. This water mass has been identified as Equatorial Interme-

diate Water by Bostock et al. (2010) and as East Pacific Intermediate Water by

Emery (2001). The water mass is created by the mixing of upwelled PDW and

AAIW. This analysis shows another way of viewing this water mass, the extent of

which is shown in Figure 6.2(b).

New light is shed on the complexity of AAIW circulation in the Indian Ocean

by analysis in salinity-oxygen space. It is necessary to use oxygen rather than

AOU in this ocean basin as there is a larger spread of temperatures in the Indian

Ocean. AOU had been preferred in the other ocean basins to illustrate where

saturation occurs at zero AOU. Two families of data, separated approximately

by the 60◦E longitude, emerge in salinity-oxygen space (Figure 5.13). One family

extends to higher salinities and lower oxygens from east of 120◦E to 60◦E and the

other progresses to higher salinities and lower oxygens from 60◦E westwards. As

the water mass evolves it increases in salinity as there are no freshwater sources or

salt sinks present and oxygen lowers as it ages. Hence there must be two sources of

AAIW into the Indian Ocean which circulate somewhat separately. Based on this,

the circulation pattern in Figure 6.2 is derived with two sources: one of water from

the South Atlantic injected into the Indian subtropical gyre at 60◦E (Figure 6.2(c))

and one from south of Australia (Figure 6.2(d)).

An unusual feature of the Indian Ocean salinity-oxygen relationship is that the

data closest to the South Atlantic is different from the South Atlantic data. That

it is of higher salinity and lower oxygen is no surprise but what is interesting is

that it appears to be evolving along a different salinity-oxygen line to the South

Atlantic. This raises the question of how much AAIW from the Indian Ocean
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actually enters the South Atlantic. McDonagh et al. (1999) found that the Indian

Ocean Intermediate water was quickly disassociated from Agulhas rings when they

enter the South Atlantic. The earlier conclusions that Indian Ocean influences were

the likely causes of variability in the South Atlantic AAIW are not contradicted.

The geographical and temporal signal of the salinity variability definitely points

to the Cape Basin and Indian Ocean influence. It may well be that the variations

observed in salinity are not caused by direct input of higher salinity water but by

dynamic variations from Cape Basin that manifest in salinity.

6.4 Future Work

This thesis has investigated the variability of the thermocline and intermediate

water in the South Atlantic thoroughly. Established techniques have been em-

ployed and new techniques have been developed. New observations have been

made. There are a number of further investigations that could stem from this

work.

Further investigation of how the thermocline adjusts to forcing other than thermal

and freshwater would be of interest. It has been discussed that changes in the

circulation of the gyre could lead to a misinterpretation of salinity changes. To

investigate this further, a specifically designed model experiment would likely be

of most use. It would be interesting to see how the thermal and haline properties

of a gyre at a particular latitude change with different wind forcing.

The observations of what appear to be second mode baroclinic Rossby waves are

new and warrant further investigation. First mode baroclinic Rossby waves can be
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Figure 6.3: From Biastoch et al. (2008) (a) low pass filtered Agulhas-induced
MOC anomalies in Sv illustrating the decadal variability induced when the
mesoscale nature of the Agulhas region is considered; (b) decadal variability of
the sea surface at 30◦S from the model, which the authors linked with the MOC
anomalies. (c) From Chapter 4, salinity anomalies in AAIW at 30◦S that occur

with a similar regularity to the decadal SSH variability seen in the model.

triggered classically by an abrupt atmospheric kick but what provides the impulse

for subsurface waves? Given their location, the Agulhas region is likely to have an

effect.

Another factor of interest in the propagating intermediate salinity anomalies is

their possible links with other phenomena. Figures 6.3(a) and (b) show MOC

anomalies and SSH anomalies (both low pass filtered) from Biastoch et al. (2008).

While the cause of these MOC anomalies has not been found as of yet (A. Biastoch,

personal communication), the low-pass filtered SSH was noted to vary similarly

to the MOC anomalies. As the salinity anomalies also have a propagating feature

similar to the SSH, it would be interesting to investigate whether they have any

links with the MOC anomalies.
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The broader investigation of the salinity-oxygen relationship throws up some in-

teresting questions. Firstly, it indicates that the source salinity in the Pacific is

higher than in the South Atlantic, if this were true, it would indicate that the

southeast Pacific cannot be the source of Atlantic AAIW as had been suggested

by McCartney (1977); Talley (1996). A more thorough investigation of this would

be interesting as interannual variability is likely to be large in these frontal regions.

Secondly, the estimate of the coefficient of vertical mixing could also be enhanced.

The estimate measuring Kz = 7×10−5 m2s−1 is only based on a single set of CFC

ages and could be expanded by a more exhaustive dataset for the ages of the water

mass.
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