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Abstract

Inverse methods which conserve mass, heat and salt are applied to high
resolution hydrographic data in the Southern Ocean and adjacent ocean basins.
Dianeutral fluxes are incorporated into the inverse model by including a
separate dianeutral flux unknown for each property. Further model development
includes the addition of air-sea forcing (wind stress, air-sea heat flux and
freshwater flux). The inverse model is then used to test different circulation
hypotheses, including the estimated size of the heat loss over the Weddell Sea
and the strength of the Malvinas Current.

The accuracy of inverse methods are tested using the Fine Resolution
Antarctic Model. This shows that the lateral and dianeutral fluxes are well
determined by inverse methods and that the ”true” effective diffusion across
neutral surfaces in the inverse model can be much larger, and in some cases of
opposite sign, to the explicit diffusion in the numerical model when layers
outcrop or undercrop. The latter results has implications for how diffusivity

estimates obtained from inverse models should be interpreted.

In the initial inverse model the Antarctic Circumpolar Current transport
varies from 133+2x10%m3s~! at Drake Passage to 1484+4.5 south of Australia.’
There is a -15+8x10°m3s~! southward transport through the Indian Ocean and
a similar sized northward transport into the Pacific Ocean at 32°S. The addition
of air-sea fluxes results in a 5x105m3s~! decrease in the southward, eastward
and northward transport in the Indian ocean, south of Australia and across
32°S in the Pacific. The imposition of a large northward Malvinas Current
(60x10%m3s™! ), adjacent to the South American coast maintains a similar
eastward transport at Drake Passage, south of Africa and south of Australia.
The southward and northward transport through the Indian Ocean and across
32°S in the Pacific is decreased further to -8.345.1x105m3s~! and
8.8414.2x10%m3s™1 | respectively.

By including air-sea forcing and interior dianeutral fluxes, the water mass
production and modification that occurs in the regions defined by the

hydrographic sections, can be quantified. In the Indian Ocean sector, the



Agulhas Current transports warm Indonesian throughflow thermocline water
into the Southern Ocean. The thermocline water (10x10%m3s~! ) is transferred
to SAMW by air-sea (cooling and evaporation) processes and interior dianeutral
fluxes. As the SAMW moves eastward with the ACC, Antarctic surfaces water
(16 x10°m3s™! ) is converted to SAMW across the Polar Front Zone resulting in
progressive cooling and freshening of SAMW. 10x10%°m3s~* of the locally
produced SAMW in the Southern Ocean Indian exits the region northward
across 32°S ventilating the subtropical gyre, while the remaining 15x108m3s~!
moves eastward with the ACC into the Southern Ocean Pacific sector. In the
Southern Ocean Pacific sector 11x108m3s~! of SAMW is transferred into
thermocline water by air-sea fluxes and exported northward in the Pacific
Ocean across 32°S. This circulation path of thermocline water between the
Indian and Pacific Oceans describes the Indonesian throughflow as a
circum-Australia feature.

North Atlantic Deep Water (20x106m3s~! ) moves southward across 15°S
in the Atlantic and is the major source of Lower Circumpolar Deep Water.
Lower Circumpolar Deep Water salinity and oxygen maxima are eroded during
the eastward progression of the Antarctic Circumpolar Current. Strong deep
overturning circulation are found in the Indian (26x10°m3s~! ) and Pacific
(30x10%m3s™! ) Oceans. The northward transport of Antarctic Bottom Water
and Circumpolar Deep Water into the Indian and Pacific Oceans is essentially
balanced by the return of slightly less dense, low oxygen Indian and Pacific
Deep water. The southward inflow of Indian and Pacific deep water to the
Southern Ocean results in the formation of Upper Circumpolar Deep Water.

The eastward flow of Antarctic Bottom Water, by the Antarctic
Circumpolar Current, into the Southern Ocean Pacific sector is not sufficient to
balance the northward export of Antarctic Bottom Water into the Pacific Ocean
across 32°S. This implies there are sources of Antarctic Bottom Water within
the Southern Ocean Pacific sector.

The circulation results in a meridional heat flux at 30°S of -0.51 PW. The
southward heat flux is dominated by a large southward heat flux in the Indian
Ocean (-0.94::0.18 PW), a northward heat flux in the Atlantic (0.34+0.13 PW)
and a small northward heat flux in the Pacific (0.09£0.26 PW).
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Chapter 1

Circulation and water masses of
the Southern Ocean and adjacent
ocean basins

1.1 Introduction

The Southern Ocean is an area of intense scientific interest due to its
unique features and the influence is has on the global climate. The Southern
Ocean occupies 20% of the worlds ocean area. It provides a conduit through
which water masses from the Atlantic, Indian and Pacific Oceans can exchange
properties. This connection plays an important role in the redistribution of
heat, salt, freshwater and other properties throughout the worlds oceans. It is
also a region of active water mass formation and conversion. Water masses are
generally formed at the ocean surface and their properties are due to the
interaction of the ocean with the overlying atmosphere, while water mass
conversion are essentially an interior mixing process that results in modification

of particular water masses.

The water mass formation processes result in modifications to the global
climate by the sequestering of carbon and other greenhouse gases, heat, salt and
freshwater from the atmosphere and upper ocean into the deep ocean reservoir.
The importance of the bottom water on the global climate is due to its long
time-scale overturning circulation (1000’s of year) and its penetration into all
the world oceans. Water mass conversions also act to redistribute greenhouse

gases, heat, salt, freshwater and other nutrients vertically and meridionally
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within the oceans.

Although the ocean circulation, water mass formation and conversion
process have important impacts on the global climate these processes are still
largely unknown. This study is undertaken to provided an improved picture of
the Southern Ocean and the adjacent oceans basins circulation, inter-ocean
mixing, intra-ocean water mass formation and conversion processes within a
dynamically consistent inverse model.

A brief review of our current understanding of Southern Ocean and the

adjacent ocean basins circulation is given below.

1.2 Oceanic Fronts

Ocean fronts are one of the most obvious ocean features. Fronts are
regions on the surface or at depth where either vertical or horizontal gradients
in temperature, salinity, density and concentrations of dissolved gases and
nutrients are observed. These changes in water properties over a comparably
short distance can lead to observable changes in sea colour and surface wave
height (Muench 1990).

1.2.1 Antarctic Polar Front

The existence of the Antarctic Polar Front (APF) was recognised by
Meinardus in 1923. The Discovery cruises between 1932 and 1933 enabled
Deacon to describe the circumpolar extent of the APF (Deacon 1937; Whitworth
1980). Many criteria have been proposed to define the position of the APF. The
commonly accepted method describes the APF as a subsurface feature located
at the northern extremity of the 2°C minimum contour (Taylor et al. 1978)

The latitude of the APF varies dramatically in each region of the Southern
Ocean: approximately 50°S in the South Atlantic Ocean; 52°S in the Indian
Ocean and; 62°in the Pacific Ocean (Deacon 1982) (Figure 1.1). This movement
can be summarised as a general southward trend of the APF from the Atlantic
basin eastward to Drake Passage, where the Antarctic Polar Front reaches its
maximum southward extent. Major southward trends of the APF have been
linked to bottom topography (Kort 1966).
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This classical description of the APF conveniently ignores the complexities
of the front. The position of the APF also varies on seasonal and inter-seasonal
time scales. The APF has shown seasonal movements of 1°to 2°of latitude, and
long-term variations of 4°latitude (Gordon 1971). Frontal movement may be
due to the existence of eddies an meanders within the polar front zone (Tkeda
et al. 1989; Edwards and Emery 1982).

1.2.2 Subantarctic Front

The existence of a separate frontal system north of Antarctic Polar Front
has been suggested since Bohnecke(1936) found a sea surface temperature
gradient halfway across the Subantarctic region (Deacon 1982). Emery (1977),
using expendable bathythermography (XBT) data from 100°E through the
Pacific basin to 60°W, established a northern and southern frontal boundary
which separated Antarctic waters from Subantarctic waters. The region between
the northern and southern fronts was called the Polar Front Zone. The southern
front corresponds to the APF, while the northern boundary corresponds to the
Australasian Subantarctic Front, due to the circumpolar nature of the front the

preferred name is the Subantarctic Front (SAF) (Figure 1.1).

The SAF is identified by a subsurface temperature gradient centred
around the most vertically orientated isotherms (Sievers and Emery 1978). It
reaches it’s northernmost position in the Atlantic basin and then shifts
southward to the east, reaching its most southern position through Drake
Passage. The strength (témperature gradient) of the SAF varies dramatically
throughout the Southern Ocean (Hofmann and Whitworth 1985). The
temperature gradient is strongest from 100°W to 60°W and 140°E to 170°E
where the SAF is a narrow feature. The narrowness of the front is the result of
bottom topography. Between these two regions the SAF temperature gradient
weakens and broadens (Emery 1977). The SAF temperature gradient also
strengthens and appears to be displaced northwards when eddies or meanders

are within the Polar Frontal Zone (Sievers and Emery 1978; Ikeda et al. 1989).
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Figure 1.1: Surface regimes of the Southern Ocean (after Nowlin and Klinck,
1986)

1.2.3 Subtropical Front

The Subtropical Front (STF) is the boundary between the warm, saline
Subtropical water and the colder, less saline water of the Subantarctic. The
STF is generally recognised by a subsurface salinity maximum (Wyrtki 1962b).
The STF represents the northern boundary of the Southern Ocean and has a
mean position of 40°S, except in the eastern Pacific Ocean where the STF runs

northwards to 25°S parallel to the South American coast (Sverdrup et al. 1946).

In summer the surface temperature across the STF, from south to north,
is 14°C to 18°C and winter between 10°C to 14°C (Tchernia 1980; Deacon
1982). The STF is essentially a circumpolar feature, but not as well defined as
the SAF or APF (Figure 1.1).



1.3. WATER MASSES : 5

1.3 Water Masses

1.3.1 Antarctic Bottom Water

Antarctic bottom water formation appears to be concentrated on the
continental margin, where mixing between deep water and shelf water occurs
(Jacobs 1986). Early investigations into Antarctic Bottom Water (AABW)
highlighted the Weddell Sea as the location for AABW formation (Sverdrup
et al. 1946). Later studies identified AABW formation also occurring off the
Adelie coast (ALBW) and in the Ross Sea (RSBW) (Gordon 1972; Gordon and
Tchernia 1972; Jacobs et al. 1985; Rintoul 1997).

Weddell Sea Bottom Water (WSBW) (< —0.7 °C) forms near 30°W and
to the west along the Antarctic Peninsula shelf edge (Gill 1973). Weddell Sea
Deep Water (WSDW) (—0.7°C to 0.0°C and salinity 34.64) results from mixing
between WSBW and CDW (Orsi et al. 1993), which moves northward into the
deep basins of the Southern Ocean and adjoining ocean basins. Two varieties of
Ross Sea Bottom Water (RSBW) have been identified a high salinity type
(> 0.5°C and salinity of 34.70) and a low salinity type (—0.16°C and salinity of
34.65) (Jacobs et al. 1985; Carmack 1990). AABW formed off the Adelie coast,
has similar properties to the WSBW (Gordon and Tchernia 1972).

1.3.2 Antarctic Surface Water

Antarctic Surface Water (AASW) is found between the Antarctic Polar
Front (APF) and the Antarctic continent (Figure 1.2). It is a relatively cold
(-1.9°C - 2°C), low salinity water mass (34.0 - 34.5) which varies in depth from
about 50 m near the continent to between 150 - 250 m at the APF (Sverdrup
et al. 1946; Sievers and Nowlin 1988; Carmack 1990).

Two regimes influence the character of AASW, a winter and summer
regime. In summer the upper water column warms, and a seasonal thermocline
develops in the upper 50 m. The surface temperature and salinity may not be
as constant in spring and ailtumn, mainly due to the presence of sea-ice and the
distance from the continent. In winter the layer is homogeneous with depth.
Surface heat loss from the ocean to the atmosphere and sea-ice production,

resulting in cooling and a salinity increase, enhance the convective mixing of the
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water mass to a depth of 150 m to 250 m (Carmack 1990).

1.3.3 Circumpolar Deep Water

Circumpolar Deep Water (CDW) forms the largest body of water, by
volume, in the Southern Ocean. CDW has an average depth of 1500 to 2000 m
in the mid-latitudes. It begins to shoal near the Subantarctic Front and reaches
a minimum depth at or south of the Antarctic Divergence (Figure 1.2).

CDW is the result of mixing between several deep water masses that enter
the Southern Ocean from the South Atlantic, South Pacific and Indian Oceans
and AABW within the ACC. The continual movement of water in the ACC
promotes mixing resulting in a relatively homogeneous water mass. However,
due to the different northern sources slightly different water properties result
allowing for the identification of two types of CDW: Upper Circumpolar Deep
Water (UCDW) and; Lower Circumpolar Deep Water (LCDW).

UCDW is identified by a dissolved oxygen minimum and a nutrient
maximum, placing its source in the Pacific and Indian Oceans (Patterson and
Whitworth 1990). North Atlantic Deep Water (NADW) flows into the Southern
Ocean in the Atlantic sector to form LCDW. LCDW is identified by a salinity

and relative oxygen maximum.

1.3.4 Antarctic Intermediate Water

Antarctic Intermediate Water (AAIW) is identified by a salinity minimum
at a depth of 1000 m north of the Subantarctic Front. It has a temperature
range of between 3°C and 7°C and also has a relatively high oxygen
concentration (Sverdrup et al. 1946; Georgi 1979).

Significant property changes occur in AAIW across the different ocean
basins (Figure 1.3). The differences in the salinity values of AAIW between the
different ocean basins are mainly due to the different properties of Subantarctic
waters within the basins (Carmack 1990). Apart from the salinity changes
between the ocean basins the potential temperature of AAIW generally
increases to the east of the Pacific Ocean.

Many theories on the formation of AAIW have been proposed. Early
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Figure 1.2: Water Masses of the Southern Ocean, from Sverdrup et al (1942)

investigations proposed that AAIW formation was circumpolar near the APF
due to wind convergence (Piola and Georgi 1982). Another suggested

+ mechanism states that AAIW is formed by mixing of AASW and Subantarctic
surface water. This would require an isopycnal, cross-frontal mixing process
between the Antarctic region and the Subantarctic region (Georgi 1979;
Molinelli 1981; Piola and Georgi 1982). McCartney (1977) has suggested that
AAIW is formed in Subantarctic waters from the cooling of Subantarctic Mode
Water in the southeast Pacific which passes through Drake Passage. It then
turns north into the South Atlantic to form the low salinity mode AAIW.
Georgi (1979) found that this process of SAMW cooling could form the low
salinity variety of AAIW, found within the South Atlantic, but did not account
for the high salinity AATW variety also found in the region. There appears to
be two explanations for the high salinity AAIW found in the region. Firstly, old
recirculated AAIW, or secondly, there may be two different formation
mechanisms producing AAIW. Gordon (1975) suggested that water of AATW
characteristics could be formed from the mixing of warmer, high salinity
Subantarctic surface water and colder, low salinity transition water found in the

PFZ.
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1.3.5 Subantarctic Mode Water

Subantarctic Mode Water (SAMW) is defined by a thick thermostad
(constant temperature) above the AAIW salinity minimum north of the SAF
(Figure 1.2). SAMW is formed in late winter by convective overturning which
results from surface water cooling in autumn and winter (McCartney 1977).
The thermostad is then capped in spring by the development of a seasonal
thermocline.

SAMW temperature and salinity, although constant at a given longitude,
varies considerably zonally in the Southern Ocean. The zonal difference in
temperature and salinity is mainly due to the different properties of
Subantarctic water in each of the ocean basins. SAMW is characterised by
water of approximately 14°C between 40°W and 20°E. There is then a general
cooling of the thermostad to the east. At 65°E the temperature is 12.7°C. From
120°E and 160°E the thermostad is approximately constant between 8°C to
9°C. At 130°W the thermostad reaches its minimum temperature of 5.5°C to
4°C (McCartney 1977).

SAMW is generally found to a depth of 800 m in the Subantarctic region,
reaching its maximum depth in the southeast Indian ocean. The depth of the:
thermostad may indicate the severity (coldness) of the winter, while annual
changes in the depth of the thermostad indicate the variability of winter cooling
from year to year (Carmack 1990).

McCartney (1977) suggested that the cold, low salinity variety of SAMW
found in southeast Pacific may form AAIW in the South Atlantic ocean. This
form of SAMW has a temperature of 4°C to 5.5°C and a salinity of 34.2 psu,
which corresponds to the temperature and salinity characteristics of AAIW

within the South Atlantic ocean.

1.3.6 North Atlantic Deep Water

North Atlantic Deep Water (NADW) originates from dense Norwegian Sea
water that flows over three sills between Greenland and northern Scotland

(Warren 1981b). These waters mix together and also entrain resident North
Atlantic water to form NADW (Warren 1981a; Dickson and Brown 1994). It is
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generally thought that between 13x10%m3s~! to 17x108m3s~! of NADW enters
the South Atlantic, although the contribution of each of the original sources in
this flux has not yet been determined (Rintoul 1991; Dickson and Brown 1994).
NADW enters the South Atlantic in the southward western boundary
current below the Brazil Current. It turns east with the Malvinas-Brazil
Confluence, with a portion returning to the South Atlantic in the subtropical
gyre, while the remainder joins the ACC mixing with LCDW and is distributed

by the Southern Ocean into the Indian and Pacific oceans.

1.3.7 North Indian Deep Water

As Antarctic Bottom and Deep water moves northwards in the Indian
Ocean it is altered by mixing with overlying deep water which results in slightly
less dense deep water. The input of organic material from the Indus and Ganges
rivers result in increased nutrient concentrations (Mantyla and Reid 1995). A
southward moving high silica, low oxygen water mass is the result of this
modification - known as North Indian Deep Water (NIDW) (Wyrtki 1971). The
southward transport of high silica NIDW results in siliceous sediments in the

eastern Indian Ocean between 5°S and 15°S (DeMaster 1981).

' 1.3.8 Pacific Deep Water

Pacific Deep Water (PDW) is identified by an oxygen minimum and silica
maximum that flows southward, slightly removed from the western boundary, at
depth of 2000 to 3000 m (Warren 1981a). Although Banks et al. (1995) see a
high silica PDW between 2500 to 3500 m adjacent and east of the
Tonga-Kermadec ridge at 17.5°S.

1.4 Circulation

1.4.1 Antarctic Circumpolar Current

The Southern Ocean contains the world’s largest current, the Antarctic
Circumpolar Current (ACC) (Figure 1.4). The ACC is described as having two
current cores separated by a transition zone (Nowlin and Klinck 1986). The two

currents are the Subantarctic Front and Antarctic Polar Front , while the
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Figure 1.4: Regime of surface currents of the Southern Ocean. Warm currents
(dotted arrows) and cold currents (solid arrows) (from Tchernia, 1980)

transition zone is the Polar Front Zone (Figure 1.1). The ACC simply defined is
a continuous region of net eastward water transport.

L at

Estimates of surface velocity associated with the SAF include 26cms™
the Greenwich meridian, relative to the bottom, and > 20cms~! at Drake
Passage, relative to 2500 dbars. and 40cms™! south of Australia, relative to the
bottom (Nowlin and Klinck 1986; Whitworth and Nowlin 1987). Velocity
estimates associated with the APF at Drake Passage and south of Australia are

L and 20cms™!

greater than 30cms™ respectively (Savchenko et al. 1978; Nowlin
and Klinck 1986). Movements in the position of the fronts affect the calculated

velocity and strength of the ACC.
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The fronts that occur within the ACC have been estimated to account for
75 % of the baroclinic transport (Nowlin and Clifford 1982). Estimates of the
ACC transport are 125 - 10x10°m3s~! at Drake Passage (relative to 2500
dbars), 162 x10°m3s~! at Greenwich meridian (relative to the bottom), and 156
x108m3s~* south of Australia (relative to the bottom) (Nowlin and Klinck

1986; Whitworth and Nowlin 1987).

1.4.2 Weddell Gyre

The Weddell Sea is one of the major regions of Antarctic bottom water
formation in the Southern Ocean. Within the Weddell Sea a cyclonic gyre
extends from the Antarctic Peninsula (= 60°W) to between 30°E and 20°E and
from the Antarctic coast to between 60°S and 55°S (Orsi et al. 1993; Gordon
et al. 1981).

Major water masses within the Weddell gyre are Antarctic Surface Water,
Circumpolar Deep Water (CDW), Weddell Sea Bottom Water (WSBW) and
Weddell Sea Deep Water (WSDW). CDW is the only water mass that is
advected southwards into the Weddell Sea region (Orsi et al. 1993).

The mixing of CDW water with shelf waters in the southwestern part of
the gyre forms the most extreme form of WSBW (Foster and Middelton 1980).
WSBW circulates around the cyclonic gyre mixing with CDW to form WSDW
(Orsi et al. 1993). WSDW flows northward out of the Weddell Sea into the
Scotia and Georgia Basins, ultimately entering the deep ocean basin of the

Atlantic Ocean.

1.4.3 Subtropical Gyre

In all three adjacent oceans the mid-latitudes are dominated by an
anti-cyclonic surface circulation which is linked to the surface wind pattern
(Figure 1.5). The South Atlantic, Indian and Pacific subtropical gyres are
similar in general respects, having two zonal segments and two meridional
segments (Tchernia 1980). These are most pronounced in the South Atlantic
and the Pacific basins. The Indian Ocean northern circulation is complicated by

the marked seasonal variability in the wind field and the eastern boundary by a
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Figure 1.5: Subtropical gyre circulation (from Tchernia(1980)

narrow southward coastal boundary current.
The specific currents which dominate the subtropical gyre in each basin is

discussed below.

South Atlantic

The northern boundary of the South Atlantic subtropical gyre is the
westward South Equatorial Current (SEC). The current is the result of the
consistent south-east trade winds that dominate between the equator and 30°S.
These result in a broad westward SEC between 20°S and 2°-3°N. The current
deepens from 100m near the African coast to 200m off the South American
coast and has a mean transport of 23x10°m3s™! (Tchernia 1980).

On reaching the South American coast the SEC bifurcates. The southern
branch forms the western boundary of the Subtropical gyre, the Brazil Current
(BAC). The BAC is a weak, shallow current, with a transport of less than
11x10%m3s™! between 19°and 25°S, relative to 1400 to 1500 m (Gordon and
Greengrove 1986; Garzoli and Garraffo 1989; Gordon 1989). The current
intensifies and deepens south of 24°S, and the transport increases to
70x10%m3s™! - 76x10%m3s™! (relative to 3000m) at 37°S (Peterson and
Stramma 1991).

Between 33°S and 38°S the Brazil Current meets the northward Malvinas
current, resulting in the Brazil-Malvinas Confluence zone. The juxtaposition of
subantarctic water against subtropical waters enhances mixing. The Brazil
Current appears to form semi-permanent meanders directly off-shore which are
thought to enhance the air-sea heat fluxes (Gordon 1981a). The movement of

the Brazil Current eastwards between 33°S and 38°S forms the southern limb of
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the subtropical gyre, where east of the confluence the South Atlantic Current
(SAC) is evident.

Surface velocities of the SAC are largest in the Brazil basin and decrease
across the South Atlantic to a minimum in the eastern Cape basin (Roden 1986;
Whitworth and Nowlin 1987; Stramma and Peterson 1990). This results in a
transport variation across the South Atlantic of 37x108m3s~! to 30x105m3s~1
in the top 1000m, relative to 3000 m in the Brazil basin, to 15x10%m3s~! in the
Cape basin (Stramma and Peterson 1990). Approaching southern Africa a
portion of the SAC turns north while the remainder continues with the ACC
south of Africa. The northern portion of the SAC feeds the Benguela current,
which forms the closing eastern boundary of the subtropical gyre (Stramma and
Peterson 1990).

The Benguela Current spreads from a width of 270 km in the south to
between 550 and 650 km in the north. The prevailing winds deflect the current
to the left (off-shore), resulting in upwelling along the African coast. Transport
estimates of the Benguela Current range from 16 to 21x10°m3s~! (relative to
1000m) (Peterson and Stramma 1991). The current leaves the coast at 30°S and
flows northwest across the South Atlantic with estimates of 18x10%m3s~!

crossing 28°S (Peterson and Stramma 1991).

Indian Ocean

The South Equatorial Current (SEC) of the Indian Ocean forms the
northern boundary of the subtropical gyre. It has a major seasonal transport

L and

variation of 14x10°m3s™! (minimum in austral summer of 40x105m3s~
maximum in winter of 54x105m3s~! ) (Tchernia 1980).

Madagascar forms an island barrier to the SEC between 12°S and 25°S.
This results in the bifurcation of the SEC. The southern branch forms the East
Madagascar Current (EMC) which has an estimated transport of 41x106m3s~!
at 23°S (Lutjeharms et al. 1981). South of Madagascar the EMC forms
numerous eddies. It is suggested that these eddies are the mechanism by which
heat and mass is transferred from the EMC to the Agulhas Current
(Griindlingh et al. 1991). It is now thought that the Mozambique current has

little influence on the Agulhas current to the south (Szetre and da Silva 1984;
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Figure 1.6: Schematic illustration of the flow field in the south Indian Ocean.
The transport (x106m3s~! ) of the South Indian Ocean Current (SIOC) and of
the northern part of the Antarctic Circumpolar Current (ACC) are shown. (from
Stramma, 1992)

Griindlingh et al. 1991).

The Agulhas Current has its origins at 28°S adjacent to the African coast.
Similar to the EMC, the Agulhas Current is a southward, western boundary
current. Transport has been estimated at 62x108m3s™! at 31°S and increasing
downstream at a rate of 6x10°m3s~! per 100 km (Griindlingh 1980). The
Agulhas follows the African coast southwards and veers southwest off the south
coast to approximately 19°E. At this point it retroflects and flows eastward at
40°S, north of the STF. The Agulhas Return Current (ARC) has an estimated
transport of 84x10°m3s™! to 103x10°m®s™! (Read and Pollard 1993). Not all
Indian Ocean water returns with the Agulhas retroflection with eddy shedding
on the western extension into the South Atlantic Ocean (Gordon 1986; Fine
et al. 1988; Peterson and Stramma 1991; Gordon et al. 1992).

East of the ARC, Stramma (1992) found a strong eastward current band,
north of the STF along 40°S within the Indian Ocean. He called this current
the South Indian Ocean Current (SIOC). Near the African coast the SIOC has
a transport of 60x10%n3s™! in the upper 1000 m (relative to 3000m) which
decreases as it moves across the Indian Ocean to 10x108m?®s™! near Australia

as it turns northeast into the Indian Ocean (Figure 1.6).

The northeast movement of the SIOC near the Australian coast marks the
weak northward closing arm of the subtropical gyre. This eastern boundary of
the Indian Ocean is unique. The northward subtropical flow is not support by

the upwelling of water off the coast of Australia. There is actually a southward
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current directly off-shore, the Leeuwin Current. The Leeuwin Current is a
warm, relatively fresh current that opposes the wind stress in the region, which
would support an equatorward flow. It is observed as a broad, shallow current
in Jow latitudes that tapers to a deep narrow current off the coast of southwest
Australia (Church et al. 1989; Smith et al. 1991). The current is strongest in
autumn and winter. The origin of the flow is uncertain but high meridional
steric heights gradients exist on the eastern boundary which are comparable to
those that exist along the western ocean boundaries. It is thought that this
drives the southward flow (Godfrey and Ridgway 1985; Church et al. 1989;
Smith et al. 1991). This gradient is thought to be setup by the warm inflow of

Pacific waters into the Indian Ocean via the Indonesian Through-flow.

Pacific Ocean

The northern current of the South Pacific subtropical gyre is the South
Equatorial Current (SEC) between 20°S and 5°N. This current results from the
persistent southeast trade winds. The current is well defined from South
America to 180°W, with an estimated transport of 50x10%m3s~! (Tchernia
1980). The SEC has a branch the turns south at 180°W, while the remainder
continues west to the Australia coast. At the Australian continent the
remaining SEC forms the southward East Australia Current (EAC).

The EAC is a warm shallow current that flows along the coast of Australia,
with transport estimates of between 15x10%m3s~! to 45x10%m3s~! (Wyrtki
1962a; Hamon 1965; Andrews et al. 1980; Ridgway and Godfrey 1994). The
EAC is much weaker and more variable than other western boundary currents.
Between 34°S and 36°S it separates from the coast and meanders eastward
across the Tasman Sea towards New Zealand with the Tasman Front (Bennett
1983; Stramma et al. 1995). The current eventually turns southward along the
east coast of New Zealand. The SPC forms the southern limb subtropical gyre.
The SPC maintains a weak transport of 5x105m3s~! from New Zealand across
the South Pacific and gradually moves north. Between 115°W and 85°W its
separates into two weak currents, which develop a more pronounced northward
component east of 83°W (Stramma et al. 1995). This northward movement

forms the closing northward meridional boundary of the subtropical gyre, the
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off-shore Chile-Peru Current and the coastal Peru or Humbolt Current.

1.4.4 Deep Circulation

The deep circulation in each ocean basin is restricted and directed by
topographic barriers. Deep water enters each ocean in deep western boundary

currents adjacent to major topographic features.

South Atlantic

-Antarctic Bottom Water and Circumpolar Deep Water enter the Brazil
Basin in the deep western boundary current adjacent to South America. It
moves into the Argentine basin via deep troughs in the Rio Grande Rise, namely
the Vema and Hunter channels, while CDW passes over the Lower Santos
Plateau (Speer and Zenk 1993). Hogg et al. (1982), using current moorings
estimate the transport of AABW through the Vema channel at 4x10%m3s™! .
Speer and Zenk (1993) estimate 2x10°m3s~! across the Lower Santos Plateau,
3.9%10%m3s™! in the Vema channel and 0.7x108m3s~! in the Hunter channel.

There is also a western boundary current along the mid-Atlantic ridge
that allows bottom water to flow into the Cape basin in the eastern South
Atlantic . The northward flow of this water below 4000 m is restricted by the
Walvis Ridge. The water below 4000 m north of the Walvis Ridge in the Angola
basin enters from the north over the Guinea Rise via the Argentine basin
(Warren and Speer 1991).

Indian

Bottom and deep water enters the Indian Ocean via a series of deep
western boundary currents adjacent to major north-south orientated
topographic feature. In the Madagascar Basin, which connects to the northern
Mascarene Basin, the coldest form of bottom water is found (Warren 1981a).
This water originates in the Weddell-Enderby Basin were water properties are
mainly derived from the Weddell Sea (Mantyla and Reid 1995).

In the eastern Indian Ocean bottom water enters the West Australian
Basin as a deep western boundary current adjacent to the Ninetyeast Ridge.

The water that enters this basin has a higher salinity than that found in the
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Madagascar Basin placing its source in the Ross Sea and a small portion
originating off the Adelie coast (Gordon and Tchernia 1972; Mantyla and Reid
1995). Rintoul (1997) suggests that Adelie bottom water is the major
contributor to AABW within the eastern Indian and Pacific basins.

The most extreme deep water in the Central Indian Basin is found in the
eastern portion of the basin adjacent the Ninetyeast ridge. This deep water
results from flow across the Ninetyeast ridge through deep fracture zones
(Warren 1982). A deep western boundary current is observed in the Central
Indian Basin between 2000 and 3500 m. This carries CDW from the Antarctic
Circumpolar Current into the Central Indian basin and connected northern
basins (Warren 1981a).

Pacific

Bottom and deep water enters the Pacific in the deep western boundary
current adjacent to New Zealand and the Tonga-Kermadec Ridge and in the
interior of the Southeast Pacific Basin (Warren 1981b; Banks et al. 1995). The
Lord Howe Rise in the Tasman Sea and the Chile Rise restrict the passage of the
deep water in the far west and east Pacific basin, respectively. Northward deep
transports of 20x10°m3s~! have been estimated at both 43°S and 28°S (Warren
1981b). Whitworth et al. (1996), from two-year current mooring data, estimate
a northward transport (between 2000m to the bottom) of 13.6 & 12.6x108m3s~*
adjacent the Tonga-Kermadec ridge This deep western boundary current is the

primary source of deep water for the entire Pacific Basin.

1.4.5 Heat Fluxes

The northward heat flux within the South Atlantic has been estimated by
various methods between 0.25PW and 0.68PW (1PW = 10W) (Bennett 1978;
Hastenrath 1982; Hsiung 1985; Fu 1981; Rintoul 1991; Macdonald and Wunsch
1996; Boddem and Schlitzer 1995; Saunders and King 1995). The northward
heat flux is counter-intuitive to the expected heat distribution and results
because the southward export of cold NADW is balanced by the northward flux
of warmer intermediate and thermocline water. The sign of the heat flux in the

Atlantic is well determined but the magnitude of the northward heat flux is not.
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The estimated Indian Ocean heat flux varies greatly, some of which is
explained by different techniques and assumptions used in the individual
calculations. Toole and Raymer (1985) estimate a heat flux of —0.6PW, but
this is calculated assuming no net mass flux associated with the Indonesian
throughflow. Other estimates vary from —0.49PW to —1.4PW (Hastenrath
1982; Georgi and Toole 1982; Hsiung 1985; Toole and Warren 1993; Macdonald
1993; Macdonald and Wunsch 1996). These estimates are made from a
combination of techniques including hydrographic, direct and bulk methods.
Although the size of the heat flux estimates varies considerable the sign of the
heat flux is consistently southward, apart from an early estimate by Bennett
(1978) who estimates a northward heat flux of between 0.46PW to 1.76PW.

In the Pacific Ocean the heat flux varies considerably in size and direction
from small equatorward or poleward to large poleward heat fluxes. Hsiung
(1985) estimates a southward heat flux of —0.2PW at 30°S and northward heat
flux of 0.09PW at 40°S. Georgi and Toole (1982) estimate a northward heat
flux of 0.04PW at 40°S, while Wunsch et al. (1983) estimated a southward heat
flux of —0.03PW at 43°S. Other estimates include a large southward heat flux
at 30°S of between —1.16 PW and —1.92PW, and at 43°S a northward heat flux
of 0.42PW (Bennett 1978; Hastenrath 1982). Recent inverse studies by
Macdonald (1993) and Macdonald and Wunsch (1996) estimate a northward
heat flux at 30°S of 0.3PW.

These studies show that the magnitude of the heat flux in each ocean
basin is not well determined. The direction of the heat flux in the Atlantic
Ocean is consistent in all studies but in the Indian and Pacific Oceans there is

still uncertainty in both the direction and size of the heat flux.

1.4.6 Salt Fluxes

In the Atlantic, Bennett (1978) estimates a salt flux of —3.4 X 10%gs™! to
2.2 x 10kgs~! at 24°S and —7.0 x 10%kgs~! to 0.6 x 10%kgs™! at 43°S.
Recently, Wijffels et al. (1992) estimate a southward salt flux of
—26.7 x 10kgs~! within the Atlantic Ocean. This estimate is based on the
inflow of Pacific water into the Atlantic, via the Bering Strait, of 0.8 x10%m3s~!

with an average salinity 32.5 psu.



20 CHAPTER 1. SOUTHERN OCEAN

In the Indian Ocean Toole and Warren (1993) estimate a southward heat
flux of —236.8 x 10%kgs™1, which results from the input of Pacific water into the
Indian Ocean via the Indonesian throughflow. In the Pacific (Wunsch et al.
1983) ran a series of inverse models, using different constraints, which results in
a salt flux range of between —0.59 x 10%kgs™! to 294 x 10%kgs~! at 43°S and
—0.49 x 10°%kgs™! to —3.8 x 10kgs™" at 28°S.

Estimates of meridional salt fluxes are not widely provided in the
literature. Of the studies that investigate the meridional salt flux there is little
consensus on either the size or the direction of the salt flux within any of the

ocean basins.

1.5 Thesis Structure

This study provides a description of the Southern Ocean and the adjacent
ocean basins circulation, inter-ocean mixing, intra-ocean water mass formation
and conversion processes within a dynamically consistent inverse model.
Chapter 2 gives a brief review of inverse methods and also addresses the
accuracy of circulations determined by inverse methods. Chapter 3 gives a basic
hydrographic description of the sections used in the study and outlines the
initial inverse model. Chapter 4 provides a detailed description of the inverse
solution, highlighting the circulation and the water mass formations and
conversions that occur within the Southern Ocean on a region by region basis.
In Chapter 5 the dianeutral fluxes are separated into sea-surface fluxes resulting
from air-sea interactions and interior mixing processes. This model describe the
mixing and conversion process that results in the water mass characteristics in
the Southern Ocean and adjacent ocean basins. Chapter 6 investigates

alternative circulation hypotheses and a brief summary of the study in given
Chapter 7.
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Chapter 2

Inverse Theory

Inverse methods are widely used to determine ocean basin circulation
(Rintoul 1991; Wijffels 1993; Macdonald 1995; Harris 1996). The use of inverse
methods to describe oceanic circulation was initiated by Wunsch (1978). Prior
to this the inverse method had been used in geophysical studies (Parker 1977).

In this chapter a brief review of the principles underlying inverse methods
is given. Following this, the accuracy of the inverse method to determine the
reference velocity and dianeutral property fluxes is determined using
” quasi-hydrographic” data from the Fine Resolution Antarctic Model (FRAM,
Group 1991). This study follows the criteria develop by McIntosh and Rintoul
(1997). 1 then extend the study of McIntosh and Rintoul (1997) examining the
ability of the inverse method to explicitly solve dianeutral mean property
advection and effective property diffusion. Finally I discuss the most
appropriate form of the conservation equations when using non-synoptic

hydrographic data.

2.1 Inverse Models: an Overview

This section is a brief overview of the principles and approaches used to
define inverse methods. For a more thorough treatment of the principles and
development of inverse theory the reader is directed to Wunsch (1978), Parker
(1977) and Roemmich (1980). For more details on the mathematical approach
used to solve the underdetermined problem the reader is directed to Lanczos
(1961), Lawson and Hanson (1974), Menke (1984) and Tarantola (1987).

Inverse models use two oceanographic techniques to define the general
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circulation: simple dynamics and water mass analysis. When defining the

system of simultaneous equations these two principles are heavily relied upon.
Simple dynamic constraints are applied to the ocean region defined by the

hydrographic sections and land boundaries. The ocean is assumed to be in

hydrostatic and geostrophic balance:

op

3, = 9P (2.1)
_10p

fv= e (2.2)

Equation 2.1 and Equation 2.2 can be combined to give an expression for

the vertical velocity shear between two adjacent stations along a hydrographic

section.
ov —g0p
= __32-F 2.3
faz Po Ox (2:3)
Equation 2.3 defines the velocity shear at all depths. Integrating
Equation 2.3 from zy gives
\2) = —d ,20) = b 2.4
v(z, 2) ) B z+v(z,20) = vy + (2.4)

The first term of Equation 2.4 depends on the density gradient and is
called the relative velocity (v,). The second term is the integration constant,
and as is known as the reference velocity (b). The relative velocity (v;) is
determined from the hydrographic data but some assumption about the
unknown reference velocity is required to determine the absolute velocity.

In order to solve for b Wunsch (1978) defined an oceanic region bounded
by hydrographic sections. Within the region he assumed that mass was
conserved in discrete horizontal layers enabling a set of conservation equations
to be written. The conservation equation did not allow mass to be transfered
from one layer to the next. Further development and improved ocean physics
have been incorporated by subsequent inverse studies (Wunsch et al. 1983; Fu
1986; Rintoul and Wunsch 1990; Macdonald 1991; Rintoul 1991; Wijffels 1993;
Mclntosh and Rintoul 1997). These studies have lead to the inclusion of heat,

salt and nutrients within the suite of conserved properties and an improvement
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in the physical representativeness of these models by the addition of diapycnal
fluxes. Diapycnal fluxes enables mixing to occur between different layers. The

form of the conservations equations is then

N bt
2 Az; /hm (pC, (v + b);) + E;C;
] HwAC)y — (W AC) gy = 0 (2.5)

C; property value/unit mass at pair j

hmm+1 depth of surfaces bounding layer m

v, relative velocity

b reference velocity

E;C; Ekman property flux at station pair j

(weAC)mm+1 property dianeutral flux. A is the interface area of density
surfaces m,m + 1. C is the mean interface property and, w, is the

unknown interfacial property ”velocity”

The resulting system of conservation equations can be written in matrix

form as

Ab=-d (2.6)
where
A matrix element product of area x C at each station pair in each layer

b vector of unknowns including reference velocities (b,) and diapycnal

”velocities” ((We)mm+1)

d property divergence in each layer due to relative (Az; x C;v,) and Ekman
(E;C;) fluxes
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The linear system described by Equation 2.5 and written in matrix form
in Equation 2.6 generally has more unknowns than equations. In this case it is
an underdetermined problem and will have an infinite numbers of solutions. A
least squares technique is used to find a unique solution.

An appropriate solution of Equation 2.6 is found by defining the inverse
AT to the matrix A by

At =AT(AAT)? (2.7)

This is know as the Moore-Penrose inverse (Wunsch 1978). From this one

obtains one possible specific solution

b=AT(AAT) 1(-d) (2.8)

The specific b chosen by the Moore-Penrose inverse is the solution such
that |[b*b)|| is as small as possible, the minimum norm (L? norm). The |
Moore-Penrose inverse is used when the data that describe the model
parameters (b) are exact and completely independent, a well-conditioned
problem (Menke 1984). The oceanographic data that forms the conservation
equations contain instrument and non-synoptic errors and the equations may
not be completely independent. These errors result in an ill-conditioned
problem. The non-independency of the equation formed from hydrographic data
may result in AAT being singular. In such a system the Moore-Penrose solution
cannot compute the inverse (A1) (Wunsch 1978). To solve such a system of
equations the singular value decomposition (SVD) is used (Lanczos 1961). The
SVD decomposes A into a coupled eigenvector-eigenvalue problem. This allows

A to be defined as a product of three matrices.

A =UAVT (2.9)
where

A is an m X n matrix ( m = number of equations, n = number of unknowns)
U matrix that spans the row (m) space of A eigenvectors

VT transpose of matrix V that spans the column (n) space of A eigenvectors
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A diagonal matrix of eigenvalues A (strictly finite and positive)

Using the SVD, Equation 2.6 can be written

UAVTb = -d (2.10)
and solved for b
£ ;- (~d)
b=>" —)‘—Vi (2.11)
i=1 i

where k is the number of non-zeros eigenvalues retained in the solution.

The SVD allows us to truncate A removing the small eigenvalues which
should be zero, but because the equations contain errors are actually small finite
values. The retention of small eigenvalues in Equation 2.11 causes the solution
(b) to differ markedly from the original choice, as the solution is inversely
proportional to the eigenvalue. The number of non-zeros eigenvalues retained in
the solution is known as the rank (k). The solution of b excludes the null-space
of A. The exclusion of the null-space vectors makes this solution the minimum
norm solution of Equation 2.6. The unique solution is the one where the
deviation from the original choice of b is small (solution norm ||btb||) given the
misfit of each equation (residual norm ||Ab + d||) is reduced to a reasonaBle
value.

Before solving the system of equations, weights are applied to the elements
of A (Wunsch 1978). The rows of A are made non-dimensional by normalising
with respect to layer property means. The solution elements b; are proportional
to corresponding elements of A (Rintoul 1988). This results in large velocities a
deep, wide stations pairs. To remove the bias resulting from unequal station
pair areas the columns of A are normalised with respect to station pair area.
Inverse methods that solve for both the reference velocity and dianeutral flux
unknowns also include a column scaling that effectively partitions the unknowns
(reference velocity versus dianeutral fluxes) in importance within the
conservation equations. The most appropriate column scaling factor is one
which minimises the condition number (ratio of largest to smallest eigenvalues)
(McIntosh and Rintoul 1997).
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As stated at the beginning, the inverse method uses two oceanographic
tools. I have discussed the dynamical assumptions and methods used to solve
the conservation system of equations. The second tool used is water mass
analysis. This analysis is important in defining the initial choice of reference
level and reference velocity. The reference level is generally assumed to be a
boundary between two water masses that flow in opposing directions i.e. the
boundary between North Atlantic Deep Water and Antarctic Bottom Water. At
this level the reference velocity is generally assumed to be zero. The solution, b,
is solved by adding the simplest possible structure. Therefore, the most
accurate initial choice of b should be used. The importance of this initial choice
cannot be over emphasised. The accuracy of the solution depends on the
appropriate choice of and confidence in the initial choice.

A powerful aspect of the inverse method is the ability to add a priori
information into the system. The addition of a priori information enables
aspect of the circulations thought to be known to be used in determining the
reference velocities. It also enables the testing of circulation theories by

determining if a circulation consistent with the hydrographic data can be found.

2.2 Validation of Inverse Methods

The skill of inverse methods to determine the reference velocity or
dianeutral property flux has not been extensively studied. Neither has the form
the conservations equations may take to make them more consistent with the
ocean dynamics they are attempting to describe. Killworth and Bigg (1988)
studied the reliability of solutions obtained using inverse models. This study has
been extended by McIntosh and Rintoul (1997). McIntosh and Rintoul (1997)
investigated the ability of the inverse to reproduce numerical model results and
suggest criteria that may be used in finding the optimum inverse solution.

In this study I investigate the philosophy behind inverse methods by
assessing the accuracy of the inverse solution against the known solution
provided by the Fine Resolution Antarctic Model (FRAM) (FRAM, Group
1991). The study uses the criteria developed by Mclntosh and Rintoul (1997)

and considers whether these are appropriate for this ocean region. I then
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investigate the ability of inverse methods to explicitly diagnose the dianeutral

mean property advective flux and diffusive flux.

2.2.1 Numerical Model Data and Inverse Region

FRAM is a Bryan-Cox model that encompasses the Southern Ocean south
of 24°S. During its first 6 years FRAM was restored, at the surface and in the
vertical, to Levitus (1982) climatology. The FRAM numerical model captures
the banded nature of the Antarctic Circumpolar Current (ACC) and the eddy
and meandering nature of the frontal features within the ACC. South of
Australia the FRAM model shows the southeastward movement of the ACC.
This shift of the ACC is thought to be due to the interaction of the current with
the complex bottom topography within the region.

1 use model output from a snap-shot at the end of the final year‘6 model
simulation within the region south of Australia (117°E to 147°E). This region is
subdivided into four smaller boxes which define the water zones found within

this region (Figure 2.1). The domain of these boxes and the water zones they

enclosed are:
1. The Subtropical zone from the Australian continent to 42°S.
2. The Subantarctic zone defined between 42°S and 46°S.

3. The Polar Frontal zone which included the Subantarctic and Antarctic
Polar Fronts defined between 46°S and 58°S

4. The Antarctic zone which encompasses the region south of 58°S to the

Antarctic Continent.

At each of the sections the FRAM model provides the ”hydrographic
data” used to assemble the conservation equations (mass, heat and salt). The
velocity is taken directly from the FRAM numerical model. This velocity field is
the absolute velocity field (sum of the reference, relative and Ekman velocities)
from which the velocity at our chosen reference level is removed. The deepest
common depth is chosen as the reference level for all sections. The salinity

conservation equation are written using the salinity anomaly value (S - 35).
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Figure 2.1: Inverse Model Box Regions South of Australia. Boxes are numbered
1-4, and sections are numbered 1-10. The ocean region between the Australian
mainland and Tasmania (Bass Strait) is closed FRAM.
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Using the anomaly value reduces the error in the salt conservation equations
and increases the independency of these equations from the mass conservation
equations (McDougall 1991). The inverse model has 21 layers. The layers are
defined by neutral surfaces (McDougall 1987a) and computed as described by
Jackett and McDougall (1997).

The relaxation of FRAM to the Levitus climatology results in source and
sink terms of heat and salt which are known and included in the right-hand side
of Equation 2.6 (McIntosh and Rintoul 1997). The tracer time-dependent
(storage) terms are diagnosed and the Ekman flux across each section is also
known and included in the right-hand side of Equation 2.6. Figure 2.2 show the
relative mass transports across each section from FRAM, while Figure 2.3 shows
the total mass transport across each section within FRAM.

The reference transport at sections 1, 2, and 7 are larger and of opposite
sign to the relative transports at these sections, resulting in a total westward
mass flux at section 1 and northward mass transports at sections 2 and 7
(Figure 2.3). At the remaining section the reference transport increases
(sections 5, 8, 9 and 10) or decreases (sections 3, 4 and 6) the relative transport

resulting in a larger or smaller total mass flux, respectively.

2.2.2 Accuracy of Inverse Solution

Traditionally, dianeutral (interfacial) unknowns are incorporated into an
inverse problem by the addition of one dianeutral flux per layer. The interfacial
variable w* represented all types of transport including vertical advection,
diffusion, cabelling and other eddy process (Wunsch 1984). This allowed layer
mass to be balanced by vertical and lateral advection. McDougall (1987b)
questions any conclusions about vertical velocities from these inverse models,
stating that it is inconsistent to included diapycnal advection of properties
without including diapycnal diffusion fluxes.

Advection and diffusion have been incorporated into a least squares
problem by Hogg (1987). This inverse is based upon the §-spiral technique
using Levitus data in a region of the North Atlantic surrounding the
Mediterranean salt tongue. Hogg (1987) shows that the residual of the least

squares problem decreases with the inclusion of vertical advection and diffusion.
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Figure 2.2: Relative and Ekman mass transport (x10°m3®s~! ) (and other mis-
cellaneous terms in FRAM that are treated as known) within FRAM.
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110E 120E 130E 140E 150E

Figure 2.3: Total mass transport (x10m3s™! ) of FRAM at each section de-
fined in Figure 2.1. This is the "true” solution, inverse total transports will be
compared to these section transports
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MecIntosh and Rintoul (1997) find that an inverse model which ignores
diapycnal property fluxes is sensitive to error due to its large condition number
and results in a nearly worthless inversion. Following McIntosh and Rintoul
(1997) an independent dianeutral flux for each layer of each conserved property
is incorporated into the inverse model (Equation 2.5). The dianeutral fluxes are
written as the horizontal surface area and surface-averaged property times
dianeutral property ”velocity” (ACwy,, ACwy, ACws m-mass, h-heat and
s-salt). The dianeutral heat and salt fluxes include the advective and diffusive
fluxes, while the dianeutral mass flux is purely an advective flux (McIntosh and
Rintoul 1997).

McIntosh and Rintoul (1997) suggest that minimising the condition
number (the ratio of largest eigenvector to smallest eigenvector) is an
appropriate way to choose the rank of the system. Minimising the condition
number is achieved by choosing the scaling factor between the reference velocity
unknowns and the dianeutral flux unknowns. The scaling factor trades off the
size of reference level velocities and diapycnal fluxes in the overall solution
vector b.

In the four box region south of Australia there are 210 equation and 641
unknowns (401 reference velocity and 240 dianeutral flux unknowns). Choosing
the weights as described above results in a condition number of ~ 269 using all
eigenvalues (k) in Equation 2.11. Layer residuals for each box (Figure 2.4) are

small with mass residuals less than 0.5x10%m3s™!

, heat residuals less than
4x10% °C m3s~! and salt less than 6 x 107 (s-35) m3s7!.

The inverse reference velocities are a heavily smoothed representation of
the FRAM field with the overall trend resolved (Figure 2.5). The reference
velocities at 117 °E and 147 °E of this model are similar to those of McIntosh
and Rintoul’s (1997) Southern Ocean box (their Figure 8). Although the
reference velocities are smooth compared to the FRAM reference velocities, the
mass, heat and salt transports in each layer agree well with the FRAM model
(Figure 2.6). (For comparison purposes FRAM fluxes are resolved into the
neutral surface coordinate system.) The amount of structure added to the

initial reference velocities is appropriate and enables the inverse solution to

reproduce the "true” transport.
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Figure 2.5: Comparison of reference velocities (¢cms™!) from FRAM (continuous
line) and inverse solution (mod_fram, dashed line) at a) 117°E b) 147°E c) 42°S
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Figure 2.7 shows the comparison of FRAM and the inverse solution
dianeutral mass, heat and salt fluxes for box 3. In FRAM the horizontal and
vertical mixing components are diagnosed across each neutral surface. These
terms are added to give the total dianeutral FRAM property flux. This shows
that the total dianeutral property flux is well reproduced for mass, heat and
salt. A similar reproduction is achieved for box 1, box 2 and box 4.

Figure 2.8 shows the total mass transport from the inverse model. A
comparisons of Figure 2.8 with the “true” FRAM total transport (Figure 2.3)
highlights that some total sections transports are well reproduced (to within
3x10%m3s™! ) by the inverse model (sections 1, 2, 3, 4, 5, 6 and 10). The largest
difference between the ”true” FRAM mass transport and the inverse model
solution occurs at section 8 where the difference is 8x106m3s~! and smaller
differences occur at sections 7 and 9 (~ 5x10°m3s~! ). A comparison of the
inverse solution total heat and salt flux with the ”"true” FRAM heat and salt
fluxes is given in Table C.1.

In this inverse model (model fram) the dianeutral advective and diffusive
heat and salt terms are combined within ACw, and ACw, terms respectively.

These represent:

ACw, = A (E'E +ed + n%) (2.12)

where

€¢ mean dianeutral property advection

ac

“= dianeutral property gradient

k diffusivity
€'c’ dianeutral property advection perturbations from the mean (&c)

It is desirable to separate the advective and diffusive fluxes. This would
enable us to determine the magnitude of dianeutral advective velocities and
dianeutral heat and salt diffusivities within ocean regions. These could then be

be compared to similar parameters in numerical models enabling assessment of
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Figure 2.8: Total mass transport (x10°m3®s~! ) from inverse solution at each
section defined in Figure 2.1
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their appropriateness (or lack of) in these models. This may lead to an
improvement in the parameterisation of mixing processes in numerical model.

The mass dianeutral ”velocity” (wy,) represents the mean dianeutral
velocity. Using (wy,) we can find the mean dianeutral heat and salt advective
flux. Removing the mean dianeutral advective component from the total
dianeutral flux (ACw,) leaves the effective dianeutral diffusive flux. The term
effective dianeutral diffusive flux is used because this term includes not only the
dianeutral diffusive flux but also the correlation of grid point variation in layer
properties and dianeutral advective velocity (¢'c) and other eddy processes.

The mean dianeutral advective heat and salt flux is shown in Figure 2.9
(negative transport represents downwelling while positive values indicate
upwelling). Figure 2.9 shows that deriving the mean dianeutral property
advective flux from the mass flux accurately reproduces the sign of the
dianeutral heat and salt mean advective flux, apart from box 4 dianeutral heat
advection. n some boxes the magnitude of the dianeutral property advective
flux is also well reproduced, while for other boxes (particularly box 3 and 4) the
inverse fluxes are 25% to 50% less than the ”true” Fram fluxes.

Figure 2.10 shows a comparison of inverse model effective dianeutral heat
and salt diffusion flux with FRAM. A striking feature of Figure 2.10 is that in
all boxes and for each property, there are a few layers in which the effective
dianeutral diffusion is large. Figure 2.11 shows the size of €’¢’ on particular
layers within box 3. Layers 7 and 8 have large e'c’ on their outcropping edges,
while on layer 17, which doesn’t outcrop the €’¢ flux very small. Figure 2.10
shows that the layers in which the e’ dominates the effective dianeutral

property diffusion are those which outcrop within the box.
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This shows that it is possible to break-down the total dianeutral heat and
salt flux their mean dianeutral advection and effective dianeutral diffusion
components, although there are some boxes where the fluxes are not reproduced
as well as others. Another way of determining the dianeutral property advection
and effective diffusion, which may reproduce well all dianeutral advective and
effective diffusion fluxes is to include these terms explicitly within the
conservation equation. The inverse method then determines the dianeutral
advective velocity, effective dianeutral property diffusivity, along with the

reference velocity.

Explicit Advection and Effective Diffusion

The conservation equation of the previous inverse model are rewritten to
include the dianeutral advection and effective dianeutral property diffusion
fluxes, explicitly. Including the dianeutral advective and effective diffusive flux

modifies the conservation equation in the following way:

N hm+1
> 0iAx; /h (pCj(vr + b)) + E;C;

j=1

' (€AC)m — (€AC)mir +
dC dC o
(BeA——)m = (BeA—=)m+1 = 0 (2.13)

In Equation 2.13 variables are as defined in Equation 2.5 apart from
(€AC)m m+1, which is the dianeutral advective property flux and (,BCA%(;—')T,,,m_,_l
which represents the effective dianeutral property diffusion. The unknowns
solved by this inverse method (mod-expl) are: b, station pair reference velocity;
e, the mean dianeutral advective velocity for each neutral density surface and
all properties and; j., the effective diffusion for each neutral density surface and
each property. The matrix system defined still has 210 equations and 641
unknowns. The property gradients % are diagnosed directly from FRAM.

In this model (mod-expl) there are large off-diagonal terms in matrix A
associated with the dianeutral terms in the conservation equations. These
off-diagonal terms results in a large condition numbers, when the appropriate

weights are are applied to the matrix system. (Slight changes to the criteria



46 CHAPTER 2. INVERSE THEORY

used to define the column weights did not improve the condition number.)
Although the condition number is large the full rank solution still produces an
accurate solution (shown below).

The residuals of this model (mod_expl) are shown in Figure 2.12. The
residual are small for each property in each box. Comparing the residuals of
this model with the previous model (mod-fram, Figure 2.4) highlights the
similarities in the magnitude and sign of the residuals between these models.

The reference velocities (Figure 2.13) are a smoothed representation of the
FRAM velocities. A comparison with the previous model reference velocities
(Figure 2.5) highlights the similarity between these two models. Although the
inverse reference velocities are smooth they still contain enough information to
reproduce the associated mass, heat and salt fluxes (Figure 2.14).

This model solves the dianeutral advection and effective diffusion
explicitly. A comparison of the mean dianeutral heat and salt flux of this model
and FRAM is shown in Figure 2.15. The inverse model provides an accurate
description of the mean dianeutral property flux. The model is able to diagnose
the vertical structure and magnitude of this flux for all boxes, apart from the
surface layers of the advective heat flux in box 3. The comparison of Figure 2.15
with a similar figure for the previous model (Figure 2.9) highlights the
similarity of the dianeutral advective flux for these models.

Figure 2.16 show the comparison of the effective dianeutral diffusion
between this model (mod-expl) and FRAM. As shown previously the large
effective diffusion at certain neutral surfaces result from large e’c’ terms exist in
layers that outcrop within the box region. A comparison of the dianeutral
effective property diffusion flux with the previous model (Figure 2.10) shows the
similarities between the two inverse models.

The total section transport are shown in Figure 2.17. A comparison of
section transport from this model and the "true” FRAM transport (Figure 2.3)
shows that the total section transport are Well reproduced for sections 1, 2, 4, 9
and 10, to within 3x10°m3s~! . The eastern and western boundaries of box 2
(sections 3 and 5) have a transport error of about 5.5x105m3s~ . These
transport errors compensate each other resulting in good transport estimates at

the bounding northern and southern section of box 2 (sections 2 and 4). The
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largest transport errors of 11x10°m3s~! | 5x10°m3s~! and 16x10%m3s~! occur
in box 3 across the eastern, southern and western sections (6,7, and 8),
respectively. The magnitude of the transport error at section 6 and 8 is two
times larger than the transport error in the previous model (Figure 2.8). The
transport error at section 7 is similar in both inverse models (mod._fram and
mod_expl).

Solving the dianeutral flux explicitly into the advection and effective
property diffusion provides an estimate of the mean dianeutral velocity and heat
and salt diffusivity across each neutral surface within the box region.

Figure 2.18 shows the comparison of between the FRAM and the inverse model
dianeutral velocity. The inverse model derived dianeutral velocities agree with
the FRAM velocities across most neutral surfaces although there is a divergence
in the agreement of the velocities across the deepest neutral surfaces. The
velocities across the deepest neutral surfaces in box 1 are an order of magnitude
smaller than the remaining boxes, but are of the same order as previous
estimates of deep vertical velocities in the Atlantic and Indian Oceans (Warren
and Speer 1991; Speer and Zenk 1993; Robbins and Toole 1997). In the
remaining three boxes the dianeutral velocities are O(10~*¢ms™1), which are an
order of magnitude larger than previous estimates of the vertical velocity south
of the Polar Front Zone (Metzl et al. 1990).

Figure 2.19 and Figure 2.20 shows the comparison between the heat and
salt inverse and ”true” FRAM diffusivities (calculated from both the horizontal
and vertical dianeutral fluxes), also plotted is the ”actual” FRAM heat and salt
diffusivity (dotted 5 x 1075m2s™'). The heat and salt dianeutral inverse and
"true” FRAM diffusivities are approximately an order of magnitude larger than
previous estimates (Olbers 1991). These figures show that: the ”true”
dianeutral FRAM heat and salt diffusivities are different from the prescribed
actual diffusivity in FRAM particularly across outcropping or undercropping
layers; the "true” FRAM and inverse dianeutral diffusivities are not always
positive; the heat and salt "true” FRAM and inverse dianeutral diffusivities are
different and; inverse dianeutral diffusivities are largest across outcropping and
undercropping neutral surfaces. The salt (and across some neutral surfaces for

heat) diffusivity across completely internal neutral surfaces in boxes 1 and 2 are
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Neural Surface

Neutral Suface

Figure 2.18: Comparison of dianeutral velocity between FRAM (continuous line)
and inverse model (dot-dashed line) with explicit dianeutral advection and effec-
tive diffusion. a) Box 1 b) Box 2 ¢) Box 3 d) Box 4
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Figure 2.19: Comparison of Dianeutral Effective Heat diffusivity between ” true”
FRAM (continuous line), and inverse solution with explicit dianeutral velocity
and heat diffusivity (dot-dashed line) for a) Box 1 b) Box 2 c¢) Box 3 d) Box 4.
The actual FRAM heat and salt diffusivity of 5 x 107®m?2s~! is shown as dotted
line

small, and agree with the actual FRAM diffusivity. This suggests that for
inverse models that have defined boxes in low latitudes, where only the upper
and lower layer outcrop or undercrop parameterising the diffusivity as Fickian
diffusion (where the diffusion flux is given as a positive diffusivity multiplied by
a vertical gradient and neutral surfaces area) is appropriate. For regions (such
as the Southern Ocean box 3 and 4) where numerous layers outcrop or
undercrop the Fickian parameterisation of diffusion may not be appropriate
because of the size and dominance of other eddy processes such as e'c/

The above discussion shows that both inverse models, model_fram for

which the advection and effective property diffusion fluxes are found implicitly
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Figure 2.20: Comparison of Dianeutral Effective Salt Diffusivity between FRAM
(continuous line) and inverse solution with explicit dianeutral velocity and salt
diffusivity (dot-dashed line) for a) Box 1 b) Box 2 ¢) Box 3 d) Box 4

. The actual FRAM heat and salt diffusivity of 5 x 10~®m2s~! is shown as dotted
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from the total dianeutral property fluxes and model_expl which solves explicitly
the advection and effective property diffusion fluxes, reproduce well the ”true”
FRAM lateral and dianeutral property fluxes. In the "FRAM?” inversion the
errors such as storage terms, and source/sink terms are treated as known within
Equation 2.5 and Equation 2.13. Resulting in the conservation equation that
contain no errors. Inverse methods applied to actual hydrographic data contain
errors including non-synoptic and instrument errors, adding random error to the
FRAM ”data” will recreate the inherent error contained in actual hydrographic
data used in inverse models.

Random error (10%) is added to the FRAM ”data” and the inverse
models using the two forms of the conservation equations (Equation 2.5 and
Equation 2.13) are re-calculated. The addition of the 10% random error to the
FRAM ”data” results in small changes to the total section transport using both
the implicit and explicit dianeutral advective and effective diffusive forms of the

conservation equations (Table C.3 and Table C.4, respectively).

2.2.3 Dianeutral Fluxes - Implicit or Explicitly Resolved

Mod_fram and mod-expl include dianeutral property fluxes for each
conserved property. Mod.fram has a dianeutral statement for each property on
each layer. The dianeutral mass flux represents the mean dianeutral advection
flux. This allows the heat and salt dianeutral flux to be separated into their
mean advective and effective diffusive flux. Mod_expl solves the dianeutral
property advective flux and effective dianeutral property diffusive flux explicitly.

The solutions obtained from mod_fram and mod_expl are similar. The
reference velocities are smoothed representations of the FRAM field (Figure 2.5
and Figure 2.13). Although the inverse reference velocities contain minimal
structure the inverse reference layer fluxes reproduced well the ”true” FRAM
reference layer fluxes (Figure 2.6 and Figure 2.14). The dianeutral advective
and effective diffusivity fluxes resolved by both models are similar and agree
well with the FRAM dianeutral advective and effective property diffusion flux.
A comparison of the total section flux between each inverse model and FRAM
(Table C.1 and Table C.2) shows that although the inverse reference velocities

are similar (overall) the small differences between mod_fram and mod_expl
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result in mod_fram agreeing closer to the ”true” FRAM flux.

In the inverse models using FRAM ”data” I have investigated the form
the conservation equation may take to improve the accuracy of the inversion.
Mod_fram solves the total dianeutral flux for each property. The total
dianeutral property flux is then separated into the mean dianeutral advection
and dianeutral effective diffusive components. In model_expl the dianeutral
property advective and effective property diffusive fluxes are included explicitly
and provide estimates of the dianeutral velocity and effective heat and salt
diffusivity. The property gradients used in mod-expl are determined directly
from FRAM. Both forms of the conservation equations reproduce well the
”true” FRAM solution, but which is more appropriate when using actual
hydrographic data in inverse methods?

Mod_fram provides a better representation of the total transport across the
bounding "hydrographic” sections. Mod_expl requires knowledge of the property
gradients across or surrounding the neutral surfaces in the regions encompassed
by the hydrographic sections. There are a number of difficulties associated with
estimating the property gradients when using actual hydrographic data. The
gradients could be derived as a composite from the bounding hydrographic
sections, but the non-synoptic nature of the hydrographic sections could bias
these gradients, particularly in the thermocline. The gradients could be
determined from climatological data. The question then arises as to what is the
appropriate integral range, surrounding the neutral surface, to compute the
property gradients. The hydrographic data allows the gradients to be calculated
over a small interval while the climatological data could have to be interpolated
into a finer vertical resolution or the gradients would be calculated over a layer
depth interval. The calculation of the gradients will introduce more errors to
the conservation equations, which may be significant.

In the FRAM study the dianeutral effective property diffusion fluxes are
shown to not only contain the property diffusion but also other eddy processes.
Figure 2.11 shows the large dianeutral effective property diffusion flux is
associated with the dianeutral flux of €’c’ at the outcropping regions of the
neutral surfaces. The effect of the other eddy processes contained in the

dianeutral effective property diffusion flux make interpretation of the ”effective
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diffusivity” solved by the inverse solution difficult particularly in regions where
numerous upper and deep neutral surfaces outcrop or undercrop, respectively.
There appears to be no gain, in solution accuracy, in determining the
dianeutral property advection and effective diffusion fluxes explicitly in inverse
models. The uncertainty in determining the property gradients, when actual
hydrographic data is used in inverse methods and the interpretation of the
inverse derived ”effective diffusivity” in regions of the ocean where numerous
layer outcrop or undercrop (such as the Southern Ocean) suggest that it is more
practical to use conservation equations that have separate dianeutral flux for

each property as given in Equation 2.5 and used in mod_fram.
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Chapter 3

Model Description

In the previous section I investigated the most appropriate form of the
conservation equations in inverse methods. In this section I will give a brief
description of hydrographic sections used in this study of the Southern Ocean
and adjacent ocean basins circulation, and give specific details about the design

of the inverse model.

3.1 Description Hydrographic Data

The position of the hydrographic sections and the regions they define are
shown in Figure 3.1. Table 3.1 gives the year and season of the hydrographic
sections. The sections in this study are recent high quality hydrographic
sections, apart from the Ind18 section. The Pac32 section (World Ocean
Circulation Experiment (WOCE) P6) was made available by John Toole and
John Church. Other WOCE sections include the S. Aust (SR3_.1994) and the
Drake P. (S1) sections.

A brief description of the hydrographic data in this study is given. Some
sections have been described previously, in other studies. The reader is referred

to these where appropriate.

3.1.1 Atlantic 17°S (SAVE 2)

At the SAVE 2 section (South Atlantic Ventilation Experiment) the
thermocline deepen from the east to the west (Figure 3.2). At 1000 dbars the
salinity minimum associated with AAIW is evident (Figure 3.3). The salinity
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Figure 3.1: Position of Hydrographic sections and box regions used in the inverse
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Section Year | Season
SAVE 2 1988 | Summer
SAVE 4 1989 | Summer
Drake P 1990 | Summer

S. Africa 1984 | Summer
Weddell Sea | 1984 | Summer
Ind18 1976 | Winter
Ind32 1987 | Summer

S. Aust (SR3) | 1994 | Summer
Pac32 1992 | Winter

Table 3.1: The hydrographic section (month and year) used in this study.

minimum is strongest in the Brazil basin and weakens to the east. In the
eastern boundary an oxygen minima is evident at 500 dbars (Figure 3.4). These
low oxygen concentration result from fallout and regeneration of biogenic

material within the euphotic zone (Reid 1989).

The salinity maxima (> 34.9) of NADW is present below the AAIW
salinity minima. NADW has a temperature of between 3°C to 2 °C. The
NADW salinity maxima is seen across the section in both the Brazil and Angola
basins, although it thins slightly from west to east (Figure 3.3). The oxygen
maxima associated with NADW is strongest in the Argentine basin with values
> 250 pumol.kg—* (Figure 3.4).

Below 4000 dbars there are major difference in the property profiles
between the Brazil and Angola basins. Within the Brazil basin a temperature
minimum of < 0.2°C is seen on the western slope, with associated oxygen
maximum and salinity minimum (Figure 3.2, Figure 3.4 and Figure 3.3). The
temperature, salinity and oxygen sections are more uniform in the Angola basin.
The difference in property characteristics between the Brazil and Angola basins
highlights how the bottom circulation is guided by topography. AABW flows
directly into the Brazil basin via a deep western boundary current. In the
Angola basin water below 4000 dbars enters from the north over the Guinea
Rise (Warren and Speer 1991).
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Figure 3.3: Salinity (psu) at SAVE 2
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Figure 3.4: Oxygen (umol.kg=! ) at SAVE 2

3.1.2 Atlantic 30°S-40°S (SAVE 4)

The SAVE 4 section is at 30°S from the African coast to the Mid-Atlantic
ridge, runs parallel to the ridge between 30°S and 47°S and is completed along
47°S to the South American coast. These three portions sample water masses of

varying origins and shows the interaction between Antarctic and subtropical

waters.

Eastern Basin 30°S

The surface water is warm, salty and depleted in oxygen (Figure 3.5,
Figure 3.6 and Figure 3.7). Centred at 800 dbars is the salinity minimum
(< 34.4) which marks AAIW (Figure 3.6). The AAIW salinity minimum is
strongest near the western boundary (Figure 3.6). Associated with the salinity

minimum is an oxygen maximum of > 200 pmol.kg~* (Figure 3.7).

The oxygen minima between 1000 - 2000 dbars highlights UCDW
(Figure 3.7). The salinity maxima (> 34.8) shows the core of NADW, and is
associated with a nitrate minimum < 25 pmol.kg~! and oxygen maximum
> 225 pmol.kg~! (Figure 3.8 and Figure 3.7). In the Cape basin, below 4000
dbars, temperatures < 1 °C and oxygen maximum (> 225 umol.kg™! ) identify
AABW (Figure 3.5 and Figure 3.7).
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Mid-Atlantic Ridge

Over the mid-Atlantic ridge strong vertical and horizontal gradients in
temperature and salinity identify numerous fronts. The temperature and
salinity gradients at 15°W identify the SAF (Figure 3.5 and Figure 3.6). At the
SAF, the AAIW salinity minimum deepens to 800 dbars and the surface
temperature increases from 8°C to 12°C (Figure 3.5 and Figure 3.6). This front
marks the boundary between PFZ and SAZ. Slightly further east is the STF (10
° W). At this front the temperature increases from 13°C to 16°C and the
salinity increases 35.2 to 35.5 (Figure 3.5 and Figure 3.6). The STF forms the
southern boundary of the subtropical gyre. Its associated current is the South
Atlantic Current (SAC) (Stramma and Peterson 1990). Surface waters north of
the STF are warm and salty and the salinity minimum of AAIW is at 1000
dbars (Figure 3.6).

Western Basin 47°S

This portion of SAVE 4 samples the Argentine Basin. The SAF, after
passing through Drake Passage forms a northward western boundary current,
the Malvinas Current, adjacent the South American coast (Peterson 1992). A
salinity minimum is found at or near the surface, apart from where warm, salty
meanders or eddies are found (Figure 3.6). The warm, salty meanders or eddies
result from meanders in the Brazil-Malvinas Confluence. A thermostad (5°C to

3°C) is present in the upper 500 m which characterises Subantarctic Mode
Water (SAMW) in this region.

An oxygen minimum layer at 1200 dbars highlights the presence of UCDW
(Figure 3.7). The salinity maxima (> 34.9), nitrate minima (< 28 pymol.kg™")
and relative high oxygen at 2500 dbars identifies NADW (Figure 3.6, Figure 3.7
and Figure 3.8).

AABW is seen below 3000 dbars (temperature < 1 °C). The temperature
minimum of < —0.2 °C and oxygen maximum of > 225 pmol.kg~! identifies
WSDW within the Argentine basin (Figure 3.5,Figure 3.6 and Figure 3.7).
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3.1.3 Drake Passage (DrakeP)

A detailed description of the Drake Passage properties is given by Roether
et al. (1993).

Frontal positions identified by Roether et al. (1993) include the APF at
61°S and the SAF at 58 °S. These features have associated sharp vertical and
horizontal gradients in temperature and salinity (Figure 3.9 and Figure 3.10). A
secondary Polar Front was identified at 60 °S. This feature is similar to a
secondary front identified by (Sievers and Nowlin 1984).

Within the temperature and salinity profiles CDW (temperature between
3°C and 1°C and oxygen < 200 pmol.kg™! ) can be identified (Figure 3.9 and
Figure 3.11). An oxygen minimum (< 175 pmol.kg~! ) associated with UCDW
dominates the CDW, particularly north of 58.5°S (Figure 3.11). The southward
shoaling of CDW is highlighted by the 34.7 salinity contour. |

" South of the APF the surface waters are cold and fresh. A shallow
seasonal thermocline caps the subsurface temperature minimum (< —0.2 °C) of
Antarctic Surface Water (Figure 3.9).

Inflow of bottom water from the Pacific, adjacent to the Antarctic
continental slope, results in high oxygen and silica concentrations (Figure 3.11
and Figure 3.12). Roether et al. (1993) note that the APF is identified further
south than previous studies, therefore restricting the influence of Pacific bottom

water within Drake Passage.

3.1.4 South of Africa 0°S (SAfrica)

The properties and structure of the section south of Africa (AJAX 2) are
described in detail by Whitworth and Nowlin (1987). The section used in this
studies differs to that used by Whitworth and Nowlin (1987) by the addition of
stations from AJAX 1 to fill gaps from the African coast to the beginning of
AJAX 2. The two AJAX sections are separated by two months.

A weak Subtropical Front (STF) is located between 40°S and 45°S. Strong
vertical and horizontal gradients in temperature and salinity identify the
Subantarctic Front (SAF) at 48°S and the Polar Front (APF) at 52°S
(Figure 3.13 and Figure 3.14).
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Figure 3.13: Potential Temperature (°C) at South Africa

Parallel to the South African coast to 37°S warm, salty subtropical water
is identified above 200 dbars. North of the SAF, centred at 600 dbars, a
thermostad of 8 °C to 10°C identifies SAMW (Figure 3.13). Lying below
SAMW is the salinity minimum and high oxygen concentrations (1000 dbars) of
AAIW (Figure 3.14 and Figure 3.15).

The oxygen minimum at 1500 dbars identifies UCDW, while the salinity
maximum (> 34.7) at 2000 dbars identifies LCDW (Figure 3.14 and
Figure 3.15). The distinct salinity maximum of NADW (> 34.8) north of 45°S
bifurcate CDW. The presence NADW, adjacent the south Africa indicates
NADW entering the Southern Ocean directly from the South Atlantic. South of
the Subantarctic Front CDW begins to shoal reaching 500 dbars at 53°S
(Figure 3.13 and Figure 3.14). ‘

The Weddell Sea gyre is seen south of the Indian-Atlantic ridge (55°S).
WSDW ( temperature between 0 °C and —0.7 °C) and WSBW (< —0.7 °C) are
evident below 1500 dbars (Figure 3.13). Within the Weddell gyre, CDW is
identified by the presence of warm and salty intrusions (Figure 3.13 and
Figure 3.14).

3.1.5 Weddell Sea (Wedsea)

The western portion of AJAX 2 (west of 8 °W) forms a section across the
Weddell Sea. The section moves north across the Weddell Abyssal Plain to the
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American-Antarctic ridge. On reaching the ridge the section turns west and
runs parallel to the Scotia Ridge to 42°W, where it turns southwest, crossing
the Scotia ridge and ending on the northern edge of the Antarctic Peninsula.

The path of the section explains the large discontinuities in temperature
along the section (Figure 3.16). In the eastern and western ends of the section
WSDW (temperature between 0.0°C and < —0.7 °C) and WSBW (< 0.7 °) are
present below 1500 dbars. These water masses have salinity values < 34.6
(Figure 3.17). WSBW is also defined by an-oxygen maximum (> 250 pmol.kg™!
) in the Weddell Abyssal Plain (Figure 3.18).

CDW is identified by temperatures > 0 °C and salinity > 34.7. These
features are most striking near the American-Antarctic and Scotia ridges

between 20°W and 40°W and adjacent the Antarctic Peninsula (Figure 3.16 and
Figure 3.17).

3.1.6 Indian Ocean 18°S (Ind18)

A detailed description of water properties is given by Warren (1981a).
There is a salinity maximum (< 35.5) at 300 dbars and an associated oxygen
minimum < 150 umol.kg~! (Figure 3.20 and Figure 3.21). This near surface
salinity maximum is derived from the south between 25°S and 35°S and is
thought to be due to excess evaporation over this region (Wyrtki 1971;
Baumgartner and Reichel 1975; Warren 1981a; Toole and Warren 1993).
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Warren (1981a) suggest the oxyéen minimum layer is due to in situ
consumption of oxygen as the water moves northwards.

A thermostad (14°C to 8°C) and associated oxygen maximum ( > 225
pmol.kg™1 ), between 500 and 700 dbars, identify SAMW (Figure 3.19 and
Figure 3.21). Below the oxygen maxima lies a salinity minimum (< 34.6) which
marks AAIW. The depth of AAIW decreases slightly from east to west, with a
mean depth of 1000 dbars (Figure 3.20). The decreased oxygen concentration
from SAMW to AAIW suggest a slower northward passage of AAIW (Warren
1981a). _

Immediately below the salinity minimum is an oxygen minimum (< 125
pmol.kg™! ) which identifies Indian Deep Water (IDW) (Figure 3.21). The low
oxygen concentration is due to in situ oxygen consumption and indicates that
the water is older than those lying above and below this layer (Warren 1981a).

The coldest water, found adjacent to Madagascar, has a potential |
temperature of < 0.6°C and an associated oxygen maximum identifies AABW
(Figure 3.19 and Figure 3.21). This AABW enters the basin via the deep
western boundary currents of the Madagascar and Mascarene basins.

The most extreme AABW in the Central Indian basin is found at 5000
dbars adjacent the Ninety-East Ridge (Figure 3.19). This water enters the
Central Indian basin from the Perth basin via deep passages in the Ninetyeast
ridge. Circumpolar Deep Water, identified by with temperature < 2 °C and
high oxygen concentrations, enters the Central Indian basin directly from the
south (Figure 3.19 and Figure 3.21).

Within the West Australian basin, below 5000 dbars, an oxygen maximum
(> 200 pymol.kg~! ) adjacent to the Ninety-East ridge identifies more AABW
(Figure 3.21). Between 3000 and 4000 dbars, silica maxima (> 130 ymol.kg™~* )
and a relative oxygen minimum (between 175-200 pmol.kg~! ) identifies North
Indian Ocean Water (NIDW) (Figure 3.22 and Figure 3.21).

3.1.7 Indian Ocean 32°S (Ind32)

The southern Indian Ocean section has a mean latitude of 32°S, but the
latitude varies from 29°S in the Central Indian basin to 34°S in the Crozet and

Perth basins. The reader is referred to Toole and Warren (1993) for a detailed
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property description.

The temperature profile generally slopes upwards, after reaching its
deepest depth off-shore of Africa (Figure 3.23). The highest surface salinity is
east of 70°E, reflecting the excess evaporation against precipitation in the
subtropics (Figure 3.24) (Toole and Warren 1993).

The SAMW thermostad (600 dbars) decreases from 14°C to 10°C east of
60°E to 12°C to 8°C in the Perth basin (105°E) (Figure 3.23). The AAIW
salinity minimum layer (< 34.4) is seen at 1200 dbars in the Crozet basin and
rises to 1000 dbars over Broken ridge and in the Perth basin (Figure 3.24). The
salinity minimum is strongest in the Crozet and Perth basins.

At 1500 dbars, below the AAIW salinity minimum, is an oxygen minimum
layer and a high silicate (Figure 3.26 and Figure 3.25) which identifies the
southward moving IDW. The oxygen minimum layer is strongest in the Natal
basin, the Central Indian basin and east of the Ninety-east ridge.

The northward flow of CDW and AABW across 32°S is guided by complex
bottom topography into numerous individual ocean basins: the Natal;
Mozambique; Madagascar; Crozet and; Perth basins. In the Natal and
Mozambique basins, at 3000 dbars, the salinity maximum (> 34.8) identifies
NADW which enters the Indian Ocean via the Agulhas basin south of Africa
(Figure 3.24). AABW is identified in the Mozambique, Madagascar, Crozet and
Perth basins, below 4000 dbars, by temperatures < 1 °C and oxygen > 200
pmol.kg~! (Figure 3.23 and Figure 3.24). The coldest temperatures are seen
within the Mozambique and Crozet basin (< 0.2 °C) (Figure 3.23).

3.1.8 South of Australia 140°E (SAust)

This section is one of the repeat transects within the World Ocean
Circulation Experiment (WOCE) and was occupied in summer 1994.

At 46°S there is a rapid decrease in salinity from 35.0 to 34.7 indicating
the STF. Further south between 51°S and 52°S a sharp decrease in temperature
and salinity is associated with the SAF. At 54°S a subsurface temperature
minimum identifies the APF. These fronts from the boundaries between the
Subtropical, Polar Front and Antarctic zones.

North of the STF warm, salty subtropical water dominate the upper 300
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Figure 3.26: Silica (umol.kg™! ) at Indian 32°S
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Figure 3.27: Potential Temperature (°C) south of Australia at 140°E

dbars (Figure 3.27 and Figure 3.28). A thermostad of 10°C to 8 °C at 800 dbars
and associated high oxygen values identify SAMW (Figure 3.27 and

Figure 3.29). Below SAMW at, 1000 dbars, is the salinity minimum associated
with AAIW (Figure 3.28).

An oxygen minimum layer (< 200 ymol.kg~' ), at 1500 dbars identifies
UCDW (Figure 3.29), while at 2000 dbars the salinity maximum layer (> 34.7)
highlights LCDW (Figure 3.28). Both of these water masses shoal south of
Antarctic Polar Front reaching a depth interval of 500 to 1500 dbars south of
57°S.

Cold, low salinity surface water south of the Antarctic Polar Front
identifies Antarctic Surface Water (Figure 3.27 and Figure 3.28). The coldest
temperature (<.—0.5°C) is found on the continental slope and within the
Australian-Antarctic basin (< 0.0°C). These cold temperatures and maximum
oxygen concentrations (> 225 ymol.kg™! ) are representative of locally
produced AABW (Rintoul 1997).

3.1.9 Pacific 32°S (Pac32)

The temperature section shows the characteristic subtropical gyre with an
upward slope of isotherms from west to east (Figure 3.30). In the Tasman Sea
warm, salty water dominates the upper 500 dbars (Figure 3.30 and Figure 3.31).
The salinity and oxygen profiles between 200 and 1000 dbars, adjacent the Chile
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Figure 3.28: Salinity (psu) south of Australia at 140°E
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Figure 3.29: Oxygen (pmol.kg™! ) south of Australia at 140°E
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Figure 3.30: Potential Temperature (°C) Pacific Ocean 32°S

coast, show local maxima and minima, respectively (Figure 3.31 and
Figure 3.32). These features represent the southward subsurface counter-current
(Wooster 1961).

A thermostad between 10°C to 6°C identifies SAMW (Figure 3.30). The
thermostad is deepest in the Tasman Sea (800 dbars) and shallowest in the
eastern basin. At 1000 dbars the AAIW salinity minimum layer is found
(Figure 3.31). The AAIW salinity minimum is strongest east of the East Pacific
Rise (230°E) and only a weak reflection is seen west of the Kermadac ridge
(180°E). The associated oxygen maximum is found only in the central and

eastern basins (Figure 3.32).

The oxygen minimum (< 125 pmol.kg™! ), at 1200 dbars, in the Chile
basin and over the Broken Ridge identifies North Pacific Deep Water (NPDW)
(Figure 3.32). The oxygen minimum at 2200 dbars in the Southwest Pacific
basin identifies UCDW, below 2200 dbars the oxygen and salinity increases
identifying LCDW (Figure 3.31 and Figure 3.32).

Within the Southwest Pacific basin the coldest temperatures (< 0.6 °C)
and oxygen maximum (> 200 pymol.kg™" ) identify AABW (Figure 3.32 and
Figure 3.30).
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3.2 Inverse Model Design

The study of inverse methods using the FRAM numerical model
(Section 2.2) showed that the appropriate structure is added to the reference
level velocities such that total transports were well reproduced. This study
highlights that the appropriate form of the conservation is Equation 2.5 ‘

(reproduced below), when actual hydrographic data is used:

% Aw,/ (0030, +0)) + B

+HweAC)m — (WeAC) 1 = 0

d0; unit ﬁormal

Az; stations spacing at pair j .

C; property value/unit mass at pair j
hmm+1 depth of surfaces bounding layer m
v, relative velocity

b reference velocity

E;C; Ekman property flux at station pair j
(weAC)m,m+1 property dianeutral flux

This section provides the reader with particular information about the

inverse model désign for the Southern Ocean and adjacent ocean basins.

3.2.1 Ekman Fluxes

The Ekman fluxes are calculated normal to the station pairs along the
hydrographic section. The depth of the Ekman layer is assumed to be 60 dbars
for all sections. The property Ekman fluxes are calculated as a weighted mean
property flux from the sea surface to 60 dbars assuming an exponential decay of
the Ekman velocity. The Ekman property fluxes, are then added to the top

layer of the inverse model.
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3.2.2 Wind Data

The Ekman transport, normal to the hydrographic sections is calculated
using the Hellerman and Rosenstein (1983) annual mean wind stress data. The
Hellerman and Rosenstein (1983) wind stress data set was compiled from |
observation covering the world ocean (1870-1976). The Southern Ocean
generally has < 50 observations per 2°x 2°box (Hellerman and Rosenstein
1983). This data set was chosen over the Trenberth et al. (1990) wind stress,
which is based on seven years (1980-1986) of twice daily 1000 hectopascal wind
analyses from the European Centre for Medium Range Weather Forecasts
(ECMWF), due to the presence of data over the high latitudes of the Southern
Ocean.

The quality of both the Hellerman and Rosenstein (1983) and Trenberth
et al. (1990) wind stress data sets has been questioned by Chelton et al. (1990)
and Mestas-Nuiiez et al. (1994), respectively. Their studies are based on two
months of Seasat-A satellite scatterometer near surface wind data. Some of the
differences may be due to the short period for which the wind field was observed
during the two months of operation by Seasat. The quality of the data may be
questionable but the choice is dictated by the coverage of the data over the
Southern Ocean and as a consequence I use the Hellerman and Rosenstein
(1983) wind stress data set.

3.2.3 Neutral Surfaces and the layers defined

As in the FRAM study (Section 2.2) layers are bounded by neutral
surfaces. Neutral surfaces in this study are calculated from the Jackett and
McDougall (1997) gamma-n and neutral_surfaces algorithms. The algorithms
allow labelling of sections and climatological data, in the interior of the boxes,
onto neutral surfaces (gamma-n). The Levitus and Boyer (1994) climatological
data are used to define the neutral surfaces and mean property values on these
neutral surfaces within the boxes defined by the hydrographic sections. The
chosen neutral surfaces subdivide the sections (Figure 3.33 to Figure 3.35) and
the interior of the boxes into particular water mass. The layers defined by these

neutral surfaces and the mean layer properties and the water masses defined at
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Figure 3.34: Neutral Surfaces (vy,) at SAVE 4

the hydrographic section are shown in Table 3.2.

Table 3.2 defines the 23 layers, bounded by neutral surfaces (22), used in
the Southern Ocean inverse and the mean property temperature and salinity of
these layers at the hydrographic sections. It is noted that the north-south

sections have layers in which cold, fresh Antarctic surface water bias the layer

mean property values.
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Figure 3.36: Neutral Surfaces (v,) at South Africa



3.2. INVERSE MODEL

1000

N
]
(=]

Pressure (dbars)
8
3

4000

5000

-55 -50 —45 —40 -35 -30 -25 -20 -15 -10
Longitude

Figure 3.37: Neutral Surfaces (vy,) at Weddell Sea
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Figure 3.38: Neutral Surfaces (-y,) at Indian 18°S
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Figure 3.39: Neutral Surfaces (vy,) at Indian 32°S
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Figure 3.40: Neutral Surfaces (v,) south of Australia at 140°E
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Layer Surf. Sections water
SV 2 SV 4 DrakeP | SAfrica | Wedsea | Ind18 Ind32 SAust | Pac32 mass
1 top * * * * * * * * *
22.0 * * * * * * * * *
9 22.0 * * * * * * * * *
22.5 * * * * * * * * *
3 22.5 * * * * * 26.10 * * *
23.0 * * * * * 34.858 * * *
4 23.0 * * * * * 25.01 * * * surface
23.5 * * * * * 34.844 * * *
5 23.5 26.59 * * * * 23.65 * * * thermo-
24.0 36.307 * * * * 34.984 * * *
6 24.0 26.53 * * * * 22.15 22.49 * * cline
24.5 36.872 * * * * 35.110 | 35.294 * *
7 24.5 24.52 20.68 * 20.89 * 20.73 20.95 * 19.25 water
25.0 36.766 | 35.449 * 35.522 * 35.220 | 35.441 * 34.906
8 25.0 22.77 20.12 * 19.37 * 19.26 19.72 * 18.13
25.5 36.603 | 35.659 * 35.418 * 35.375 | 35.645 * 35.016
9 25.5 19.86 17.528 * 17.27 * 17.61 18.13 * 16.26
26.0 36.217 | 35.489 * 35.337 * 35.457 | 35.696 * 35.054
10 26.0 15.93 13.64 8.72 12.77 * 15.34 15.61 12.28 13.82
26.5 36.626 | 35.009 34.055 34.859 * 35.432 | 35.554 | 34.880 | 34.978
11 26.5 12.75 10.42 7.77 9.56 * 12.81 12.65 9.97 10.99 interm-
26.8 35.195 | 34.661 34.062 34.479 * 35.215 | 35.170 | 34.544 | 34.753 ediate
12 26.8 10.54 8.54 5.94 7.86 * 10.30 9.90 7.01 8.70 water
27.0 34.944 | 34.532 34.052 34.404 * 35.892 | 34.777 | 34.273 | 34.549
13 27.0 8.40 6.50 4.44 6.00 1.399 8.12 7.71 5.06 6.79
27.2 34.724 | 34.382 34.048 34.293 33.725 34.644 | 34.567 | 34.155 | 34.406
14 27.2 6.00 4.39 2.86 3.37 1.33 6.33 5.61 2.88 5.22 (SAMW
27.4 34.519 | 34.254 34.059 34.140 33.872 34.574 | 34.432 | 34.075 | 34.346 AATW)
15 27.4 4.31 3.18 1.55 1.81 0.48 5.15 4.05 1.79 4.01
27.6 34.472 | 34.302 34.146 34.154 34.030 | 34.631 | 34.437 | 34.174 | 34.408
16 27.6 3.87 2.78 1.86 1.08 0.07 3.98 3.20 1.80 3.07 Deep
27.8 34.652 | 34.485 34.387 34.335 34.220 34.679 | 34.550 | 34.390 | 34.521 water
17 27.8 3.57 2.67 2.06 0.95 0.27 2.66 2.53 1.91 2.16 (NIDW
28.0 34.895 | 34.727 | 34.639 34.560 34.490 | 34.720 | 34.691 | 34.634 | 34.638 | NPWD
18 28.0 2.73 2.23 1.66 1.30 0.60 1.82 1.93 1.64 1.71 NADW
28.1 34.906 | 34.809 34.721 34.709 34.628 34.732 | 34.747 | 34.729 | 34.688 CDW)
19 28.1 2.09 1.52 1.12 0.98 0.55 1.32 1.31 1.08 1.23
28.2 34.857 { 34.766 34.720 34.718 34.675 34.721 | 34.727 | 34.720 | 34.712
20 28.2 0.95 0.60 0.69 0.50 0.12 1.02 0.82 0.38 1.06 Bottom
28.3 34.739 | 34.692 34.708 34.693 34.670 34.714 | 34.701 | 34.691 | 34.708 water
21 28.3 * 0.26 * -0.27 -0.20 * * -0.03 * (AABW
28.4 * 34.66 * 34.658 34.658 * * 34.676 * WSDW
29 28.4 * * * -0.44 -0.45 * * * * WSBW
28.5 * * * 34.652 34.647 * * * * RSBW
03 28.5 * * * * * * * * * ALBW)
bottom * * * * * * * * *

Table 3.2: The 22 neutral surfaces which bound the 23 layers and the water
masses they define at the hydrographic sections. Also shown are the layer average
potential temperature (upper °C) and salinity (lower, psu) at each station. *
indicates layer not present in section
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Figure 3.41: Neutral Surfaces (7,) Pacific Ocean 32°S

3.2.4 Reference levels

Across the meridional sections (SAVE 2, SAVE 4, Ind18, Ind23 and
Pac32) the reference level is the boundary between the northward flowing
AABW and southward NADW, IDW and PDW, neutral surface 18 (28.1),
although at SAVE 4 in the western Argentine basin a deepest common reference
level is chosen. At the three Southern Ocean choke point sections (DrakeP,
SAfrica and SAust) a deepest common reference level is chosen, reflecting the

dominance of the Antarctic Circumpolar Current at these sections.

3.2.5 Constraints - A priori Information

Four initial constraints where placed on the particular hydrographic
section used in the study, based on @ priori information. These constraints are
added to the inverse problem as additional equations.

Long term current mooring data in the Bering Strait gives a mean flow of
Pacific water into the Atlantic of 0.8x10®m3s~! (Coachman and Aagaard 1988).
Hogg et al. (1982) estimated northward flow of AABW into the Argentine

basin, via the Vema channel at 4x10%m3s~!

. This study was based on current
moorings and hydrographic data. Speer and Zenk (1993) estimated the
northward transport of AABW between the Argentine and Brazil basins at

6x108m3s~"! , this includes transport in the Vema and Hunter channels and flow
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over the Lower Santos Plateau. Based on these estimates, the total and bottom

transport at SAVE 2 was constrained at:

e Total transport of -0.8x10%m3s™! across SAVE 2 (southwards).

e Bottom water transport in the Argentine basin below neutral surface 19
(CDW and AABW) of 4.5x10%m3s™! (northwards).

Gordon (1981b) estimated oceanic heat loss of 31Wm™2 between 60°S and
70°S. Applying this to the Weddell Sea, 'deﬁned in this study, implies a
southward heat flux of 0.1 PW (1 PW = 10%® W). Constraining the heat flux
also implies that there is zero net mass flux across the Weddell Sea section.
Based on these estimates the AJAX Weddell Sea section has the following

constraints:

e 0.1 PW southward h_ea,t flux

o 0x10%m3s~1 total mass flux

3.2.6 Weights

The importance of appropriate column and row weighting was discussed
previously (Section 2.1) and by McIntosh and Rintoul (1997). The rows are
weighted by the property norm and the columns are weighted by the area norm.
A scaling factor is also applied to the reference velocity and the dianeutral

property flux unknowns such that the condition number is minimised.

3.2.7 Choosing the Rank

As discussed in Chapter 2 the use of actual hydrographic sections
introduces errors into the system. In this model those errors result in choosing a
rank where the data residual norms are of O(1 to 2x10%m3s™1 ).

Table 3.3 provides a quick reference table of the inverse models in this
study and the x108m3s~! a priori constraints applied (in addition to conserving

mass heat and salt).



Constraint

Model_int

Model_surf

Model_wsh

Model_malv

-0.8x10°m3s~! net southward transport at SAVE2
4x10%m3s~! northward bottom transport in Brazil basin
0x10°m3s~! net tranport across Wedsea
31Wm~2 heat loss over Weddell Sea
air-sea fluxes
16Wm™2 heat loss over Weddell Sea
60x10%m3s~! northward Malvinas Current
6x105m3s~! northward transport AABW across Argentine basin
11x105m3s™! northward transport across WOCE PCM9 (Pac32)

LK

LK

NG S N

LKL L

Table 3.3: All inverse models used in this study and the different a priori constraints applied. All models conserve mass, heat

and salt.
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Chapter 4

Circulation of the Southern
Ocean - the initial model

The initial mass imbalances for each layer bounded by hydrographic
sections are shown in Figure 4.1 (+ve is a convergence in the layer, -ve
represents a divergence). Within the subtropical Atlantic region (BI) there is a
divergence from intermediate water (layer 11 to 15) and a convergence into
bottom water (layers 19 and 20) (Figure 4.1 a). The Southern Ocean Atlantic
sector (BII) has a convergence into lower intermediate (layers 14 and 15), deep
layers (16 to 18) and bottom water (layers 21 and 22) but divergence from
upper intermediate water (layers 12 and 13) and lower deep water (layers 19
and 20) (Figure 4.1 b). In the subtropical Indian region (BIV) there is a
convergence into upper thermocline water (layers 3 and 4). There is a smaller
convergence into upper intermediate water (layers 11 and 12) and divergence
from lower thermocline water (layers 7 to 10) and lower intermediate water
(layers 13 to 15) and upper deep water (layers 16 and 17) (Figure 4.1 c). In the
Southern Ocean Indian sector (BV) there is a divergence from upper
intermediate water (layers 11 to 13), lower deep (layers 18 and 19) and bottom
(layers 20 to 21) waters, while there is convergence into upper thermocline
(layers 6 to 10), lower intermediate (layers 14 and 15) and upper deep (layers 16
and 17) waters (Figure 4.1 d). The Pacific region (BVI) shows a divergence
from thermocline (layers 9 and 10) and intermediate (layers 11, 13 to 15) water,
and a convergence into upper deep (layers 16 to 18), and bottom (layers 20 and
21) water (Figure 4.1 e). Similar layer imbalances exist for heat and salt within

each region. Figure 4.1 layer imbalances are large, showing that the relative and
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Ekman transport alone do not conserve mass within layers, even when a
reasonable reference level is chosen. The inverse method solves the unknown
reference velocities and dianeutral property fluxes such that property
conservation, in each region, is achieved.

This chapter discusses the resultant circulation of the Southern Ocean and

adjacent ocean basins derived from inverse methods.

4.1 Reference Velocities

Figure 4.2 through to Figure 4.10 show the absolute velocity profile for
each section, with the reference velocity given in the upper plot. The reference
velocities, although different for each section, are smooth and generally less
than +1cms™!, apart from stations pairs over steeply sloping topography on the
boundaries and over mid-ocean ridges of the hydrographic sections. These
higher reference velocities result from the way in which the inverse model
reduces layer imbalances: placing large velocities over steeply sloping
topography. The propensity of the inverse method to place large reference
(barotropic) velocities over sloping topography is explained by Stommel and
Veronis (1981). The inverse method takes advantage of the structure of the
layers to balance the conservation equations, where large reference velocities
over narrow region where the layer thickness differs are effective in achieving
conservation while minimising ||b*b||.

On the western boundary of SAVE 2 the absolute velocities are southward,
associated with the Brazil Current (Figure 4.2). The absolute velocity structure
at SAVE 4 in the Argentine basin (60°W to 40°W) highlights the complicated
north/south structure associated with the Brazil-Malvinas Confluence
(Figure 4.3). Over the mid-Atlantic ridge the stronger southward current
indicate the position of the Polar Front, Subantarctic Front and Subtropical
Front, while in the eastern, Cape basin the northward current identifies the
Benguela Current. The Drake Passage (Figure 4.4) and the section south of
Africa (Figure 4.5) show to the banded eastward current structure synonymous
with the ACC, although adjacent the south African coast (35°S) a shallow

westward flow is seen. The velocity structure at the Weddell Sea section has
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alternating southward and northward flow (Figure 4.6). The velocities are small
across the Ind18 section, apart from a large southward current adjacent
Madagascar (50°E) associated with the East Madagascar Current and stronger
northward and southward current both east and west of the Ninetyeast Ridge
(88°E) (Figure 4.7). The largest southward velocities at the Ind32 section are in
Natal basin associated with the Agulhas Current (Figure 4.8). South of
Australia the banded current structure of the ACC is evident between 48°S and
58°S, also shown are counter-currents at 47°S and 49°S (Figure 4.9). The
absolute velocity at 32°S in the Pacific highlights the small alternating
northward and southward currents of the subtropical gyres (Figure 4.10). The

largest velocities are adjacent to Australia and the Tonga-Kermadac Ridge.

4.2 Dianeutral Property Flux

In Chapter 2 I outlined how the dianeutral flux unknowns are
incorporated into the conservation equations. The accuracy of decomposing the
property dianeutral flux into its advective and effective diffusive components is
discussed in Section 2.2.2. The reader is reminded that the dianeutral property
advection is the layer property mean X dianeutral mass flux, and the dianeutral
effective property diffusion is the remainder of the total dianeutral property flux
once the advective component is removed. The dianeutral effective diffusion
incorporates not only the actual diffusion but also other eddy processes.

In the subtropical Atlantic region (BI) (Figure 3.1) the dianeutral
advective flux is downwards across upper thermocline (6 to 8) neutral surfaces
and upwards across lower thermocline (9 to 11) neutral surfaces (Figure 4.11).
There is an upward dianeutral advective flux across lower intermediate (14 and
15) and deep (16) neutral surfaces, and a downward flux across lower deep (17
and 18) neutral surfaces. The dianeutral advective fluxes result in the
redistribution of upper thermocline (6 and 7) layers into lower thermocline (8 to
10) layers and deep (17 and 18) layers into overlying intermediate (14 and 15)
layers and underlying lower deep (19) layers (Figure 4.11).

The dianeutral effective heat diffusion is downwards across the

thermocline (4 to 8) neutral surfaces, and upward across intermediate (11 to 15)
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Figure 4.6: Absolute velocity at the Weddell Sea section. Solid and dashed contours refer to north and south velocities,
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Figure 4.11: Subtropical Atlantic dianeutral advection a) mass b) heat c) salt
(propx105m3s~ ). Upper plots - property advection flux across neutral surfaces,
+ve upward flux, -ve downward flux. Lower plots - resultant dianeutral property
convergence in layer, +ve property flux gain (convergence), -ve property flux loss
(divergence). Layer m is bounded on the upper boundary by neutral surface m—1
and on the upper boundary by neutral surface m
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Figure 4.12: Subtropical Atlantic dianeutral effective heat diffusion (x10% °C
m3s~! ). Upper plot - effective heat diffusion flux across neutral surface, -+ve
upward flux, -ve downward flux. Lower plot - resultant dianeutral effective heat
convergence within layers, 4ve heat flux gain (convergence), -ve heat flux loss
(divergence)

and upper deep (16 and 17) neutral surfaces (Figure 4.12). This results in a
redistribution of heat from the upper thermocline (4 to 6) into the lower
thermocline (7 to 9), and a redistribution of lower intermediate layers (14 and
15) and upper deep layers (16 and 17) into upper intermediate water (11 to- 13).
There is also a conversion of heat from the lower deep layers (18) into bottom

layers (19 and 20), respectively.

The effective salt diffusion is upwards across upper thermocline (4 and 5)
neutral surfaces and downwards across underlying thermocline layer (6)
(Figure 4.13). There is a smaller upward salt flux across deep (17 to 19) neutral
surfaces (Figure 4.13). The salt diffusion redistributes salt from the upper
thermocline layers (6) into underlying thermocline (7 to 9) and intermediate (12

to 15) layers.

The dianeutral ”velocity”, for each property is largest in the the upper
thermocline layers (3 to 6) (Figure 4.14). These layers outcrop at the
sea-surface and are substantially modified by sea-surface heat and freshwater
fluxes that result in advection into lighter and denser water layers. Below the
surface outcropping layers the dianeutral velocities are small (O(10~"ms™!) for

all properties. The deep (18) and bottom (19 and 20) dianeutral mass velocity
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Figure 4.13: Subtropical Atlantic dianeutral effective salt diffusion (x10° psu
m3s~1). Upper plot - effective salt diffusion flux across neutral surface, +ve
upward flux, -ve downward flux. Lower plot - resultant dianeutral effective salt
convergence within layers, +ve salt flux gain (convergence), -ve salt heat flux loss
(divergence)

is similar to previous estimates (Warren and Speer 1991; McCartney 1993;
Speer and Zenk 1993).

In the Atlantic sector of the Southern Ocean (BII) (Figure 3.1) the
advection flux is upwards across intermediate (11 to 14) and bottom (20 and
21) neutral surfaces and downward flux across deep (16 to 19) neutral surfaces
(Figure 4.15). This results in a redistribution of lower intermediate layers (13 to
15), which identify AAIW, into upper intermediate layers (11 to 12, SAMW).
The advection across bottom layer (21 and 22, WSDW and WSBW) and deep
(16 to 18, NADW and CDW) layers results in a redistribution of NADW, from
above, and WSDW and WSBW, from below, into CDW (layer 19) and generic
AABW (layer 20). (The density on the classical Southern Ocean water masses
(e.g. SAMW, AAIW) varies somewhat from basin to basin. In order to make
the discussion easier to follow, I have used the water mass names to refer to
particular density layers rather than using layer numbers only. The reader

interested in the properties of a particular layer at a particular section is
referred to Table 3.2).

The dianeutral effective heat diffusion is upwards across thermocline (8 to

10), intermediate (11 to 15) and deep (16 to 18) neutral surfaces and downward
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Figure 4.14: Subtropical Atlantic Mass, Heat and Salt Dianeutral ”velocity”
(ms™1). +ve -upwards, -ve -downwards

across lower deep (19) and bottom (20) neutral surfaces (Figure 4.16). The
dianeutral effective heat diffusion results in a redistribution of heat from deep
layers (16 to 18) and lower intermediate layers (14 and 15) into upper
intermediate (12 and 13) and thermocline layers (8 to 10). There is also a
redistribution of heat from lower deep (19) and bottom (20) layers into extreme

bottom water (layers 21 and 22, WSDW and WSBW respectively)

The dianeutral effective salt diffusion is downwards across all surfaces,
with local maxima across the thermocline (10) and deep (17 and 18) neutral
surfaces (Figure 4.17). This results in a salt loss from lower thermocline (9 and
10) layers into the intermediate (11 and 14, SAMW/AAIW) layers and a
further redistribution of salt from upper deep (16 and 17, NADW) into lower
deep (18 and 19, CDW) and bottom (20, AABW) layers.

The property ”velocity” profiles are largest across the bottom layers
(Figure 4.18). These large " velocities” result from the modification of Weddell
Sea Deep and Bottom water (layers 21 and 22) into slightly less dense Antarctic
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Figure 4.15: Southern Ocean Atlantic dianeutral advection a) mass b) heat c) salt
(propx108m3s~1 ). Upper plots - property advection flux across neutral surfaces,
+ve upward flux, -ve downward flux. Lower plots - resultant dianeutral property
convergence in layer, +ve property flux gain (convergence), -ve property flux loss
(divergence). Layer m is bounded on the upper boundary by neutral surface m—1
and on the upper boundary by neutral surface m
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Figure 4.16: Southern Ocean Atlantic dianeutral effective heat diffusion (x10°
°C m3s~! ). Upper plot - effective heat diffusion flux across neutral surface, +ve
upward flux, -ve downward flux. Lower plot - resultant dianeutral effective heat
convergence within layers, +ve heat flux gain (convergence), -ve heat flux loss
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Figure 4.17: Southern Ocean Atlantic dianeutral effective salt diffusion (x10°
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Figure 4.18: Southern Ocean Atlantic Mass, Heat and Salt Dianeutral ” velocity”
(ms™1). +ve -upwards, -ve -downwards

Bottom Water (layers 20) and Lower Circumpolar Deep Water (layers 19).
The property advection in the subtropical Indian region (BIV)

(Figure 3.1) shows two distinct modes: downward advection across thermocline
(3 to 10) neutral surface and upward advection across lower intermediate (13 to
15), deep (16 to 18) and bottom (19) neutral surfaces (Figure 4.19). This
results in a convergence of the upper thermocline layers (3 and 4) into the
remaining thermocline layers (5 to 10) and upper intermediate layers (11 and
12), while lower deep (18 and 19, CDW) and bottom water (20, AABW) are
converted into upper deep (16 and 17, UCDW/IDW) and lower intermediate
(13 and 15) layers.

The dianeutral effective heat diffusion is upward across thermocline (3 and
10) neutral surfaces and downwards across lower intermediate (13 to 15), deep
(16 to 18) and bottom (19 and 20) neutral surfaces (Figure 4.20). This results is
a redistribution of heat from the lower thermocline layers (5 to 10) into upper

thermocline layers (3 and 4), and a smaller conversion of lower intermediate (13
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Figure 4.19: Subtropical Indian Ocean dianeutral advection a) mass b) heat c)
salt (propx10%m3s~! ). Upper plots - property advection flux across neutral
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flux loss (divergence). Layer m is bounded on the upper boundary by neutral
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Figure 4.20: Subtropical Indian Ocean dianeutral effective heat diffusion (x10°
°C m3s~! ). Upper plot - effective heat diffusion flux across neutral surface, +ve
upward flux, -ve downward flux. Lower plot - resultant dianeutral effective heat
convergence within layers, +ve heat flux gain (convergence), -ve heat flux loss
(divergence)

to 15) into deep (16 to 18) and bottom (19 and 20) layers.

The salt effective diffusion is dominated by an upward flux across
thermocline (10 to 4) and upper intermediate (11) neutral surfaces and a
downward flux across lower intermediate (12 to 15) and deep (16 to 18) neutral
surfaces (Figure 4.21). This results in a redistribution of salt from the

intermediate layer (12) into the upper thermocline layers (4 to 10).

The largest dianeutral property ”velocities” are present across deep (16 to
18) and bottom (19) neutral surfaces indicating that these layers undergo major
modification within this region (Figure 4.22). The salt dianeutral ”velocity” is
also large across the upper thermocline and upper intermediate layers. This
results in the redistribution of salt within the thermocline and upper

intermediate layers.

The Southern Ocean Indian sector advection flux is downwards across the
thermocline (6 to 10) and upper deep (16 to 17) neutral surfaces, while there is
an upward flux across intermediate (12 to 14), lower deep (18 and 19) and
bottom (20 and 21) neutral surfaces (Figure 4.23). This results in a convergence
from thermocline layers (7 to 10) into upper intermediate layers (11 to 13,
SAMW), and a convergence from upper deep layers (16 and 17, UCDW /IDW)
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Figure 4.21: Subtropical Indian Ocean dianeutral effective salt diffusion (x10°
psu m3s~1). Upper plot - effective salt diffusion flux across neutral surface, +ve
upward flux, -ve downward flux. Lower plot - resultant dianeutral effective salt
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into lower deep (17, CDW), and a conversion of extreme bottom water (21 and
22, WSDW, WSBW, RSBW, ALBW) into lower deep layers (18 and 19, CDW).

The dianeutral effective heat diffusion flux is downwards across all
surfaces, although there are two maxima: at the lower thermocline (10) and
upper intermediate (11 and 12) neutral surfaces; and across deep (16 to 18)
neutral surfaces (Figure 4.24). This results in a net convergence of heat from
the thermocline layers (7 to 10) and upper intermediate layers (11 and 12) into
lower intermediate layers (13 and 14). The net convergence into lower deep (18
to 19) and bottom layers (20 to 21) results from a redistribution of heat from
the lower intermediate layers (15) and upper deep layers (16). Salt diffusion is
downward across the thermocline (8 and 9) neutral surfaces, and upwards across
all other surfaces (Figure 4.25). The results in a redistribution of salt in the
thermocline layers (8 to 10).

The dianeutral ”velocities” are largest across the thermocline neutral
surfaces reflecting the conversion of thermocline layers into upper intermediate
layers (Figure 4.26). The large salt ”velocities” across thermocline neutral
surfaces result from the redistribution of salt within thermocline layers.

The advective flux in the Pacific is upward across lower thermocline (9
and 10) and upper intermediate (11) neutral surfaces and downwards across the
deep (16 to 19) neutral surfaces, with smaller downwards fluxes across
intermediate (12 to 15) neutral surfaces (Figure 4.27). This results in a
convergence of upper intermediate layers (11 and 12, SAMW) into lower
thermocline layers (9 and 10). There is also a significant convergence of upper
deep layers (16 to 18, UCDW/LCDW) into lower deep layers (19 LCDW,
AABW) and bottom layers (20 and 21, RSBW ALBW ).

The dianeutral effective heat diffusion is downward across the upper
thermocline (7 and 8) neutral surfaces and upwards across the lower
thermocline (9 and 10), intermediate (11 to 15) and deep (16 to 19) neutral
surfaces (Figure 4.28). This results in a convergence into lower thermocline
layers (9 and 10) from the intermediate layers (12 and 15). There also a
convergence of the heat into the bottom layers (20) from lower deep layers (19).

The dianeutral effective salt diffusion is upward across upper thermocline

(7 and 8) and deep (16 to 19) neutral surfaces, while there is a downward flux
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Figure 4.23: Southern Ocean Indian dianeutral advection a) mass b) heat c) salt
(propx10%m3s~1 ). Upper plots - property advection flux across neutral surfaces,
+ve upward flux, -ve downward flux. Lower plots - resultant dianeutral property
convergence in layer, +ve property flux gain (convergence), -ve property flux loss
(divergence). Layer m is bounded on the upper boundary by neutral surface m—1
and on the upper boundary by neutral surface m
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Figure 4.24: Southern Ocean Indian sector dianeutral effective heat diffusion
(x10% °C m3s~1 ). Upper plot - effective heat diffusion flux across neutral surface,
+ve upward flux, -ve downward flux. Lower plot - resultant dianeutral effective
heat convergence within layers, +ve heat flux gain (convergence), -ve heat flux
loss (divergence)
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Figure 4.25: Southern Ocean Indian sector dianeutral effective salt diffusion
(x10° psu m®s~1). Upper plot - effective salt diffusion flux across neutral surface,
+ve upward flux, -ve downward flux. Lower plot - resultant dianeutral effective
salt convergence within layers, +ve salt flux gain (convergence), -ve salt heat flux
loss (divergence)
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Figure 4.26: Southern Ocean Indian Mass, Heat and Salt Dianeutral ”velocity”
(ms™1). +ve -upwards, -ve -downwards

across lower thermocline (9 and 10) and intermediate (11 to 15) neutral surfaces
(Figure 4.29). This results in a net convergence of salt into upper thermocline
layers (7 and 8) and upper intermediate layers (12 and 13) from lower
thermocline layers (9) and a smaller convergence of salt from deep layers (17 to
19) into lower intermediate layers (15).

The dianeutral ”velocity” of the Pacific sector are small compared to the
other regions. The property ”velocities” have a similar size across all neutral
surfaces (Figure 4.30). The maintenance of similar sized property ”velocities”
across all neutral surfaces shows that thermocline, intermediate, deep and
bottom water modification is occurring in the region.

As shown in Chapter 2 in principle it is possible to calculate diffusivities
by dividing the effective property diffusion by the neutral surface area and the
property gradient (which is poorly known). The diffusivity calculated in this
way ” parameterises” a wide range of process including deviations from the
mean advective flux, air-sea interactions and other eddy processes which act on

spatial scales of a few kilometres to basins-scale (or box scale). The implied
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Figure 4.27: Southern Ocean Pacific sector dianeutral advection a) mass b) heat
c) salt (propx10®m3s~! ). Upper plots - property advection flux across neutral
surfaces, +ve upward flux, -ve downward flux. Lower plots - resultant dianeutral
property convergence in layer, +ve property flux gain (convergence), -ve property
flux loss (divergence). Layer m is bounded on the upper boundary by neutral
surface m — 1 and on the upper boundary by neutral surface m
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Figure 4.28: Southern Ocean Pacific sector dianeutral effective heat diffusion
(x108 °C m3s~1 ). Upper plot - effective heat diffusion flux across neutral surface,
+ve upward flux, -ve downward flux. Lower plot - resultant dianeutral effective
heat convergence within layers, +ve heat flux gain (convergence), -ve heat flux
loss (divergence)
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Figure 4.29: Southern Ocean Pacific sector dianeutral effective salt diffusion
(x10° psum3s~1). Upper plot - effective salt diffusion flux across neutral surface,
+ve upward flux, -ve downward flux. Lower plot - resultant dianeutral effective
salt convergence within layers, +ve salt flux gain (convergence), -ve salt heat flux
loss (divergence)
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Figure 4.30: Southern Ocean Pacific Mass, Heat and Salt Dianeutral " velocity”
(ms~'). +ve -upwards, -ve -downwards

diffusivities (not shown here) are not strictly positive and result in diffusive
fluxes that oppose the property gradient (ie. some fluxes are up-gradient) The
interpretation of the diffusivities and comparison with other studies is unclear
(e.g. see the comparison between calculated effective diffusivities and the
explicit diffusivity in the FRAM experiments in Chapter 2, Figure 2.19 and
Figure 2.20). For this reason a detailed study of the diffusivities is not given.
The focus in the following sections is on the net dianeutral flux, which is what is

important in terms of overall box budgets.

4.3 Mass, Heat and Salt Fluxes

The mass, heat and salt fluxes of the initial model are discussed in detail,
and the discussion of subsequent model focus on the difference from this initial
model. In this model (model.int) some aspects of the circulation (e.g. large
Indonesian throughflow) are inconsistent with previous studies, prompting the

development of the further models in Chapter 5 and Chapter 6. The best
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estimate of the mass, heat and salt fluxes are discussed in Chapter 7.

The total property flux across each section is given in Table 4.1. The
errors given in Table 4.1 are the ”formal” errors from the inverse method,
namely the noise and null space error. By minimising the condition number,
small eigenvalues are avoided which minimise the errors due to the noise (see
Appendix B). By weighting the problem to ensure it is well-conditioned, the
rank is increased which reduces the null space error. The method of calculating
of these errors is given in Appendix B. The errors do not contain an estimate of
the ocean variability or the error associated with the non-synoptic sections and
therefore probably underestimate the real uncertainty of the variability of

section property fluxes.

The Atlantic Ocean has a small southward mass and salt flux, and a
northward heat flux which are all comparable to previous estimates (Rintoul
1988; Coachman and Aagaard 1988; Wijffels et al. 1992; Macdonald and
Waunsch 1996). The southward (-15+£7x105m3s7! ) net transport in the Indian
Ocean results in a large southward heat, salt and freshwater flux. The mass,
heat and salt fluxes, from the Indian Ocean, carried into the Southern Ocean
are balanced by an increased eastward flux of all properties south of Australia.
The circulation pattern resolved by the inverse method is discussed in detail in

the following sections.

4.3.1 Atlantic Region

The Atlantic region includes the subtropical (BI) and Southern Ocean
sector (BII) (Figure 3.1). The subtropical Atlantic Ocean is divided into a
western and eastern regime by the mid-Atlantic ridge (Figure 4.31). There is a
further division of the western basin into the Brazil and Argentine basins by the
Rio Grande rise, while the eastern basin is divided into the Angola and Cape
basins by the Walvis ridge. The Weddell gyre is found south of the
America-Antarctic ridge, with deep passages in this and the Scotia ridge

allowing AABW northward passage into the Atlantic Ocean.



section | Mass(x105m3s~1 ) | Heat(x10° °C m3s~! ) | Salt(x10°%gs~!) | Freshwater(x10%kgs~) | Silica (kmols™?)
SAVE2 -0.71+£8.8 108.944+-38.9 -24.93+32.9 -0.79+0.9 8.7+£354.7
SAVE4 -0.58+5.1 109.214-16.8 -19.13+64.5 -0.63+5.1 -311.94-317.6
Drake P 133.11+2 339.86+3.8 4720.1+30.3 132.344+2.1 8911.7+£191.1
S. Africa 133.64+6.8 206.224+14.2 4735.7+83.4 132.894+6.9 9972.1+£586.1
Weddell Sea 0.01+2.9 -24.40+0.9 0.68+37.7 0.05+2.9 193.7+358.1
Ind18 -14.73£6.4 -256.48+31.66 -5624.31+£57.0 -14.62+6.6 -758.0+£623.8
Ind32 -14.73£7.4 -256.57+36.1 -524.72+65.0 -14.52+7.6 213.64+490.1
S. Aust 148.374+4.1 462.60+10.1 5262.30+£56.1 147.484+4.1 8085.5+314.3
Pac32 15.2848.5 122.704+37.5 543.964+117.8 15.18+£8.7 755.2+678.6

Table 4.1: Total property flux for all sections. +ve - northwards or eastward flux, -ve - southward or westward flux. Units: mass

x105m3s~! and heat x108 °C m3s~! relative to 0°C, salt x10%kgs™?, freshwater x10%kgs~* and silica kmols™!
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Figure 4.31: Topographic features of the Atlantic Ocean with position of hydro-
graphic section (dot-dash). Contours 1000, 3000 metres
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Mass Flux

The small southward total mass flux across SAVE2 and SAVEA4 results as
the Atlantic Ocean north of 18°S is not a closed basin. There is a small inflow of
fresh, cold Pacific water into the Atlantic via the Bering Strait of 0.8x105m3s~!
(Coachman and Aagaard 1988). The overall section flux is achieved by a
northward transport of thermocline layers (5 to 10), intermediate layers (11 to
15) and bottom layers (19 and 20) and an opposing southward transport deep
layers (16 to 18) which characterise NADW. The NADW mass transport across
SAVE2 is 20x10%m3s~1 , of which 14x10%m3s~! enters in the Brazil basin and
6x10°m3s~! flows southward in the Angola basin (Figure 4.32). McCartney
(1993) estimates a net flow 20.4x10°m3s™! of NADW into the South Atlantic.
He highlights that this transport is achieved within recirculating gyres of similar
magnitude, with the deep boundary current transporting twice the amount of
NADW into the northern Brazil basin. Further estimates of NADW southward
transport into the South Atlantic vary between 13.3x10m3s™! to 17x108m3s~!

(Rintoul 1991; Dickson and Brown 1994; Schmitz 1995).

There is a weak, shallow western boundary current at SAVE2 of
3x108m3s~! (relative to 1500 dbars) which identifies the beginnings of the
Brazil Current. Much of the Atlantic South Equatorial Current (SEC) is lost to
the northern hemisphere which results in a weak northern Brazil Current
(Peterson and Stramma 1991). There is no evidence of strengthening of the
Brazil Current between 10°S and 20°S, with an average transport of
4x10°m3s~" in the region (Stramma et al. 1990). The Brazil Current intensifies

and deepens further to the south.

Figure 4.32 shows the layer fluxes in the Brazil basin and the Angola
basin. In the Angola basin southward transport dominates the intermediate
layers (11 to 15, SAMW/AAIW) and deep layers (16 to 18). The bottom layer
(19, AABW) has a small northward transport (not shown) (Appendix D,
Table D.1). The flow pattern of Reid (1989) also has a southward transport of
intermediate layers within the Angola basin, fed by an implied eastward flow
(dashed lines) of intermediate water south of the equator (Figure 4.33). The
eastward flow of AAIW south of the equator is highlighted by a low salinity,
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high oxygen tongue extending eastwards from the western boundary (Suga and
Talley 1995). The salinity maximum (> 34.9 ) of deep layers in the Angola
basin indicate that some NADW enters the South Atlantic in the eastern basin
(Figure 3.3). The small northward transport of AABW in the Angola basin is
not consistent with topographic barriers and previous studies. The Angola
basin is closed, at its southern end, by the Walvis ridge below 4000 dbars, thus
restricting direct input of AABW. McCartney and Curry (1993) find an
unquantified amount of AABW moving eastward through the Romanche
Fracture Zone, while Warren and Speer (1991) identify southward transport of
AABW (1.2x10%m3s™! ) in the Angola basin which enters to the north over the
Guinea Rise. AAIW and AABW moves northward in the Brazil basin providing

the main route for these waters to penetrate into the North Atlantic.
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Figure 4.32: Transport (x10%m?s~1 ) of particular layers in the Atlantic Region. Thermocline layers 5 to 10 (green), Intermediate
layers 11 to 15 (magenta), Deep layers 16 to 18 across SAVE2, SAVE4 and 16 to 19 across Drake Passage, south Africa and
Weddell Sea (red) and Bottom layers 20 to 22 (dark blue). Dashed line 1000 dbar contour
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Figure 4.33: Adjusted steric height ¢4 at 800 dbar (10m?s~20r10Jkg—1). Depths
less than 1000 m are shaded (after Reid 1989).

In the Argentine basin (47°S) the Malvinas (Falkland) Current has a

1| which is in agreement with previous estimates

transport of 19x10%m3s~
(Gordon and Greengrove 1986; Piola and Bianchi 1990). Recently, Peterson and
Stramma (1991) have identified that the Subantarctic Front (SAF) turns
northwards east of Drake Passage essentially becoming the Malvinas Current.
Peterson (1992) suggests that the actual strength of the Malvinas Current could
be 60x10°m3s~! to 70x10°m3s~! | which represents the mass transport through
Drake Passage north of the SAF. The effect, on the circulation, of imposing a

large Malvinas Current will be discussed in a later chapter (Chapter 6).

There is northward transport in all water classes (Figure 4.32) in the
Argentine basin. The northward flow continues along the coast to between 38°S
and 33°S where it meets the southward Brazil Current forming the
Brazil-Malvinas Confluence which moves eastward across the South Atlantic
forming the South Atlantic Current (SAC). AABW continues northwards along
the coast as a deep western boundary current. The eastward SAC and SAF are

evident over the mid-Atlantic ridge and in the Angola basin (Figure 4.32). The
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SAF moves southward rejoining the Antarctic Circumpolar Current and
continues eastward south of Africa, while the SAC moves northwards forming
the closing arm of the subtropical gyre. This northward transport of
intermediate and thermocline water is evident in the Cape basin (Figure 4.32).
This is the main route by which AAIW enters the South Atlantic (Suga and
Talley 1995).

NADW enters the Atlantic sector of the Southern Ocean over the
mid-Atlantic ridge and via the eastern basins across 30 °S with a net transport
of 12x10%m3s~1 . The juxtaposition of CDW and NADW of similar densities in
the subtropical gyre provide the mechanism for mixing between CDW and
NADW. The dianeutral mass fluxes that result are discussed below.

The mass flux through Drake Passage is 133+£2x10°m®s~! | dominated by
intermediate layers (11 to 15) and deep layers (16 to 19) (Figure 4.32). This
mass flux through Drake Passage is consistent with previous estimates which
range between 117x105m3s™! to 137x105m3s~! (Nowlin and Klinck 1986).
Rintoul (1991) also found that intermediate (83x10%m3s~! ) and deep
(43x10%m3s™! ) layers were the dominant water classes through Drake Passage.
The ACC leaves the Atlantic sector south of Africa, with a transport of
133.64+2x108m3s™! . The slight increase in the size of the ACC through the
region is due to the small mass input from the South Atlantic. South of Africa
the dominant layer transport again occurs in the intermediate and deep layers,
although there is an increase in the eastward transport of bottom layers (20 to
22) (Figure 4.32).

Contained in the Atlantic sector of the Southern Ocean is the Weddell Sea
region (BIII). This has a zero mass constraint across its bounding section
(wedsea). This constraint is achieved by inflow of deep, warm salty water
(17x10%°m3s™" | layers 16 to 19) and the outflow of extreme AABW
(18x10%m3s~! | layers 20 to 22), comprised of Weddell Sea Deep and Bottom
water. The southward advection of deep water and the northward advection of
Weddell Sea bottom water is consistent with other studies that find warm deep
water is the only northern source water advected into the Weddell Sea (Orsi
et al. 1993). The input of this Weddell Sea Deep and Bottom water into the
Southern Ocean renews AABW in the Circumpolar Current. The strength of
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the overturning cell is larger than previous estimates of 6x105m3s~! to
9x10%m3s~! (Rintoul 1991; Fahrbach et al. 1994). Chapter 6 investigated the
sensitivity of the northward transport of Weddell Deep and Bottom water to

the estimated heat loss over the region.
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Figure 4.34: Mass transport and dianeutral flux (x10°mn*s~! ) within Deep and Bottom water in the Atlantic Region (BI,BII).
Upward Dianeutral flux- circle, Downward Dianeutral Flux - square, dashed arrow represent net production within layers due
to dianeutral flux. UCDW/NADW (layer 17, light blue), UCDW/NADW/LCDW (layer 18, green), LCDW/AABW (layer 19,
magenta), AABW (layer 20, dark blue), and extreme AABW (layer 21 and 22, red). Dashed line 1000 dbar contour
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The mass transport shown in Figure 4.32 results from lateral and
dianeutral fluxes across neutral surfaces. The dianeutral flux results in the
transfer of mass and other properties between layers. In the Atlantic region the
largest dianeutral fluxes occurs across deep and bottom layers. These dianeutral
fluxes convert NADW (layers 17 and 18) into CDW (layers 18 and 19), the
resulting changes in CDW characteristics highlight these mixing process. To
examine the dianeutral advection occurring it is appropriate to examine the
deep and bottom water layers in finer detail by considering individual layers.

In the subtropical Atlantic southward moving NADW (layers 17 and 18)
mixes with both overlying intermediate layers (layer 15, not shown) and
underlying CDW (layer 19) and AABW (layer 20) (Figure 4.34). NADW
characteristics are dispersed into both denser and lighter surrounding layers by
dianeutral heat and salt fluxes. The dianeutral heat and salt fluxes drive the
mass advection across both upper and lower bounding surface of NADW.
AABW/CDW (layers 19 to 20) enters the subtropical Atlantic in the Argentine
basin. Some of the CDW/AABW continues along the western boundary, being
modified as it move northward by overlying NADW resulting in the warmer and
saltier CDW/AABW which moves north across SAVE 2. Th remaining
AABW/CDW moves eastward with the Falkland-Malvinas Confluence where
the dianeutral heat and salt flux, from NADW and CDW modify AABW
resulting in the dianeutral advection of AABW into less dense AABW and
CDW (Figure 4.34).

The input of NADW into the Southern Ocean Atlantic sector from the
north and Weddell Sea Deep and Bottom water from the south produces
changes in the characteristics of CDW. The input of these water masses result
in ventilation of CDW and the classical salinity and oxygen distinction between
UCDW and LCDW. These changes show the differences in the properties of
CDW entering through Drake Passage and those leaving south of Africa which
are more influenced by NADW and WSDW (Figure 4.35 and Figure 4.36).

The Weddell Sea bottom water is produced by the cooling of imported
CDW in the Weddell Sea region (BIII). The loss of CDW to the Weddell Sea,
and its subsequent return as much colder and denser Weddell Sea Deep and

Bottom water, is replenished by the input of warm, salty oxygen rich NADW
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across SAVE4. The addition of this salty water results in a dianeutral salt flux
from NADW (layers 17 and 18) into denser CDW and the further erosion of the
strong salinity maximum associated with NADW. Figure 4.35 and Figure 4.36
highlight the changes in CDW between Drake Passage and south of Africa which
result from the input of NADW into these water layer. At Drake Passage there
is no salinity maximum associated with LCDW, with UCDW oxygen minimum
dominating CDW. When CDW leaves the Atlantic sector south of Africa the
salinity and oxygen maxima associated with LCDW has been re-established.

The extreme properties of AABW (Weddell Sea Deep and Bottom Water,
layer 21 and 22) are eroded by the downward dianeutral heat flux from CDW
(layer 18 and 19) and NADW (layers 17 and 18). This results in a major change
in the dominance of extreme Weddell Sea Bottom Water (layer 22) at the
Weddell Sea to generic AABW and Weddell Sea Deep Water south of Africa
(layer 20 and 21, respectively) (Figure 4.34).

The effects of dianeutral heat and salt fluxes results in the mass advection
of extreme AABW (mainly WSBW and WSDW) into slightly less dense AABW
and the mass advection of NADW into LCDW and AABW (Figure 4.34).
These mixing processes act to diffuse the NADW temperature and salinity
signatures, which is evident by the distinction between UCDW and LCDW
south of Africa and the dilution of the salinity maximum of NADW between
SAVE4 and south of Africa, although there is still a distinct maximum adjacent

to the Africa coast.
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Figure 4.35: Circumpolar Deep Water (layers 16-19) Temperature (°C) - Salinity
(psu) diagram. DrakeP (red), SAfrica (green) and SAust (dark blue)
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Figure 4.36: Circumpolar Deep Water (layers 16-19) Temperature (°C) -
Oxygen(pumol.kg~' ) diagram. DrakeP (red), SAfrica (green) and SAust (dark
blue)
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The circulation pattern for the South Atlantic subtropical gyre derived, in
this study, is similar to previous studies (Reid 1989; Stramma and Peterson
1990). This consists of a subtropical gyre between 10 °S and 30 °S. The
Brazil-Malvinas Confluence forms the southern limb of the gyre which moves
eastward across the Atlantic. The returning northward limb, on the eastern
boundary, is the main route by which SAMW and AAIW (layers 11 to 15) enter
the Atlantic Ocean. NADW penetrates southward adjacent the South American
coast at 19 °S with underlying northward AABW flowing northwards along the
western boundary from 47 °S. NADW moves eastward across the Mid-Atlantic
ridge and southward in the Cape basin providing the route by which this water
mass enters the Southern Ocean and renews CDW. The ACC in the Southern
Ocean Atlantic sector is dominated eastward intermediate (layers 11 to 15) and
deep (layers 16 to 19) transport. The circulation derived from this model agrees
with previous studies, highlighting that the model has correctly captured the
main features. The most important aspect of the circulation is that it is
achieved within a 3-D mass conserving model. The model quantifies the vertical
exchanges occurring between NADW, CDW, AABW, WSDW and WSBW. This
mixing regime between these water masses quantifies the hypothesised mixing
scheme proposed by Schmitz (1995) and Schmitz (1996a).

Heat Flux

The estimated heat flux across Save2 and Save4 is 0.46+0.07PW (1 PW =
10'W) northwards. (The heat flux quoted are calculated relative to 0°C). This
results from warmer thermocline (5 to 10) and intermediate (11 to 15) layers
being the main layers that balance the colder southward NADW inflow into the
Southern Ocean (Figure 4.37). At Save4 the intermediate heat transport is the
largest component, while at Save2 the thermocline layers dominate the heat
transport. The heat flux associated with the ACC through Drake Passage and
south of Africa, of 1.10 PW and 0.88 PW respectively, is similar to that found
by Macdonald and Wunsch (1996).
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Figure 4.37: Heat flux (PW) of particular layers in the Atlantic Region. Thermocline layers 5 to 10 (green), Intermediate layers
11 to 15 (magenta), Deep layers 16 to 18 across SAVE2, SAVE4 and 16 to 19 across Drake Passage, south Africa and Weddell
Sea (red) and Bottom layers 20 to 22 (dark blue). Dashed line 1000 dbars contour.
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Study Heat (PW) | Comments
P(‘igg’l‘;l 0.25 + 0.12 i
(1}‘;;1) 0.8 i
Sa““d‘zggg)d King | 05401 i
Macdonaé(llgzrégl Wunsch 0.5 4 0.3 :
wdowdd | o3|
Boddem( ?;;15 )Schhtzer 0.35 ;
I({f;‘;g)g 0.38 b
Ha(sltg;‘;?th 0.69 d
B(‘l’gf;ggt 0.16-0.68 d
Srfi‘é; 0.46:-0.07 i

Table 4.2: Comparison of Heat flux (PW)estimates for the Atlantic Ocean at =~
30°S (in PW). i- inverse methods, b- bulk formula and d- direct

A comparison of the heat flux of this study with previous estimates is
shown in Table 4.2 . Table 4.2 shows that recent estimates, using inverse
techniques, give similar estimates of the heat flux at 30°S.

The Weddell Sea region (BIII) has an initial southward heat flux
constraint of -0.1 PW, based on a heat loss between 60°S and 70°S of 31Wm™2
(Gordon et al. 1981). Other estimates of the heat loss over the Weddell Sea vary
from 16Wm™~2 to 41Wm~2 which for the Weddell Sea region results in a heat
flux of 0.05 PW to 0.13 PW (Gordon and Huber 1990; Fahrbach et al. 1994)
The effect of imposing different southward heat fluxes across the Wedsea section

is discussed later (Chapter 6).

Salt Flux

The salt flux across the SAVE2 and SAVEA4 section is
24.934+32.9 x 10%kgs~! and 19.13+£64.5 x 10%kgs™, respectively. Previous
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estimates of the salt flux in the Atlantic, based on an input of 0.8 x10%m3s™!

through Bering Strait from the Pacific Ocean, are 26.7 kgs~* (Wijffels et al.
1992). This salt flux is achieved against an overall northward salt flux in
thermocline, intermediate and bottom water classes and a southward salt flux
within deep water (Figure 4.38).

The salt flux in the Atlantic sector of the Southern Ocean (BII) is
dominated by the Antarctic Circumpolar Current (ACC) (Figure 4.38). The
salt flux through Drake Passage is 4.720 & 30.3 x 10%kgs~!. This is the value of
Sa in Wijffels et al. (1992) (her figure, figure 2b). The salt flux south of Africa
is larger than that entering through Drake Passage by the addition of salt from
the Atlantic across SAVE4.
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Figure 4.38: Salt flux (x10%gs™") of particular layers in the Atlantic Region. Thermocline layers 5 to 10 (green), Intermediate
layers 11 to 15 (magenta), Deep layers 16 to 18 across SAVE2, SAVE4 and 16 to 19 across Drake Passage, south Africa and
Weddell Sea (red) and Bottom layers 20 to 22 (dark blue). Dashed line 1000 dbar contour.

6

o7

SIXNTAd I'TVS ANV LVHH SSVIN



4.3. MASS, HEAT AND SALT FLUXES 151

Freshwater Flux

The freshwater flux across SAVE2 is 0.79 £+ 0.9 x 10°%kgs~! and
0.63 + 5.1 x 10%gs™! across SAVE4. This implies a small evaporative loss of
freshwater (0.16 x 10%kgs~!) from the subtropical Atlantic region. Previous
studies estimate the freshwater flux of 0.69 x 10%gs~" at the equator,
0.6 x 10%gs~! at 15°S and from 0.13 x 10°kgs~! to 0.3 x 10%gs~"! at 30°S
(Wijffels et al. 1992; Macdonald 1995). The implied net evaporation, over the
subtropical Atlantic, from these studies varies between 0.3 x 10°kgs~! and
0.56 x 10%°kgs™!, respectively. From this study the subtropical Atlantic is a net
evaporative basin which agrees with Baumgartner and Reichel (1975), although
the magnitude of the evaporative loss is smaller (as summed by Wijffels et al.
(1992) and Macdonald (1995)). The freshwater flux presented by Wijffels et al.
(1992) is only tentative. They suggest that small bias errors in the air-sea
freshwater flux over a vast ocean can lead to large errors in the total freshwater
transport. .

Saunders and King (1995) use a zero net mass constraint, across a section
with similar latitude variation as SAVE4, based on Wijffels et al. (1992) near
~ cancelation of freshwater flux at 30°S. (This implies freshwater input from the
Bering Strait is nearly equal to loss the freshwater loss by evaporation over the
entire Atlantic.) They conclude that with a zero net mass flux a salt flux of
26.7 x 10%gs~! is not consistent, suggesting that current estimates of the
air-sea freshwater flux have iarge errors. The air-sea freshwater fluxes may have
errors but a southward salt flux in the Atlantic may be achieved with zero mass

flux if NADW is balanced by northward flow of less saline water.

Circulation impacts of Dianeutral Heat and Salt Fluxes

Before discussing the effects of the heat and salt dianeutral fluxes on the
circulation the reader is reminded that the dianeutral fluxes are an expression
for the mean basin dianeutral flux. With this model, only the net dianeutral
fluxes acting over the area of each box can be determined, and not the
magnitude of individual processes which contribute to this flux. In this section I

sketch a plausible but not unique interpretation of these fluxes.
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In the subtropical Atlantic Ocean region (BI) the upper thermocline (layer
5 to 8) dianeutral heat flux is downwards into denser layers. This downward
dianeutral heat flux is the combination of the air-sea heat flux into the ocean on
the outcropping layers and subsequent diffusion of this sea-surface heat gain
into denser thermocline layers. Across the lower thermocline and intermediate
dianeutral surfaces the heat flux is directed upwards. This upward heat flux
could be the result of heat loss from these surfaces in their far southern
outcropping areas. The dianeutral salt flux is upwards into the lightest
thermocline layers (4 and 5). Below these layers the dianeutral salt flux is
directed towards denser layers. The dianeutral salt flux transfers salt from the
thermocline salinity maximum (layers 6 to 10) into the salinity minimum AAIW
(layer 13 to 15). The dianeutral heat and salt fluxes are nearly in balance across
the thermocline layers resulting in only minimal mass advection.

Major changes result from the input of warm, salty NADW (layers 17 and
18) into the subtropical Atlantic region (BI). The dianeutral heat flux transfers
heat from NADW (layers 17 and 18) into underlying LCDW/AABW (layer 19)
and AABW (layer 20) resulting in the advection of mass from AABW into
LCDW. This downward heat flux accounts for the net warming of CDW/AABW
between SAVE4 and SAVE2. The other major effect of NADW is the upward
and downward dianeutral salt flux from these layer. The upward dianeutral salt
flux into over-lying LCDW (layer 16) and AAIW (layers 13 to 15) results in the
salinity increase of these layers within the subtropical Atlantic, while the
downward dianeutral salt flux into LCDW increases the salinity of this water -
mass. The distribution of NADW heat and salt into surrounding denser and
lighter water layers results in the erosion of the salinity maximum from > 34.9
at SAVE 2 (Figure 3.3) into a broad salinity maximum of > 34.7 at SAVE4 and
only a core NADW salinity maximum > 34.8 in the eastern basin (Figure 3.6).

In the Southern Ocean Atlantic sector the dianeutral heat flux is upward
across all thermocline layers (8 to 10) and intermediate layers (11 to 15). This
upwards heat flux results from the heat loss of the ocean to the atmosphere
where the neutral surface outcrops and the upward dianeutral heat flux from
underlying warm NADW and CDW (layer 16 to 18) into the colder overly

Antarctic surface waters in the southern region. The dianeutral salt flux is
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downward through all layers, resulting in a salt flux from higher salinity
thermocline water to less saline intermediate waters below. The downward
dianeutral salt flux and upward dianeutral heat flux results in upward mass
advection of intermediate water into lower thermocline layers.

Within the Southern Ocean Atlantic sector (BII) the dianeutral heat flux
is upwards across all layers above AABW. Within this area deep layers outcrop
in the southern region, exposing them to sea-surface heat loss. The heat loss
from deep layers (16 to 19) is a combination of both the interior heat flux from
the warm circumpolar deep water (layer 16 to 19) into colder surface waters and
also the heat loss to the atmosphere from the outcropping areas of these layers.

The dianeutral heat and salt flux results in the mass advection of extreme
AABW (layers 21 and 22 WSBW and WSDW) into slightly less dense AABW
(layer 20) and downward mass advection of NADW into LCDW (layers 18 and
19) and AABW. These mixing process act to diffuse the NADW -tempei'ature
and salinity signatures and results in the contrasting characteristics between
UCDW (lower salinity and oxygen) and LCDW (maximum salinity and high
oxygen) south of Africa ana the erosion of the salinity maximum of NADW
between SAVE4 and south of Africa. Although there is still a distinct maximum

adjacent to southern Africa.

4.3.2 Indian Region

The Indian Ocean is divided into numerous basins by bottom topography
(Figure 4.39). The topography forms barriers and guides bottom and deep
circulation paths resulting in a complex northward circulation pattern of

Antarctic origin water into the subtropical Indian Ocean.

Mass Flux

The Ind18 section forms the northern boundary of the subtropical Indian
region (BIV) and has an overall southward mass flux of 14.7+6.4x108m3s™! .
This transport represents the size of the Indian-Pacific mass exchange, known as
in Indonesian through-flow. The East Madagascar Current (EMC) forms a
western boundary current adjacent to Madagascar, with a southwards transport

of 31.8x10%m3s~! . Previous estimates vary from 41x10®m3s~! to
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Figure 4.39: Topographic features of the Indian Ocean with position of hydro-

graphic section (dot-dash). Contours 1000, 3000 metres
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20.6x10%m3s7! at 23°S (Lutjeharms et al. 1981; Swallow et al. 1988; Schott
et al. 1988)

The net southward transport is mostly contained in the top two
thermocline layer (3 and 4). These surface layers transport 14x10°m3s~! of
warm, fresh water southward, which is evenly distributed across the section
(Figure 4.40). The remaining thermocline (5 to 10), intermediate (11 to 15),
deep (16 to 18) and bottom (19 to 20) layer transports are essentially in balance
resulting in a small southward transport of 1.8x10°m3s~! . The southward
transport is concentrated in the EMC (27x10%m®s~! below layer 4). The basin
interior thermocline (5 to 10) and intermediate (11 to 15) layers transport
33x10%m3s~! northwards (Figure 4.40). The northward thermocline and (some)
intermediate water balance the southward EMC. The remaining intermediate -
water, along with AABW (layers 19 to 20, 4x10°m3s™! ) and CDW (layers 16
to 18, 7x108m3s~! ) (Figure 4.40), are modified in the northern Indian Ocean.
The modified intermediate, deep and bottom water returns to the Subtropical
Indian Ocean as low oxygen, high silica NIDW (layers 16 and 17) (Figure 4.40),
in the Mascarene, Central Indian and West Australia basins. Figure 4.41
sketches the implied overturning circulation north of 18 °S in the northern

Indian Ocean.
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Figure 4.40: Transport (x10°m3s~! )of particular layers in the Indian Region.
Surface layers 3 and 4 (light blue), Thermocline layers 5 to 10 (green), Interme-
diate layers 11 to 15 (magenta), Deep layers 16 to 18 across Ind18, Ind32 and 16
to 19 south of Africa and Australia (red) and Bottom layers 20 to 22 (dark blue).
Dashed line 1000 dbar contour.
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Across 32°S in the Indian Ocean there is a net southward transport of
-15+7.4x10%m3s™" . This is achieved in a series of north/south transports
within individual basins. The western boundary is dominated by the southward
Agulhas Current of 47.3x10%°m3s~! . Previous estimates of the strength of the
Agulhas Current vary from 21.4x105m3s™! to 62x10°m3s~! at 31°S and
80x10%m3s™! using geostrophic and direct methods, respectively (Griindlingh
1980; Toole and Raymer 1985; Griindlingh et al. 1991). In recent years there
has been some debate pertaining to the origins of the Agulhas Current,
particularly the importance of the Mozambique channel and EMC on the
Agulhas. Harris et al. (1978) using satellite images highlighted that surface
water originating from the EMC turned westward and finally curved southwest
(after northwest movement towards the Mozambique Channel) into the Agulhas
Current. They also found water originating from the Mozambique Channel
moving south adjacent to the south African coast into the Agulhas Current.
The influence of the Mozambique Current on the Agulhas Current has been
estimated at 6x105m3s~! Fu (1986). A study of hydrographic data (between
1977 to 1980) off the Mozambique Coast and historical data in the Mozambique
Channel indicates that the Mozambique Current is, if at all, only a minor
tributary of the Agulhas Current (Saetre and da Silva 1984). Sztre and da Silva
(1984) even question the concept of a continuous Mozambique Current.
Griindlingh et al. (1991) studied eddies in the Mozambique Channel, between
June 1978 and February 1988. No eddies were seen entering or leaving the
Mozambique Channel over this period. Anticyclonic eddies found southeast of
Madagascar were derived from the EMC. Eddies from the EMC represent the
mechanism by which mass and heat are transfered to the Agulhas Current.
Downstream strengthening of the Agulhas Current results from the local

recirculation in the southwest subtropical Indian Ocean (Gordon et al. 1992).
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Figure 4.41: Schematic of overturning cell north (x10®m3s~! ) of 18°S in the
Northern Indian Ocean. Southern origin Intermediate water important source
of EMC and with AABW source of North Indian Deep Water after mixing and
conversion in the northern Indian Ocean
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Figure 4.42: Mass transport and dianeutral flux (x10°m?s~! ) within Deep and
Bottom water in the Indian Region (BIV, BV). Upward Dianeutral flux- cir-
cle, Downward Dianeutral Flux - square, dashed arrow represent net production
within layers due to dianeutral flux. UCDW /NADW /NIDW (layer 17, light blue),
UCDW/NADW/LCDW (layer 18, green), LCDW/AABW (layer 19, magenta),
AABW (layer 20, dark blue), and extreme AABW (layer 21 and 22, red). Dashed
line 1000 dbars



4.3. MASS, HEAT AND SALT FLUXES 163

Across 32°S there is a total southward transport of intermediate (11 to 15)
layers of 13x10%m3s~! . This transport is achieved by southward transport in
the Natal and Madagascar basins and over the Broken Plateau and opposing
northward flow in the Crozet (60°to 70°E) and Central Indian (85°E) basins (for
simplicity these are combined within Figure 4.40, individual transport are
15x105m3s~ and 7x105m3s~! ) and in the Perth basin (100°to 110°E)

(Figure 4.40). The intermediate transport structure is similar to that suggested
by Stramma (1992) for the upper 1000 m (Figure 1.6). He found that
intermediate water moves northward, into the Indian Ocean, in the Madagascar
(20x10%m3s7! ), Crozet (20x10%m3s~! ), Central Indian (10x10%m3s~! ) and
Perth (10x10%m3s~! ) basins. Fine (1993) using chlorofluorocarbon (CFC) and
oxygen analysis of the Ind32 section showed that the intermediate water
entering the Indian Ocean via the Crozet and Central Indian Ocean is the most
recently ventilated, with the F11/F12 indicating an age of 9 years. The
F11/F12 age of the intermediate water entering in the Perth basin is 30 years.
The difference in intermediate water age between these basins suggest very
different circulation paths. The Crozet and Central Indian basins have the more
direct connection to the source region of intermediate water. The intermediate
water entering the Indian Ocean via the Crozet and Central Indian Oceans is
the main source of AATW, which ventilates the Indian Ocean. The age of the
intermediate water in the Perth basin suggests a circulation pathway in which
intermediate water first flows around the Pacific subtropical gyre and then flow

westward south of Tasmania into the southeast Indian Ocean.

Topography plays a major role in directing the deep (16 to 18) and
bottom (19 to 20) layer transports across Ind32. Deep (16 to 18) water moves
northward in the western Natal, Mozambique, Madagascar and Crozet basins
(Figure 4.40). The eastern basins, at similar depth are dominated by southward
flow of low oxygen North Indian Deep waters (layers 16 and 17). Bottom (layers
19 and 20) water enters the Indian Ocean in a series of deep boundary currents,
in the Mozambique, Madagascar, Crozet and Perth basins (Figure 4.40).

The deep (layer 18) northward flow in the Natal and Mozambique basins
has a salinity of > 34.8 indicating NADW is transported into the southwest
Indian Ocean via the Agulhas basin south of Africa (Figure 3.24). The deep (17
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to 18) and bottom (19 to 20) layers that enter via the Mozambique, Madagascar
and Crozet basins move northwards into the Indian Ocean through a series of
deep passages in the Southwest Indian Ridge or upwell into overlying deep (16
and 17) and lower intermediate (15 to 13) layers. The other source of bottom
water (layers 19 and 20) enters in the Perth basin. There are topographic
barriers to the west that restrict the densest AABW, from the Weddell Sea,
reaching the southeast Indian Ocean, namely the Kerguelen Plateau and the
Southeast Indian Ridge, while there are passages south of Australia that enable
AABW of Adelie Land and Ross Sea origin to penetrate into the southeast
Indian Ocean and the Pacific Ocean. The potential temperature-salinity and
potential temperature-oxygen diagrams (Figure 4.43 and Figure 4.44) show
differences in the bottom layer properties between the Crozet and Perth basins.
The coldest and freshest bottom layers are found in the Crozet basin. The
persistence of the extreme bottom water characteristics highlight that bottom
water in the Crozet basin is recently produced AABW from the Weddell Sea.
Bottom water in the Perth basin is warm and has a relatively high salinity. The
bottom water of the Perth basin are sourced from the Australia-Antarctic basin,
adjacent to the Antarctic continent, through the South Australian basin
(Mantyla and Reid 1995). The high salinity values of bottom water in the
Australia-Antarctic basin is suggested to be the result of mixing between
Weddell Sea and Ross Sea Bottom water (Carmack 1977). But Rintoul (1997),
using recent data, finds that the bottom water in the Australia-Antarctic basin
is principally derived from AABW formation along the Adelie coast. The
bottom water entering the Perth basin is a very modified version of the AABW
of the Australia-Antarctic basin, as highlighted by its relatively high
temperature and salinity. The high temperature and salinity of bottom water in
the Perth basin results from the mixing of bottom water with overlying warm,
saline CDW as the bottom water moves northward from the Australia-Antarctic
basin and not necessary an indication of a saline source of bottom water from
the Ross Sea. The Perth basin bottom water has a higher oxygen concentration
than the Crozet basin water at the same temperature again highlighting the

eastern and western sources of the bottom water, respectively.
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Figure 4.43: Indian 32°S Bottom Water Potential Temperature (°C) - Salinity
(psu) diagram for the Crozet basin (red) and Perth basin (dark blue)
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Figure 4.44: Indian 32°S Bottom Water Potential Temperature (°C) - Oxygen
(umol.kg~' ) diagram for the Crozet basin (red) and Perth basin (dark blue)
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Within the subtropical Indian region (BIV) most of the AABW (layers 19
and 20) and LCDW (layer 17 and 18) (25x10m3s~! ) that enters from the
south across Ind32 is modified into upper deep (17 and 16) and lower
intermediate (13 to 15) layers and only a small portion moves northwards into
the northern Indian Ocean. The subtropical Indian Ocean is a major region of
water modification with mixing occurring between Southern Ocean
(intermediate, CDW and AABW) and subtropical/tropical (thermocline,
NIDW) water masses.

The most important mechanism for water mass conversion of LCDW and
AABW, in subtropical Indian Ocean, is the downward dianeutral heat flux
(through all surfaces). This results in the conversion of Southern Ocean AABW
and LCDW to upper deep layers (16 and 17, IDW) and lower intermediate
layers (13 to 15), which leave the exit the southward across 32°S (Figure 4.42).
This overturning, in the subtropical Indian Ocean, is supported by previous
studies (Toole and Warren 1993; Robbins and Toole 1997). There are some
difference in the vertical extent of the overturning cell between this study and
the studies of Toole and Warren (1993) (hereafter T&W) and Robbins and
Toole (1997) (hereafter R&T) which are emphasised by the silica flux across the
Ind32 section. These differences are discussed below.

Toole and Warren (1993) suggest that the strong overturning could be the
result from boundary mixing process. The Indian Ocean is divided into
numerous smaller basins and the complex topography may provide the
mechanism required to enhance the downward dianeutral heat flux and
subsequent strong overturning present in the deep subtropical Indian Ocean.

In the Southern Ocean Indian sector (BV) large changes occur in the
volume flux of bottom layers (20 to 22) and deep layers (17 to 19) between the
south African and south Australian sections. Extreme AABW (layers 21 and
22), from the Weddell Sea and Adelie/Ross Sea are modified by downward
dianeutral heat flux. This downward heat flux results in the upward advection
of mass from these extreme density layers into slightly less dense AABW (layer
20) and CDW (layer 19) (Figure 4.42).

The dianeutral heat flux has a major influence on the mixing processes in

the Indian region. The downward advective mass flux results in the dispersal of
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the surface warm, fresh thermocline layer into lower thermocline layers in the
subtropical Indian Ocean. The mass advection into lower intermediate and
upper deep layers is driven by the strong overturning of LCDW and AABW. It
has been suggested that the strong overturning is the result of enhanced mixing
induced by the complex bottom topography of the Indian Ocean, while the

downward dianeutral heat flux maintains the deep temperature gradient.

Heat Flux

The Indian Ocean exports heat southwards. The heat flux is a
combination of the heat associated with the Indonesian through-flow and in situ
heat gain, from the atmosphere, in the Indian Ocean north of 32°S. The heat
flux across Ind18 and Ind32 is 1.10£0.15 PW.

The southward heat flux at Ind18 is contained, mainly in the top
thermocline layers (3 and 4) across the entire basin. Below these layers, the
northward basin interior thermocline (5 to 10) and intermediate (11 to 15)
layers heat flux dominates over the southward heat flux associated with the
EMC resulting in an overall northward heat flux in these water classes
(Figure 4.45). The deep layers (16 to 18) have a southward heat flux which
results from a balance between the northward flow of cool CDW (layers 17 and

18) and the southward flow of relatively warm NIDW (layer 16 and 17).
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Figure 4.45: Heat flux (PW) of particular layers in the Indian region. Surfaces
layers 3 and 4 (light blue), Thermocline layers 5 to 10 (green), Intermediate layers
11 to 15 (magenta), Deep layers 16 to 18 across Ind18, Ind32 and 16 to 19 south
of Africa and Australia (red) and Bottom layers 20 to 22 (dark blue). Dashed
layers 1000 dbar contour.
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Study Total Heat (PW) | Indo. | Heat Conv. | Comments
Toole and Warren
(1993) -1.67 6.7 -0.98 h
Macdonald and Wunsch )
(1996) -1.3 4+ 0.3 8.7 -04 1
Macdonald .
(1993) -1.3 10.0 -0.27 1
This -1.1040.15 15.0 0.45 i
study

Table 4.3: Comparison of Heat flux (PW) estimates for the Indian Ocean at ~ 30
°S (in PW). Also shown given is the estimated size of the Indonesian Throughflow
for each study. Heat flux associated with Indonesian Throughflow is calculated
assuming a throughflow water temperature of 24°C (Toole and Warren, 1993). h-
hydrographic data and i- inverse methods

At Ind32, the large southward heat flux, associated with the top
thermocline layers (3 and 4) at Ind18, is redistributed into lower thermocline
layers (5 to 10) and intermediate layers (11 to 15). The heat flux is transported
southwards in the western basins (Natal, Madagascar) and over the Broken
Plateau. This results in a total basin southward heat flux in thermocline and
intermediate water classes (Figure 4.45). There is also a southward heat flux
within deep layers (16 to 18). The only northward heat flux into the Indian

Ocean is associated with bottom layers (19 and 20).

The redistribution of heat in the Indian subtropical gyre results in the
warming of particular layers, which are returned to the Southern Ocean Indian
sector in the Agulhas Current (thermocline and intermediate layers). Similarly,
the downward dianeutral heat flux from intermediate (11 to 15) and upper deep
(16 and 17) layers into CDW (17 to 19) and AABW (10 to 22) enhance
modification and conversion of these waters into less dense upper deep and

intermediate layers.

The ACC heat flux south of Australia (1.994:0.04PW) is larger than that
entering south of Africa (0.8840.06 PW). This reflects the cyclic nature of the
Indian-Pacific mass transport where the Indonesian through-flow is balanced

south of Australia.

Table 4.3 provides a comparison of the heat flux across 30°S between this
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study and previous estimates. The total heat fluxes include the heat flux

associated with the Indonesian throughflow. When accounting for the heat flux
associated with the Indonesian throughflow the net convergence of heat into the
Indian Ocean north of 30°S is southward in the previous studies and northward
in this study. Macdonald (1993) when constraining the Indonesian through flow
to 20x108m3s~1 obtain a total southward heat flux of -1.4 PW, when removing
the heat contribution of the Indonesain throughflow a net northward heat

convergence (0.66 PW) is obtained.

Salt Flux

At 18°S in the subtropical Indian Ocean (BIV) the EMC transports salt
southwards, this is balanced by northward salt fluxes in the interior thermocline
(5 to 10) and intermediate (11 to 15) layers. There is also a northward salt flux
in the bottom layers (19 to 20). The southward salt flux, at 18°S, is achieved
principally in the top two thermocline layer and in the deep layers (16 to 18)
resulting in total salt flux of 524 4+ 57 x 10%kgs™! (Figure 4.46). At 32°S the salt
flux in southward (523 + 65 x 10%kgs™!). The southward salt flux at Ind32 is
contained mainly in the thermocline (6 to 10), intermediate (11 to 15) and
upper deep (16 to 17) layers (Figure 4.46). Toole and Warren (1993) estimate a
salt flux across 32°S, in the Indian Ocean, of 236.8 x106kgs~!.
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Figure 4.46: Salt flux (x10%°kgs~!) of particular layers in the Indian Region. Sur-
face layers 3 and 4 (light blue), Thermocline layers 5 to 10 (green), Intermediate
layers 11 to 15 (magenta), Deep layers 16 to 18 across Ind18, Ind32 and 16 to
19 south of Africa and Australia (red) and Bottom layers 20 to 22 (dark blue).
Dashed line 1000 dbar contour.
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The Indian Ocean is closed north of 32°S, except for the export of Pacific
water into the Indian Ocean via the Indonesian through-flow. This flow results
in a salt flux into the Indian Ocean. The salt flux out of the Indian represents
the Sp in Wijffels et al. (1992), figure 2b. Toole and Warren (1993) assuming
salt conservation, estimate the size of the Indonesian through-flow, based on
mean temperature of 24°C and salinity of 34.5, to be 6.7x10®m3s™! . Defining
the through-flow in term of salt transport in the Indian Ocean I estimate a
through-flow of 15.03x10%m3s~! . This shows that the differences in salt flux
between this study and Toole and Warren (1993) results from different

estimates of the size of the Indonesian through-flow.

Freshwater Flux

The Indian freshwater flux of 14.6 & 7 x 10%gs™, is dominated by the
southward flux of the Indonesian through-flow. This freshwater flux is
considerably larger than previous estimates (Toole and Raymer 1985;
Macdonald 1995). Both of these studies do not include the freshwater flux
associated with the Indonesian through-flow thus accounting for the large
difference between these studies and the flux estimated here.

We have estimated the the Indonesian through-flow at 15x10°m3s~! ;
assuming the through-flow has a mean temperature of 24°C, salinity of 34.5 and
density of 1023 kgm 3 the estimated freshwater flux associated with the
through-flow is 14.6 & 7.6 x 10°kgs~1. The freshwater flux of the Indian, with
Indonesian through-flow removed, is —0.32 x 10%kgs~!. Wijffels et al. (1992)
estimate a freshwater flux of —0.51 x 10°kgs~!. There is agreement in the sign
of the freshwater flux (Indian Ocean north of 32°S is a net evaporative basin)

but the magnitudes differs.

Deep overturning circulation - The Silica Flux

Toole and Warren (1993) (T&W)emphasised a deep overturning cell in the
subtropical Indian Ocean of 26x10%m3s~! which converts northward flowing
AABW and CDW into lighter southward flowing thermocline and intermediate
water. Robbins and Toole (1997) (R&T) show that the overturning scheme of
Toole and Warren (1993) results in a large northward silica flux (1532kmols™1),
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which is unrealistic given the current estimates of the global silica budget
(DeMaster 1981; Nelson et al. 1995). Robbins and Toole (1997) revise the
overturning cell in the Indian Ocean to 13x10°m3s~! , such that the silica flux
across 32°S is approximately zero. The Indian overturning cell (25x105m3s )
in this study is comparable to the Toole and Warren (1993) study, but the
northward silica flux is much smaller (214 + 490.1kmols™!). (Note that no silica
constraint was imposed on the solution. The silica flux is diagnosed from the

absolute velocity field and is used as a test of the inverse solution.)

Table 4.4 compares the layer transports and silica fluxes of this study with
the studies of T&W and R&T. The layers used in this study are grouped so
they agree with the previous studies. There is a northward flow of deep and
bottom water as deep western boundary currents into the Indian Ocean across
32°S. The most significant difference of this study with previous studies is the
increased southward transports in layers 4 and 5 (in this study layers 14 and 15
and, 16 and 17, respectively). The vertical overturning cell in this study is
contained below 1000 dbars while for the T&W and R&T studies it extend
throughout the entire water column. Layers 4 and 5 contain silica values that

vary from between 60 to 100 kmols™?

while the thermocline layers are nearly
depleted in silica (Figure 3.26). The larger southward transport in layers 4 and
5 and the higher silica concentration of these layers nearly balance the
northward silica flux within deep (18 and 19) and bottom layer (20) resulting in
a small northward silica flux. The southward silica fluxes in the lower
intermediate layers (14 and 15) and the upper deep layers (16 and 17) occur in
the Central and Perth basin and over the Ninetyeast ridge and are associated

with the southward transport of low oxygen IDW (Appendix D,Table D.12).

The circulation derived from this study supports a large deep overturning
cell as proposed by Toole and Warren (1993), but contains it below 1000 dbars.
The confinement of the overturning cell to below 1000 dbars has a significant
effect on the silica flux across 32°S, resulting in a small northward flux. The

smaller northward silica is more consistent with the global silica balance.
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Layers Mass (x108m3s~1) Silica (kmols™!)
T&EW,R&T | int | T&W | R&T | int | T&W | R&T int

1 1-10 -21 -16 -8 97 -31 -83
2 11-12 | -0.7 4 -1 -85 -64 -68
3 13 -8 -4 -5 | =305 | -226 -147
4 14-15 -5 -3 -14 | -316 | -208 -806
) 16-17| -0.5 -4 -12 | -73 -417 -1155
6 18 11 2 10 731 | -216 627
7 19 14 10 4 1509 | 1110 330
8 20 1 1 11 169 170 1463

Total -10 -10 | -15 | 1532 21 | 213+490

Table 4.4: A comparison of the layer silica flux (kmols™!) and the mass transport
(x10%m3s~! ) between Toole and Warren (1993) (T&W), Robbins and Toole
(1997) (R&T) and this study. +ve northward flux, -ve southward flux

Circulation impacts of Dianeutral Heat and Salt Fluxes

In the subtropical Indian Ocean (BIV) the Indonesian through-flow
dominates the thermocline layers. There is an upward dianeutral heat flux
within this region across all thermocline layers (3 to 10). This represents the
redistribution of heat gained from the atmosphere across the air-sea interface.
The dianeutral salt flux is upward across thermocline layers (3 to 10). This is
consistent with a salt flux from the salinity maximum thermocline layers (5 to
10) into the salinity minimum Indonesian through-flow layers (3 and 4). The
salinity maximum layer is found at the surface in the southern half of the region
but at 18°S is a subsurface features.

The downward dianeutral heat flux, in the subtropical Indian Ocean, into
IDW and CDW (17 to 18) and AABW (layers 19 and 20) may be induced by
the complex bottom topography that divides the Indian Ocean into numerous
individual basins. Toole and Warren (1993) suggests that the maintenance of
the vertical temperature gradient in the face of strong upwelling must result
from downward diffusion of heat. The vertical temperature profiles between the
Atlantic, SAVE2 and SAVE4 (Figure 3.2 and Figure 3.5), and the Indian Ocean
(Figure 3.19 and Figure 3.23) highlight the differences in the structure and
depth of particular isotherms and the strength of the vertical temperature

gradient associated with the thermocline. In the Atlantic Ocean at SAVE4, the
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input of AABW and LCDW is identified by the strong vertical gradient below
3000 dbars (Figure 3.5). An identifiable temperature gradient, between AABW
and NADW is still evident at SAVE2 (Figure 3.2). At a similar depth, a
temperature gradient is seen in the Indian Ocean at 32°S (Figure 3.23), but at
18°S (Figure 3.19) this is eroded and the deep temperature is much more
uniform than at a similar latitude in the Atlantic Ocean. It is interesting also, to
note, that the temperature gradient is slightly stronger in the West Australian
basin, perhaps indicating that the mechanism for downward heat diffusion is
not as strong in the eastern Indian Ocean. AABW moving northward in the
eastern Indian Ocean encounters reduced topographic restrictions than that
moving northwards in the western basins (Figure 4.39). The strength of the
overturning cell could result from the combined effects of upwelling induced by
topography and the enhanced vertical diffusion of heat, due to the ability of the

Indian Ocean to effectively transfer surface heat to water below the thermocline.

In the Southern Ocean Indian sector the dianeutral heat flux is downwards
across all layers. This results in a redistribution of heat from the thermocline
layers (8 to 10) associated with the southward Agulhas current into
intermediate layers. This heat flux results in the mass conversion of thermocline
layers (8 to 10) into intermediate layers (12 to 15, SAMW/AAIW). The
dianeutral salt flux redistributes the salt in the thermocline. There is a net
conversion of heat into CDW (layer 18 to 19) and AABW (layer 20 to 22). This
heat flux into these layers results in the warming of the LCDW and provides a
mechanism by which extreme RSBW and ALBW (layers 21 and 20), in the
Australian-Antarctic basin, is warmed resulting in the warmer and saltier
AABW (layer 19 and 20) in the Perth basin. The dianeutral salt diffusion is
upward across the salinity maximum CDW (layer 18 and 19). This results in a
conversion of salt into the salinity minimum AAIW (layer 13 and 15). The
erosion of the salinity maximum, which identifies LCDW, highlights the
changing dominance of LCDW and UCDW in the composition of CDW within
this region. The difference in composition of CDW is shown by changes in the
potential temperature-salinity and potential temperature-oxygen diagrams

between SAfrica and SAust sections (Figure 4.35 and Figure 4.36).
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4.3.3 Pacific Region

The Pacific Ocean is bounded by Australia and New Zealand in the west
and South America in the east. The Pacific Ocean is divided by the Pacific -
Antarctic ridge and the East Pacific Rise, forming the Southwest Pacific basin
and the Southeast Pacific basin (Figure 4.47). The deep western boundary
current is not adjacent to the Australian coast but is displaced further east and
found adjacent to the Campbell Plateau and the Kermadec-Tonga ridge. The
Pacific Ocean western boundary current, the East Australian Current, leaves
the coast at =~ 30 °S and meanders eastwards across the Tasman Sea eventually

reforming east of New Zealand.

Mass Flux

The Pacific Ocean sector of the Southern Ocean (BVI) is dominated by
the eastward flow of the ACC. South of Australia the ACC attains its maximum
strength of 148+4.1x10°m3s™! and decreases to 133£2x10°m3s~! at Drake
Passage; the decrease in the ACC transport is compensated by a northward
transport, into the subtropical Pacific Ocean, across Pac32 of 15£8.5x106m3s™1
. The northward transport across Pac32 is dominated by thermocline waters
(Figure 4.48). The northward transport of thermocline waters across Pac32
nearly balances the input of Pacific water to the Indian Ocean (the Indonesian
Through-flow).

Intermediate layers (11 to 15) are transported northward in the eastern
Pacific ocean, east of 168 °W, as part of the subtropical wind-driven gyre. Most
of this water returns in the western Pacific Ocean, via the Tasman Sea, over the
Kermadec-Tonga Ridge and in the western portion of the South-West Pacific
basin, resulting in only a small southward transport of 1.7x105m3s~?

(Figure 4.48).

Southern Ocean deep (16 to 18) and bottom (19 to 20) layers enters the
Pacific ocean in the South-West Pacific basin in a deep western boundary
current adjacent to the Kermadec-Tonga Ridge. Stations occupied adjacent the

ridge to 168 °W coincide with the WOCE mooring array PCM9. The integrated
transport from the ridge to 168 °W below 2000 dbars (layer 17) is 13x108m3s1
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Figure 4.47: Topographic features of the South Pacific Ocean with position of

hydrographic section (dot-dash). Contours 1000, 3000 metres
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. This is in good agreement with the long term northward transport from the
PCM9 mooring array of 11x10%m3s~ (Whitworth et al. 1996). At 17.5 °S
Banks et al. (1995) estimate a northward transport of water colder than 1.2°C
at 13.6x108m3s~! | while Johnson and Toole (1993) estimate a net transport of
9.6x10%m3s~! moving north across 10 °N. This is comprised of 14.3x108m3s~!
moving northwards in the east Mariana basin and the Central Pacific basin and
a southward transport of 4.7x10%m3s™! in the Northeast Pacific basin.

Within the Chile basin, the Tasman Sea and over the Kermadec-Tonga
Ridge, there is a southward flow of upper deep water (layer 16 and 17), which is
associated with an oxygen minimum (Figure 4.48). The southward flow is
Pacific Deep Water which results from modification of AABW and CDW and

mixing with overlying intermediate water in the Pacific Ocean north of 32 °S.
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Figure 4.48: Transport (x10°m3s~! ) of particular layers in the Pacific Region.
Thermocline layers 5 to 10 (green), Intermediate layers 11 to 15 (magenta), Deep
layers 16 to 19 (red) and Bottom layers 20 to 22 (dark blue). Dashed line 1000
dbar contour.
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In the Southern Ocean Pacific sector the densest water is found in the
northwest Ross Sea and adjacent to the Adelie Coast. (# -0.5°C, 34.65 and O,
249.83 pmol.kg™! ). The salinity and temperature of this extreme bottom water
identifies it as Adelie bottom water which Rintoul (1997) concludes is a
significant contributor, second in volume to the Weddell Sea Bottom water, to
global abyssal water colder than 0°C. This water is not found in either of the
bounding sections at Drake Passage or south of Australia. Therefore the
production of this extreme bottom water occurs in the Southern Ocean Pacific
sector.

The extreme bottom water (layers 21 and 22) produced in the northwest
Ross Sea and adjacent to the Adelie Coast mixes with overlying warmer CDW
(layers 18 to 19) as it moves northward away from its source region
(Figure 4.49). This mixing results in the modification of the extreme properties
of Ross Sea and Adelie bottom water into the generic AABW (layer 20) which
move northward as a deep western boundary current in the Southwest Pacific
basin and fills the deep basins of the entire Pacific Ocean. As we lack a section
adjacent to the Adelie coast and across the Ross Sea we are unable to determine
the amount of extreme bottom water produced by cooling of CDW in the region.

The CDW is modified, producing denser water, by two mechanism: cooling
adjacent to the Antarctic coast producing an unknown volume of extreme
AABW and by direct mixing with extreme AABW as it moves northward away
from the Antarctic continental shelf. Both of these processes result in the
downward advection of CDW toward denser layers, which account for the large
dianeutral mass advection (25x10°m3®s~! ) across the CDW layers (Figure 4.49).

The downward mass advection across UCDW (layers 16 and 17) replaces
LCDW (layer 18 and 19) advected into AABW (layers 20 and 21). The mixing
of lower salinity and oxygen minimum UCDW into LCDW in the Pacific Ocean
results in the dilution of the salinity maximum and decreases the oxygen
concentration of the LCDW in the Pacific region. The changes to LCDW
properties in the Southern Ocean Pacific sector is shown when comparing
potential temperature-salinity and potential temperature-oxygen diagrams
south of Australia and at Drake Passage (Figure 4.35 and Figure 4.36). At

Drake Passage the salinity maximum has decreased, reaching the minimum
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value for all Southern Ocean choke-point sections. Even more dramatic is the
decrease in oxygen concentration between the SAust and Drake Passage
sections. The oxygen minimum results from the southward export of NPDW,
which is a significant contributor to UCDW. At Drake Passage CDW is
dominated by low oxygen UCDW which is composed of Indian Deep Water and
Pacific Deep Water.

Upper intermediate layers (11 and 12, SAMW) are transfered into
thermocline layers (9 and 10). This results from the upward dianeutral heat flux
from SAMW into the thermocline which more than compensates the salt flux
into the thermocline from underlying intermediate layers. The dianeutral heat
flux from SAMW to thermocline layers may represent the sea-surface heat gain
that occurs at the outcropping areas, which result in a buoyancy transport into
the lighter thermocline layers. The lower thermocline layer moves northward
across 32°S in the Pacific and compensates the Pacific thermocline water lost to
the Indian Ocean through the Indonesian through-flow. There is also smaller
downward advection from upper intermediate water (SAMW) into lower
intermediate layers (AAIW) of 4x105m3s~1 .
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Figure 4.49: Mass transport and dianeutral flux (x10°m®s~! ) within Deep
and Bottom water in the Pacific Region (BVI). Upward Dianeutral flux- cir-
cle, Downward Dianeutral Flux - square, dashed arrow represent net produc-
tion within layers due to dianeutral lux. UCDW/NADW (layer 17, light blue),
UCDW/NADW/LCDW (layer 18, green), LCDW/AABW (layer 19, magenta),
AABW (layer 20, dark blue), and extreme AABW (layer 21 and 22, red). Dashed
line 1000 dbar contour.
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Study Heat (PW) | Comments
Macdona};igzréc)l Wunsch 0.3 4+ 0.3 ;
e S I YR B
Sﬁ‘; 0.53:£0.16 i

Table 4.5: Comparison of Total Heat flux estimates (PW) for the Pacific Ocean
at =~ 30 °S. These estimates include a northward heat flux associated with the
return flow of Indonesian Throughflow into the Pacific. i- inverse methods

Heat Flux

Across Pac32 there is a northward heat flux of 0.53+0.16 PW. The
northward heat flux occurs in the thermocline layers (7 to 10), with only a small
northward heat flux in bottom layers (19 and 20) (Figure 4.50). Southward heat
flux occurs in intermediate (11 to 15) and deep (16 to 18) layers.

Table 4.5 gives a comparison of the Pacific heat flux estimated from this
study with previous estimate. These studies include the heat flux associated
with the return flow of the Indonesian Throughflow into the Pacific.

The Indian and Pacific Oceans are directly linked by the Indonesian
through-flow and its return flow is principally south of Australia. This also
means that the heat flux of these two oceans are entwined together. The
estimated southward heat flux derived for the Indian-Pacific region at 30°S is
-0.57 PW. Macdonald and Wunsch (1996) and Macdonald (1993) estimate an
overall southward heat flux for the Indian-Pacific region of -1 PW. Toole and

Warren (1993) estimate an Indian-Pacific southward heat flux of -0.98 PW.



190 CHAPTER 4. INITTIAL CIRCULATION




4.3. MASS, HEAT AND SALT FLUXES ) 191

S0L
-S09

(o))
»
—
D
o—<
=3
4 L
e A 2
N ;
(=n b
E- | (F
) o

Figure 4.50: Heat flux (PW) of particular layers in the Pacific Region. Thermo-
cline layers 5 to 10 (green), Intermediate layers 11 to 15 (magenta), Deep layers
16 to 18 across Pac32 and 16 to 19 across south of Australia and Drake Passage
(red) and Bottom layers 20 to 22 (dark blue). Dashed line 1000 dbar contour.
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Salt Flux

The northward salt flux across Pac32 again highlights the cyclic nature of
the Indonesian through-flow around the Australian continent. The salt flux
south of Australia, of 5262456 x 106kgs~!, is greater than that entering the
Southern Ocean Indian sector (BV), south of Africa or leaving the Southern
Ocean Pacific sector through Drake Passage by the southward salt flux across
32°S in the Indian Ocean. The excess salt flux is contained in the lower

thermocline layers (Figure 4.51).
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Figure 4.51: Salt flux (x10%kgs™!) of particular layers in the Pacific Region.
Thermocline layers 5 to 10 (green), Intermediate layers 11 to 15 (magenta), Deep
layers 16 to 18 across Pac32 and 16 to 19 across south of Australia and Drake
Passage (red) and Bottom layers 20 to 22 (dark blue). Dashed line 1000 dbar
contour.
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Across 32°S in the Pacific the northward salt flux occurs in the
thermocline (7 to 10) and bottom (19 and 20) layers, while a smaller southward
salt flux is seen in the deep layers (16 to 18) (Figure 4.51). This results in a
total northward salt flux of 544+117.8 x 10%kgs~! into the Pacific Ocean, which
accounts for the salt flux from the Pacific into the Indian ocean, via the

Indonesian through flow, and into the Atlantic via the Bering Strait.

Freshwater Flux

The northward freshwater flux across 32°S in the Pacific
(15.2 + 8.7 x 10%gs™!), is dominated by the‘large cyclic transport, around
Australia, between the Indian and Pacific Oceans. The combined Indian-Pacific
freshwater flux results in a total northward flux of 0.7 x 10%kgs~1. I have
estimated the Indonesian through-flow at 15x108m3s~! ; assuming the
through-flow has a mean temperature of 24°C, salinity of 34.5 and density of
1023kgm—3. The estimated freshwater flux associated with the Indonesian
through-flow is 14.6 &= 6.6 x 10°kgs~!. The northward freshwater flux of the
1

Pacific, with Indonesian through-flow removed, is 0.38 x 10°kgs~! which is in

good agreement of the Pacific freshwater flux estimated by Wijffels et al. (1992).

Circulation impacts of Dianeutral Heat and Salt Fluxes

Within CDW (layers 17 to 19) there is an upward dianeutral heat flux into
overlying lighter layers (13 to 14). These lighter layers outcrop in the far
southern region, adjacent to the Antarctic coast where heat loss to the
atmosphere results in cold sea-surface water. Therefore there is a heat flux into
these cold surfaces water from underlying warm CDW. This upward heat flux
and the upward dianeutral salt flux from the CDW into the cold sea-surface
water (AASW) leads to a downward advection of mass into denser CDW and
A ABW layers resulting in the production of these denser water classes.

In the Southern Ocean Indian sector the dianeutral heat flux is downward
across thermocline layers (6 to 10) while the dianeutral salt flux across these
lower layers (10) is upwards into less dense layers. The effect of the dianeutral
heat and salt fluxes across the thermocline layers results in the downward mass

advection across thermocline layers into intermediate layers (11 to 15,
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SAMW /AAIW). These layer flow eastward into the Pacific region (BVI) where
they experience an upward dianeutral heat flux from intermediate
(SAMW/AAIW) and deep (CDW) water, due principally to air-sea interaction.
The salt diffusion in the Pacific region is generally downwards resulting in the
redistribution of salt from the thermocline maximum into underlying salinity
minimum intermediate water. Although the heat diffusion dominates, resulting
in upward mass advection from SAMW into lower thermocline layers. The lower
thermocline layer move northward across 32°S in the Pacific. The dianeutral
mass, heat and salt fluxes describe the mechanism by which the Indonesian
through-flow moving eastward south of Australia is returned northwards into
the Pacific Ocean. This highlight the circum-Australia nature of the

Indian-Pacific circulation.

4.4 Summary

The column and row weights of the present inverse model (model_int) and
the scaling of the unknown reference level velocity and dianeutral flux
unknowﬁs minimised the condition number (ratio of largest to smallest
eigenvalue) allowing the system to be solved to a high rank. The derived
circulation is consistent with previous studies.

The total eastward transport of the ACC across the Southern Ocean choke
point of 133+£2x105m3s~! at Drake Passage, 134+2x10m3s~! south of Africa
and 148+4x10°m3s~! south of Australia agree with recent estimates (Nowlin
and Klinck 1986; Bindoff et al. 1997). The meridional transport across
approximately 30°S are: Atlantic —0.6 & 5x10°m3s~! ; Indian
—15 4 7x105m3s~! and across the Pacific 15 & 9x10%m3s~! . .

The dianeutral fluxes provide a plausible explanation of how water masses
exchange properties across bounding neutral surfaces. In the Southern Ocean
Atlantic, Indian and Pacific sectors mixing between AABW, CDW, NADW,
IDW and NPDW respectively results in changes to the characteristics of bottom
and deep water masses within each region. NADW (20x10%m3s~! ) enters the
South Atlantic across SAVE2 (15°S). In the Subtropical Atlantic NADW mixes

with overlying intermediate water (4x10°m3s™! ) and underlying (4x105m3s~1
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) colder, fresher CDW. The downward dianeutral flux of NADW into AABW
and CDW results in the temperature and salinity increase evident in these
water masses as they move northward across 15°S into the North Atlantic. In
the Southern Ocean Atlantic sector further downward dianeutral flux from
NADW (5x10°m3s~! ) results in the salinity maximum of LCDW. The input of
NADW replaces CDW that moves southward into the Weddell Sea, which
eventually returns the Southern Ocean Atlantic sector as cold, fresh WSDW
and WSBW. WSDW and WSBW (10x10%m3s™! ) is modified into less extreme
AABW which moves northward into the adjacent subtropical oceans and
eastward with the ACC.

The NADW influenced CDW (salinity maximum and high oxygen
concentration) and cold fresh Weddell Sea influenced AABW moves eastward
into the Southern Ocean Indian sector. Numerous deep western boundary
currents direct 25x108m3s~! of LCDW and AABW into the subtropical Indian
Ocean, where it is modified into slightly less saline, oxygen poor water which
returns to the Southern Ocean across 32°S as slightly less dense IDW. The
slightly fresher, oxygen poor returning IDW mixes with underlying
(10x10%m3s~! ) LCDW resulting in the erosion of the salinity maximum and
high oxygen concentration of LCDW and the definition of a deep oxygen

minimum associated with UCDW.

In the Pacific Ocean a similar deep overturning cell is suggested with
AABW and LCDW (24x10%m3s~! ) moving northward across 32°S in the deep
western boundary of the Southwest Pacific basin. The northward AABW and
CDW are balance by southward flow across 32°S of as slightly less dense, less
saline, oxygen poor NPDW. NPDW water mixes with underlying (15x10%m3s~1
) CDW resulting in further erosion of the LCDW salinity maximum and oxygen
concentration such that UCDW low oxygen dominates CDW as it move
eastward through Drake Passage into the Atlantic. The northward and eastward
transport of AABW across 32°S in the Pacific and Drake Passage is not
balanced by the input of AABW south of Australia. This suggests that there is
a local source of extreme AABW in the Southern Ocean Pacific sector. I am

unable to determine the amount of locally produced extreme AABW as there is

no hydrographic section parallel to the Antarctic coast. The northern and
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eastern exit regions of AABW are far removed from suspected formation regions
and by the time AABW reaches these point the extreme properties of newly
formed AABW are modified by downward dianeutral flux of CDW (resulting in
the generic AABW exiting the Pacific sector at 32°S and Drake Passage).

The combined meridional heat flux from the Atlantic, Indian and Pacific
Ocean at approximately 30°S is -0.1 PW. This southward heat flux is
considerably smaller than previous estimates which vary from —0.9 + 0.3PW
(Macdonald and Wunsch 1996), -1.62 PW (Hsiung 1985) and, -1.75 PW
(Hastenrath 1982).

There are some aspects of the circulation of model_int that are not
consistent with previous studies. Further development of the inverse model in
this study would be the inclusion of the air-sea heat and freshwater divergences.
Apart from adding a total heat and freshwater divergence, the explicit inclusion
of air-sea heat, freshwater and Ekman flux at the outcropping neutral surfaces
can also be included to determine the sea-surface dianeutral mass, heat and salt
fluxes. The inclusion of sea-surface property dianeutral fluxes would allow
distinction between sea-surface and interior dianeutral processes, enabling us to
identify regions where air-sea fluxes and or interior dianeutral fluxes redistribute
heat, salt and freshwater through-out the ocean. Explicitly dividing the
dianeutral flux into air-sea and interior processes may remove some of the
ambiguities in the interpretation of the dianeutral property fluxes in this model.

Such a model is developed in the next chapter.
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Chapter 5

Explicit Surface Buoyancy
Forcing

The dianeutral terms of the previous model (model-int) represent all the
physical processes that are involved in producing fluxes across neutral surfaces.
These processes include advection, diffusion, eddy mixing processes and air-sea
forcing upon outcropping layers by wind, heat and freshwater fluxes.

Recent studies have quantified the water mass conversion resulting from
exchanges of heat and freshwater on outcropping layers (Tziperman 1986;
Schmitt et al. 1989; Speer and Tziperman 1992). Following these studies, heat
and freshwater fluxes and surface Ekman advection can be included explic{tly in
the inverse model as constraints on the mass, heat and salt equations. The
explicit inclusion of air-sea forcing in the improves the physical
representativeness of the inverse model.

This chapter briefly discusses the way in which sea-surface forcing terms
act to change the sea-surface density and shows how these term are
incorporated into the conservation equations. The resultant circulation is
discussed, highlighting the interaction between interior and sea-surface

dianeutral fluxes that result in the net convergence in outcropping layers.

5.1 Surface Buoyancy Fluxes

The interaction of the outcropping neutral surfaces with the overlying
atmosphere can result in dianeutral mass, heat and salt fluxes. Previous inverse

studies have overcome the problem of exchange between layers driven by air-sea
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Figure 5.1: A schematic north-south vertical section showing the production of
water of density between p; and py by air-sea heat fluxes, and dissipation of this
water type by interior mixing (from Tziperman, 1986)

fluxes by either down-weighting the conservation equations for the outcropping
layers or ignoring the upper layers and applyiné the conservation constraint
below the thermocline or mixed layer depth (Rintoul 1988; Metzl et al. 1990).

A schematic of the interactions between sea-surface production and
interior dissipation is shown in Figure 5.1. Differences in the heat flux acting on
the outcropped layers (p < p; and p; < p < ps) results in production of water
within layer p; < p < p,. Interior mixing results in mass fluxes across p; and p
of which, in the case shown, more leaves across p; than enters across p,. The
loss of water in the layer by interior mixing balances input from the surface.
The freshwater and Ekman fluxes have similar effects on the sea-surface water
conversions and these are also balanced by interior mixing across density
surfaces. In a steady state system, surface buoyancy fluxes must be balanced by
interior dianeutral fluxes.

Following Tziperman (1986), Schmitt et al. (1989) and Speer and
Tziperman (1992) the effect of surface forcing on mass, heat and salt dianeutral
fluxes can be found. The mass flux (f,,) due to heat and freshwater flux and

Ekman is:
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fm = =2+ 0BQS — 9@ + pE (1)
P

where
p sea surface density
o thermal expansion
B saline contraction
H heat flux
Q freshwater flux (Evaporation - Precipitation ms™1)
S sea surface salinity
E Ekman transport
C, specific heat

All of these term are functions of time and position. The first two terms of
Equation 5.1 represent the effect of heat and freshwater on density, while the
last two terms are direct input/loss of freshwater and the horizontal Ekman
mass advection across the density layer, respectively. The total mass flux, for

one year, as a function of sea surface density is:

Fup)=[ at[[ dAfuso— ) (5.2)

where the  function samples the density flux at surface p. Speer and
Tziperman (1992) call this the transformation (F,,(p)), or the flux of water

across density surface, p. The water that accumulates between p and p + dp is:

Cin(p) dp = — [Fin(p + dp) — Fin(p)] (5.3)

Equation 5.3 is known as the formation (C,,(p)) (Speer and Tziperman
(1992) uses M, (p) as the symbol of formation).

Equation 5.2 and Equation 5.3 are expressions for the mass transformation
and formation due to sea-surface forcing from heat and freshwater fluxes and

wind stress. In a similar manner, the convergence of heat and salt in isopycnal
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layers due to air-sea fluxes of heat, freshwater and momentum can be found.

The heat flux (f) across outcropping density surfaces is:

—-H
fo= Cop + pEOpe (5.4)

and the total heat flux, as a function of sea surface density is:

Fup) = |

Y

L] [ aAne ) 55

while the salt flux (f;) is:

fs = pESp. (5.6)

and the total salt flux, as a function of sea surface density is:

By =[ af[ dafse-7) (5.7)

where fp, and Sp. are the weighted mean temperature and salinity over
the Ekman layer (De).
From expressions Equation 5.5 and Equation 5.7 the heat and salt

convergence between p and p + dp is
Corop(p) = —dFprop/dp (5.8)

5.2 Inverse Model - Explicit Sea-Surface
Forcing

In the inverse model, neutral density (vy,) is used to define vertical layers,
therefore property transformations are written in terms of «,,. The property
transformations across the area of each outcropping neutral surface are
calculated from climatological data sets that are interpolated onto a 1°x 1°grid.
As the data are discontinuous, the property transformations across outcropping
neutral surfaces are summed over a discrete neutral density interval surrounding
the outcropping neutral surface (Speer and Tziperman 1992). The delta

function in now a boxcar (II) of width A~.
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Fu(y) = ZAtZAA,,x[H S oDe,,] I(y—+)  (5.10)

n=1

Fi(y) = EAtEAAz,Z[ " Spes; | Ty — ) (5.11)

n=1

The climatological data used to calculate the property transformations are:

Heat Flux (H) COADS by da Silva et al. (1994) (Figure 5.2);
Wind Stress (E) Hellerman and Rosenstein (1983) and;

Freshwater (Q) from GASP by Budd et al. (1995) (Figure 5.3)

The Levitus and Boyer (1994) oceanic climatology is used to find the
sea-surface outcropping position of the neutral density surfaces for each month
and the weighted mean Ekman depth temperature and salinity. Figure 5.4
shows the mean outcropping positions of neutral density surfaces.

The data sets used to calculate the sea-surface fluxes (or transformations)
contain errors, including errors in the bulk formulae used to derive air-sea heat
fluxes and a lack of observations, from oceanographic and meteorological data,
at high latitudes and over subtropical regions away from commercial shipping
routes (Speer and Tziperman 1992; Barnier et al. 1995). More errors are
introduced from the averaging methods used to assemble the data sets (Speer
and Tziperman 1992). Using the inverse technique we are able to find
corrections to the climatological data sets that make these data sets consistent
with the hydrographic data while still conserving mass, heat and salt in the
model domain.

The total property fluxes calculated from the climatological data and an
unknown sea-surface property flux correction term are added to the

conservation equations. The form of the conservation equations is then:
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N hm+1
Y 6;Az, / (pC(vr + b)) + E;C,
j=1 h

m

HweAC)y — (WAC) i1
+(FC+F:)m_(Fc+F:)m+1’~VO (5-12)

where

F, total property sea-surface flux across outcropping neutral surface m and

m+1

F} unknown correction to property sea-surfaces flux across outcropping neutral

surface m and m+1

The first and second term of Equation 5.12 are present for all layers within
the region, while the third term only exists for the neutral surfaces that outcrop
with the region. The sea-surface transformation corrections are calculated for
heat, freshwater and Ekman fluxes, from which the derived corrections can be

added to the original air-sea heat flux, Ekman wind stress and freshwater flux.

5.3 Sea-Surface Forcing and Dianeutral Fluxes

In this section the inverse corrections to the air-sea heat, freshwater and
Ekman fluxes and the interior dianeutral fluxes are discussed. The reference
velocities for this model (model_surf) are shown in Figure 5.5 to Figure 5.13.
These are similar to the reference velocity of the previous model (Figure 4.2 to
Figure 4.10), apart from the reference velocity at SAVE4, Ind18 and Pac32. The
reference velocity at SAVE4 is smaller, at Ind18 the velocity is smaller on the
eastern boundary, while at PAC32 the velocity is larger when compared to the

previous model (model_int).

5.3.1 Sea-Surface Forcing

As outlined in Section 5.2 heat, freshwater and wind stress climatologies
are included as the initial guess in the inverse model with unknown correction

terms determined by the inverse model. The correction terms allow these
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Figure 5.2: The COADS Annual Mean Heat Flux (Wm™2)
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Figure 5.3: The GASP Freshwater Flux (E-P cm/year)
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Figure 5.4: June outcropping position of neutral density surfaces, contours are labelled with neutral surface numbers. Unrealistic
features, particularly in the Southern Ocean could be due interpolation errors resulting from the sparce data available in the
Southern Ocean during winter
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Figure 5.5: Absolute velocity at the SAVE 2 section. Solid and dashed contours refer to north and south velocities, respectively.

Upper plot is reference level velocity.
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Figure 5.6: Absolute velocity at the SAVE 4 section. Solid and dashed contours refer to north and south velocities, respectively.

Upper plot is reference level velocity.
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Figure 5.9: Absolute velocity at the Weddell Sea section.
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Figure 5.10: Absolute velocity at the Indian 18°S section. Solid and dashed contours refer to north and south velocities,

respectively. Upper plot is reference level velocity.
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Figure 5.12: Absolute velocity at the section south of Australia. Solid and dashed contours refer to east and west velocities,
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climatologies to be modified making them consistent with the hydrographic
data.

In the following discussion graphs for each region show the inverse
corrections to the heat and freshwater fluxes and Ekman transport at the
outcropping neutral surfaces. In these graphs a positive heat flux represents a
heat gain to the ocean from the atmosphere, negative heat flux is a heat loss
from the ocean. The freshwater flux is expressed as evaporation minus
precipitation and runoff, where a positive flux represents a loss of freshwater
from the ocean and a negative flux is a freshwater gain from precipitation or
runoff. A positive Ekman transport means a transport toward lighter neutral
densities and generally indicate a northward transport as denser neutral surfaces
outcrop with increasing latitude and a negative Ekman transport means a
transport towards denser layers and represents a southward Ekman flux.

Within the subtropical Atlantic region (BI) the heat flux corrections are
less than 10% and generally reduces the COADS heat flux at all outcropping
neutral surfaces (Figure 5.14). The corrected heat flux results in a heat gain to
the ocean (positive heat flux), at most, outcropping neutral surfaces for the
subtropical Atlantic.

The freshwater correction terms are generally less than 20% resulting in
minor changes to the freshwater flux in the subtropical Atlantic region
(Figure 5.15). The correction terms increase the size of the freshwater loss over
neutral surfaces 5,6 and decrease the freshwater loss over neutral surfaces 7,8
and 9 respectively (positive freshwater flux represents a net loss of freshwater
from the ocean, while a negative freshwater flux represent a freshwater gain over
the ocean). At neutral surface 10 the inverse correction is large (80 cmyear™1)
and results in a change in sign of the freshwater flux - from an original
precipitation gain (-20 cmyear_l) to a corrected freshwater loss, by evaporation,
of 60 cmyear~!. At the remaining outcropping neutral surfaces the inverse
corrections are small resulting in only minor changes to the GASP freshwater
flux.

A comparison of GASP and the inverse corrected GASP freshwater fluxes
with two freshwater climatologies: ECMWF (Keith 1995) derived from a

numerical weather prediction model and; the Baumgartner and Reichel (1975)
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Figure 5.14: The COADS heat flux (Wm™2) for subtropical Atlantic (BI) in-
tegrated over surface outcrop region. COADS (solid), Inverse Correction (dot),
New Heat (dot-dash) Positive - heat gain to oceans, Negative - heat loss from
ocean
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Figure 5.15: Freshwater flux (cmyear—!) for subtropical Atlantic (BI) integrated
over surface outcrop region. Freshwater (solid), Inverse Correction (dot), New
Freshwater (dot-dash)

freshwater climatology is shown in Figure 5.16. (The freshwater flux from the
numerical weather prediction model is derived assuming total column moisture
balance). The sign of the freshwater flux, for all climatologies, agrees, apart
from outcropping neutral surface 10. At this outcropping neutral surface the
inverse correction changes the sign of the freshwater flux, which now agrees with
the other climatologies, although the size of the freshwater loss is larger than
ECMWF and Baumgartner and Reichel (hereafter B&R. ). Over the lighter
outcropping neutral surfaces (5,6,7, and 8) the GASP and inverse corrected
GASP freshwater fluxes are similar to the B&R freshwater flux, while at neutral
surface 9 the GASP and inverse corrected GASP have a smaller freshwater loss
than the other climatologies. Over the denser outcropping surfaces (11,12 and
13) the freshwater gains of GASP , inverse corrected GASP agree with the
ECMWFEF and B&R freshwater fluxes.
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Figure 5.16: Comparison of Inverse corrected GASP (solid, magenta) and GASP
Freshwater Flux (dashed, green) with freshwater flux derived from: Baumgart-
ner and Reichel (1975) (dot, dark blue) (Keith, 1995); ECMWF (dash-dot, red)
(Keith, 1995), for the subtropical Atlantic (BI) (cmyear—!)
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Figure 5.17: The Ekman transport (m3s~!) for subtropical Atlantic (BI) inte-
grated over surface outcrop region. Ekman(solid), Inverse Correction (dot), New
Ekman (dot-dash)

The inverse corrections to the Ekman fluxes are small (< 20%) at all
outcropping neutral surfaces (Figure 5.17). The Ekman fluxes highlight the
dominance of the atmospheric anti-cyclone over the subtropical region with
southward Ekman flux across the lightest most northern outcropping surfaces
(associated with the easterly trade winds) and northward Ekman flux over the

southern denser outcropping surfaces (associated with the westerly winds).

In the Southern Ocean Atlantic (BII) sector the inverse corrections to the
annual mean heat flux less than 15% (Figure 5.18). The lightest and densest
outcropping neutral surfaces, 7 and 16 respectively, experience the largest heat
fluxes. At neutral surface 7 the ocean gains heat from the atmosphere while
close to the Antarctic continent the densest outcropping surface looses heat to

the atmosphere.

The inverse correction to the GASP freshwater flux are less 5% over the

lightest outcropping neutral surfaces (7,8 and 9), maintaining the small net
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Figure 5.18: The COADS heat flux (Wm~2) for Southern Ocean Atlantic (BII)
sector integrated over surface outcrop region. COADS (solid), Inverse Correction
(dot), New Heat (dot-dash)
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Figure 5.19: Comparison of Freshwater flux (cmyear—') over Southern Ocean
Atlantic (BII) sector integrated over surface outcrop region. Freshwater (solid),
Inverse Correction (dot), New Freshwater (dot-dash)

evaporation (Figure 5.19). Over the remaining outcropping neutral surfaces (10
to 16) there is a net addition of freshwater (5 to 10 crnyear™!), with some large
inverse corrections (neutral surfaces 10, 11 and 14 60 to 15 emyear—*). The

inverse corrections to neutral surfaces 10 and 11 increase the freshwater gains in

these while the correction at neutral surface 14 decreases the freshwater gain.

The comparison of the inverse freshwater and GASP freshwater with
ECMWF and B&R is shown in Figure 5.20. At the lightest outcropping neutral
surfaces (7,8 and 9) the GASP and inverse corrected freshwater fluxes are
smaller than the ECMWF and B&R freshwater fluxes. At outcropping neutral
surfaces 10 and 11 the sign of the freshwater flux does not agree between all
climatologies. B&R. suggest that the basin is still losing freshwater while GASP,
inverse corrected GASP and ECMWF suggest that at these outcropping
surfaces the Southern Ocean Atlantic (BII) region is gaining freshwater. Across
the remaining outcropping neutral surfaces (11 to 16) all climatologies are

gaining freshwater. The largest difference between the inverse corrected GASP
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and other climatologies is at outcropping surfaces 10. The inverse correction
suggests large freshwater gain (70cmyear™), while B&R has a freshwater loss
(20cmyear—!) and GASP and ECMWF a freshwater gain (15cmyear™1).
Within the remaining outcropping neutral surfaces (11 to 16) the magnitude of
the freshwater flux from the inverse corrected GASP either agrees with
ECMWTF or B&R. or both.
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Figure 5.20: Comparison of the Inverse corrected (solid, magenta) GASP Fresh-
water Flux (dashed, green) with freshwater fluxes derived from: Baumgartner
and Reichel (1975) (dot, dark blue); ECMWF (dash-dot, red) (Keith, 1995), for
the Southern Ocean Atlantic (BII) sector (crmyear1).
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Figure 5.21: The Ekman transport (m3s~!) Southern Ocean Atlantic (BII) sector.
Ekman(solid), Inverse Correction (dot), New Ekman (dot-dash)

Within the Southern Ocean Atlantic (BII) sector there are only minor
inverse corrections (< 10%) to the Ekman flux (Figure 5.21). The Ekman flux is
northward across all outcropping neutral surfaces reflecting the persistent

westerly wind regime over the Southern Ocean.

The heat loss from the ocean to the atmosphere over the subtropical
Indian Ocean (BIV) is reduced by the inverse corrections (Figure 5.22). The

correction are between 1Wm=2 to 3Wm 2.

The inverse correction to the GASP freshwater flux over the subtropical
Indian Ocean results in smaller freshwater fluxes over the outcropping neutral
surfaces (Figure 5.23). The inverse corrections are largest at outcropping
neutral surface 3 of 38 cmyear—! while for remaining neutral surfaces the

correction is less than 10 cmyear! (Figure 5.23).

Figure 5.24 show that the inverse corrected freshwater flux is the smallest
flux of all climatologies. The ECMWF has the largest freshwater losses over the
outcropping surfaces (Figure 5.24). The B&R freshwater flux is 20cmyear—! to
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Figure 5.22: The COADS heat flux (Wm™2) for subtropical Indian (BIV) in-
tegrated over surface outcrop region. COADS (solid), Inverse Correction (dot),
New Heat (dot-dash)
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‘Figure 5.23: The Freshwater flux (emyear™') over subtropical Indian Ocean
(BIV) integrated over surface outcrop region. Freshwater (solid), Inverse Cor-
rection (dot), New Freshwater (dot-dash)

40cmyear~! small than the the ECMWF, while the GASP and inverse corrected
GASP freshwater flux is 60cmyear to 90cmyear~! smaller than the ECMWF

freshwater loss.
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Figure 5.24: Comparison of Inverse corrected (solid, magenta) GASP Freshwater
Flux (dashed, green) with freshwater derived from: Baumgartner and Reichel
(1975) (dot, dark blue) (Keith, 1995); ECMWF (dash-dot, red) (Keith, 1995) for
the subtropical Indian Ocean (emyear=")
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Figure 5.25: The Ekman transport (m3s!) for subtropical Indian (BIV) inte-
grated over surface outcrop region. Ekman(solid), Inverse Correction (dot), New
Ekman (dot-dash)

Corrections to the Ekman transport over outcropping neutral surfaces in
the subtropical Indian Ocean result in a small decrease in Ekman flux (towards
denser layers) in the region (Figure 5.25). The correction terms are generally
less than 1x10%m3s™! . The Ekman flux is southward (towards denser layers)
across most outcropping neutral surfaces, indicating the dominance of the
easterly wind regime over the region. The most southern outcropping neutral
surfaces (9 and 10) have small northward (towards lighter layers) Ekman fluxes,
highlighting the beginnings of the westerly wind regime which dominates over
the Southern Ocean.

Figure 5.26 shows that the inverse heat corrections are small (less than
5%), generally resulting in minor increases in the heat flux over the outcropping
neutral surfaces. Over the lighter outcropping layers (6 to 10) the ocean is
losing heat to the atmosphere. These layers outcrop in the northern region and
are associated with the extension and retroflection of the Agulbas Current south

of Africa and the southern limb of the subtropical gyre. Further south the
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Figure 5.26: The COADS heat flux (Wm™2) over Southern Ocean Indian sector

(BV) integrated over surface outcrop region. COADS (solid), Inverse Correction
(dot), New Heat (dot-dash)

outcropping neutral surfaces (12 to 15) the inverse correction is larger (50%)
resulting in larger heat gains from the atmosphere while the densest
outcropping neutral surfaces immediately adjacent to the Antarctic continent

lose heat to the atmosphere.

The inverse correction to the GASP freshwater flux result in only minor
changes to the freshwater flux (5 ernyear—!), apart from outcropping neutral
surfaces 15 and 16 where the inverse correction increases the freshwater flux by
35 cmyear~! (Figure 5.27). The freshwater flux changes sign over the Southern
Ocean Indian sector, with the northern region (outcropping neutral surfaces 6
to 9) being a net evaporative region and the southern region (outcropping
neutral surfaces 10 to 16) a net precipitation region.

A comparison of the GASP and inverse corrected GASP freshwater flux
with the ECMWEF and B&R freshwater climatologies is shown in Figure 5.28.
Over the lightest neutral surfaces (6 to 9) the GASP and inverse corrected
GASP freshwater flux are smaller than the ECMWF and B&R freshwater flux.
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Figure 5.27: Freshwater flux (cmyear—!) for Southern Ocean Indian sector (BV)
integrated over surface outcrop region. Freshwater (solid), Inverse Correction
(dot), New Freshwater (dot-dash)

At outcropping neutral surface 10 the GASP and inverse corrected GASP have
a small freshwater gain (-ve flux) while the ECMWEF and B&R climatologies
still maintain a small freshwater loss (+ve flux). The freshwater flux over the
denser outcropping neutral surfaces (10 to 14) are similar for all climatologies,
while at the densest outcropping neutral surfaces, 15 and 16, the inverse

correction decreases and increases the size of the freshwater flux, respectively.
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Figure 5.28: Comparison of Inverse corrected (solid, magenta) GASP Freshwater
Flux (dashed, green) with freshwater derived from: Baumgartner and Reichel
(1975) (dot, dark blue); ECMWF (dash-dot, red) (Keith, 1995) for the Southern

Ocean Indian sector
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Figure 5.29: The Ekman transport (m3s~!) for Southern Ocean Indian sector
(BV) integrated over surface outcrop region. Ekman(solid), Inverse Correction

(dot), New Ekman (dot-dash)

The inverse corrections to the Ekman transports are small less than 2%
(Figure 5.29). The Ekman transports are northward (towards lighter layers)
with largest transports at outcropping neutral surfaces 10 and 11, on either side
of these outcropping neutral surfaces the northward Ekman transport decreases.
The northward Ekman transports are due to the dominance of the strong

westerly wind over the Southern Ocean.

Over the Southern Ocean Pacific (BVI) sector the inverse corrections to
the heat flux are small (< 2%) over the lightest outcropping neutral surfaces ( 7
to 11) and densest neutral surfaces (17 to 20). The inverse corrections are larger

over outcropping neutral surfaces 12 to 15, between 18 to 10 Wm™2

, resulting in
a change of sign of the heat flux at outcropping layers 13, 14 and 15

(Figure 5.30). This heat gain (neutral surfaces 13 to 15) occurs over the
outcropping AAIW which could gain heat at their northern outcropping

boundaries. The inverse corrected heat flux over the Southern Ocean Pacific
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Figure 5.30: The COADS heat flux (Wm=2) for Southern Ocean Pacific sector
(BVI) integrated over surface outcrop region. COADS (solid), Inverse Correction
(dot), New Heat (dot-dash)

(BVI) region now has a similar similar structure to the Southern Ocean Indian
sector heat flux (Figure 5.26). Across the lightest (7 to 11) and densest (16 to
20) there is a heat loss from the ocean to the atmosphere, while over
outcropping surfaces 13 to 15 there is a heat gain to the ocean from the

atmosphere.

The freshwater correction terms are small, less than 5 cmyear™!, over the
lighter outcropping neutral surfaces (7 to 16), while over the denser and more
southern outcropping neutral surfaces the inverse corrections are larger
(between 80 cmyear™! to 20 cmyear™') resulting in larger freshwater fluxes
(freshwater gain) (Figure 5.31). The largest corrections occur at outcropping
neutral surface 17 and 18 which outcrop for most of the year, the denser
outcropping neutral surfaces (19 and 20) only surface in winter and early spring.
These dense neutral surfaces outcrop adjacent to the Antarctic continent in the
Ross Sea and along the Adelie coast (Figure 5.32). Within this region Jacobs

et al. (1985) estimates a freshwater input of glacial and basal ice sources of
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Figure 5.31: The Freshwater flux (cmyear—!) over the Southern Ocean Pacific
sector (BVI). Freshwater (solid), Inverse Correction (dot), New Freshwater (dot-
dash)

~ 36cmyear~!. They highlight that estimates of freshwater inputs from ice melt
are highly dependent on estimates of iceberg calving, melting under ice shelves
and ice wall melting which vary widely.

The GASP, inverse corrected GASP and B&R freshwater fluxes agree in
both sign (freshwater gain) and magnitude at most outcropping neutral
surfaces, apart from the larger freshwater fluxes of the inverse over the densest
outcropping neutral surfaces (Figure 5.33). The ECMWF freshwater flux agrees
with the other climatologies over outcropping neutral surfaces 9 to 16
(freshwater gain), but over the lightest (7 and 8) and densest (17 to 20)
outcropping neutral surfaces the freshwater flux opposes the GASP, inverse
corrected GASP and B&R freshwater flux.
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Figure 5.32: Outcropping position of neutral surfaces in the far southwestern
region of the Southern Ocean Pacific (BVI) region. Contour labels are neutral
surface numbers.
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Figure 5.33: Comparison of Inverse corrected (solid, magenta) GASP Freshwater
Flux (dashed, green) with freshwater derived from: Baumgartner and Reichel
(1975) (dot, dark blue); ECMWF (dash-dot, red) (Keith, 1995) for the Southern
Ocean Pacific (BVI) sector (cmyear™')
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Figure 5.34: The Ekman transport (m3s!) for Southern Ocean Pacific sector.
Ekman(solid), Inverse Correction (dot), New Ekman (dot-dash)

The inverse Ekman correction transport are small (< 3%) and result in
only minor changes to the Ekman transport over outcropping neutral surfaces 7
to 15 (Figure 5.34). Although the corrections are small over the denser
outcropping neutral surfaces (16 to 20) they result in a corrected southward
(towards denser layer) Ekman transport. The northward Ekman transport
(towards lighter layers) at most outcropping neutral surfaces indicates the
persistence and strength of the westward winds over the Southern Ocean, while
the small southward (towards denser layers) Ekman transport at the densest
outcropping neutral surfaces is due to the easterly wind which dominates

adjacent to the Antarctic continent.

In the inverse model the weights imposed on the air-sea fluxes reflected a
reasonable confidence in the climatologies. The inverse corrections to the
COADS heat flux and Ekman flux driven by Hellerman and Rosenstein wind
stress are generally small, less than 10% and 5% respectively. The GASP

freshwater fluxes experience the largest inverse adjustments. On a regional
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comparisons the largest corrections to the heat and freshwater fluxes occur in
the Southern Ocean Pacific sector. The circulation obtained from this inverse
model is still consistent with our understanding of the circulation of the
Southern Ocean (shown in later section), although the strength of the deep
overturning cell in the Pacific is larger than previous estimates (Warren 1981b;
Waunsch et al. 1983; Macdonald 1993).

In Appendix E, Table E.12 to Table E.16 the Ekman, heat flux and
freshwater flux components in the total mass transformation are shown. These
tables shown that, in general, the freshwater flux is the smallest component in
the total mass transformation.

The comparison of the inverse corrected GASP, ECMWF, and
Baumgartner and Reichel freshwater fluxes in this section highlight the
variability the freshwater flux between these climatologies. A comparison of the
differences in the freshwater transformations between the different climatologies
was undertaken, although it is not shown here. The different freshwater
climatologies results in similar (not significant) transformations. The major
exception to this was when the transformation were calculated using the
da Silva et al. (1994) COADS freshwater climatology. The COADS freshwater
flux is comparable to the other climatologies north of 30°S resulting in similar
transformations. South of 30°S the COADS freshwater flux has large net
precipitation, particularly in the Southern Ocean Indian and Pacific sectors
where the difference is 0(2). The calculated transformations using the COADS
data in the Southern Ocean Indian and Pacific sectors was as large as
40x108m3s~! . Because of the significant difference south of 30°S between the
COADS freshwater and other climatologies and the resulting large
transformations I rejected the COADS freshwater climatology. Although the
GASP, ECMWEF, and Baumgartner and Reichel freshwater climatologies show
variability these result in non-significant difference in the transformation. The
GASP freshwater flux was chosen because I had access to monthly E-P data.

Similar comparison of the heat transformation resulting from different
heat flux climatologies can be undertaken. These were not performed in this
study and the COADS heat flux was used because of it good spatial and

temporal coverage at high latitudes. The Hellerman and Rosenstein wind
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climatology was chosen due to it coverage of high southern latitudes.

The small inverse corrections to the COADS heat (apart from the
southern area of the Southern Ocean Pacific region) and Hellerman and
Rosenstein wind data suggest that these climatologies are consistent with the
hydrography. The inverse corrections to the freshwater flux and comparison
with other climatologies suggest that this is the most variable air-sea flux, but
generally results in the smallest influence on the total transformation. The
corrections to the heat and freshwater climatologies south of 50°S (outcropping
layers 12 to 19) in the Southern Ocean Pacific (BVI) region suggest that the
climatologies in this area are not as consistent with the hydrography as other
regions of the Southern Ocean. The inconsistency of the air-sea heat, freshwater
and wind in the southern region of the Southern Ocean Pacific sector highlights

the data spareness in this region.

5.3.2 Interior Dianeutral Fluxes

The inclusion of air-sea forcing at outcropping neutral surfaces results in
changes to the interior dianeutral property fluxes. The following discussion
describes the interior dianeutral fluxes. The interior dianeutral property fluxes,
across those dianeutral surfaces that have surface expressions, represent the
mechanism by which sea-surfaces fluxes are dispersed into fhe interior of the
ocean. Before discussing the dianeutral property fluxes the reader is reminded
that the dianeutral property advection is the layer propérty mean X dianeutral
mass flux, and the dianeutral effective property diffusio